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Foreword

Proteins are marginally stable entities. There is only a small energetic difference

between the native and the manifold of unfolded states. Their dynamic nature,

however, is crucial for performing the diverse functions proteins exert. Espe-

cially in the harsh environment outside the cell, proteins and peptides are

stabilized by covalent bonds between cysteines against stress of different kinds

which may result in unfolding and proteolytic attack. It became evident only

recently that the redox reactions involved in formation of these disulfide bonds

are catalyzed by an enzyme machinery present in all kingdoms of life. The

advent of recombinant DNA technology allowed us, using this trick of nature,

to stabilize proteins of interest for biotechnology, widening its application

beyond the classical production of disulfide-stabilized peptides by organo-

synthetic approaches. Furthermore, in the context of the recombinant pro-

duction of disulfide-containing proteins efficient strategies for their oxidation

and correct bond formation were developed.

Although disulfide bonds have been known for decades and their effects have

been studied extensively in a variety of proteins, significant progress has been

made especially in recent years. However, a comprehensive description of this

field of research covering both disulfide-containing peptides and proteins

together with the cellular machinery required for their formation was missing.

This book was therefore long needed and overdue. The editors have assembled

an impressive line-up of the world’s leading experts reporting on the different

topics related to disulfide bonds in proteins and peptides, ranging from cell

biology and biochemistry to peptide chemistry and biotechnology. Each

chapter is composed as an independent unit enabling the reader to pick the

topic of immediate interest. Given the importance of disulfide-bonded proteins

and peptides for the architecture and stability of these biomolecules, this book

is an invaluable source of information combining for the first time the protein

and peptide worlds.

Robert Huber

Max-Planck-Institut für Biochemie, D-82152 Martinsried, Germany

School of Biosciences, Cardiff University, Cardiff, UK

ZMB, Universität Duisburg-Essen, Essen, Germany
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Preface

The formation of disulfide bonds is the major natural post-translational

modification of proteins and peptides which adds additional cross-links into

the polypeptide chain. Especially for secreted cysteine-containing peptides

and proteins, these disulfide bonds are often crucial for their stability and the

final three-dimensional structure. However, there is an intrinsic danger in this

process, as mispairing of cysteine residues can prevent the polypeptides from

reaching their native functional conformation. Furthermore, disulfide-bond

formation is a slow process for which there is a cellular machinery to cata-

lyze and guide the reaction. In this book we present an overview of the dif-

ferent aspects associated with this post-translational modification. For the

first time, both the protein and peptide worlds are presented, together with

the intent to highlight specific unique aspects and at the same time to empha-

size common principles.

The often-used term oxidative folding refers to the complex process that

combines native disulfide-bond formation and folding, i.e. formation of the

native three-dimensional structure from the cysteine-containing unfolded

polypeptide chain. It has been a long time since the first successful, but largely

unnoticed, studies on the oxidative assembly of the insulin molecule from the

two reduced peptide chains1 and particularly the classic experiments by

Anfinsen et al.2 on the oxidative refolding of reduced unfolded ribonuclease A,

which were of seminal importance in establishing the central principle of self-

assembly of proteins,3 to today’s concepts of the folding of disulfide-bonded

proteins and the knowledge gained on the cellular machinery assisting this

process. Compared to the folding of proteins that lack disulfide bonds,
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oxidative folding of cysteine-containing peptides and proteins is slow because

of its dependence on redox reactions such as oxidation, reduction and

reshuffling. For in vivo oxidative folding, organisms from bacteria to humans

exploit highly specialized enzymes, which catalyze disulfide formation, reduc-

tion and reshuffling and drive the folding protein to its native structure. Great

headway has been made in understanding the oxidative folding processes in vivo

and the role of thiol protein oxidases and disulfide isomerases (PDIs) involved,

which catalyze both formation and isomerization of disulfide bonds in the

eukaryotic endoplasmic reticulum and the prokaryotic periplasm, respectively.

Just recently a similar system has been discovered in the intermembrane space

of mitochondria. Furthermore, specific protective systems turned on upon

oxidative stress are under intensive investigation (Chapters 1.1 to 1.8). The

presence of disulfide bonds has a pronounced and complex effect on the folding

and stability of proteins with contributions affecting the unfolded state and the

kinetics of folding. Furthermore, folding intermediates can readily be trapped

in disulfide-rich proteins and peptides resulting in significant advances of our

understanding of putative folding mechanisms (Chapter 2.1). Relying on

improved knowledge of the in vivo and in vitro processes and the redox

potentials involved (see Chapters 2.1 and 3) experimental procedures for

in vitro oxidative folding of biochemically and pharmacologically relevant

disulfide-rich proteins, but also of cystine-rich peptides, have been established.

The experiences accumulated over the years have also been exploited in

developing the biotechnology of oxidative folding in industry (Chapter 2.2).

Although the increasing number of disulfide-rich peptides detected and iso-

lated from organisms of all kingdoms of life such as hormones, defensins,

toxins, enzyme inhibitors, etc. are products of post-translational processing of

larger proforms, optimized in vitro oxidative folding of the lower-sized mature

forms is possible, even in high yields (Chapters 6.1, 6.4 and 6.5). For the few

exceptions chemical approaches to regioselective disulfide formation still

remains indispensable and thus the method of choice. The progress achieved in

the synthesis of peptides and proteins as well as in the required chemistry for

selective cysteine-pairings has advanced to a state of art that generally allows

for synthetic access to such disulfide-rich peptides and small proteins with the

correct disulfide framework and thus native three-dimensional structure

(Chapter 6.2). The surprising observation that, with rather few exceptions, the

sequence pattern of the cysteine residues in disulfide-rich peptides is dictating

the native disulfide framework and thus three-dimensional structure, inde-

pendently of the overall sequence homology, represents an additional bio-

chemical puzzle, so far unsolved (Chapters 6.1 and 6.3). However, it opened the

way to explore the usefulness of such native disulfide frameworks with the

related spatial structures as scaffolds in the rational design and production of

miniproteins with targeted functions as biocatalysts or biopharmaceuticals

(Chapter 7). While selenocysteine as the cysteine chalcogen analog in native

proteins exerts mostly catalytic functions (Chapter 5), its highly reducing redox

potential and thus the great stability of diselenides towards reducing agents

offers new promising perspectives in replacing native cystine frameworks with

viii Preface



the robust selenocystine scaffolds for the design of bioactive peptides and

proteins (Chapters 5 and 8). Such an approach could well represent a valid

alternative to the use of engineered disulfides for stabilization of tertiary folds

of de novo designed proteins (Chapter 4).

The topics selected for this monograph will provide the reader with in-depth

insight into the present knowledge associated with the folding of disulfide-

bonded proteins and peptides, an aspect of biochemistry which, according to a

recent editorial in Science,4 still represents one of the biggest unsolved problems

in today’s science.

Johannes Buchner

Department of Chemistry

Technische Universität München

Lichtenbergstr. 4

85747 Garching

Germany

Luis Moroder

Max Planck Institute of Biochemistry

Am Klopferspitz 18

82152 Martinsried

Germany

4Editorial, Science, 2005, 309, 78–102.
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CHAPTER 1

Oxidative Folding of Proteins
in vivo

CHAPTER 1.1

Thioredoxins and the Regulation
of Redox Conditions
in Prokaryotes

CARSTEN BERNDT AND ARNE HOLMGREN

The Medical Nobel Institute for Biochemistry, Department of Medical

Biochemistry and Biophysics, Karolinska Institutet, SE-17177 Stockholm,

Sweden

The cellular redox state is a crucial mediator of several aspects of life, e.g.

growth and apoptosis. It is based on low-molecular-weight thiols such as glu-

tathione (GSH) and protein thiols, providing a reducing or an oxidizing

environment. The cytoplasm with its low redox potential favors the reduc-

tion of cysteinyl residues, whereas the prokaryotic periplasm supports di-

sulfide-bond formation. In principle thiol-disulfide pairs in proteins have two

possible functions. First, disulfides often can contribute to the overall struc-

ture and stability of the protein; second, the redox state of the cysteinyl resi-

dues can regulate the activity of the protein. The modifications of cysteine

residues and thereby the redox state of the particular compartment are
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controlled by thiol-disulfide oxidoreductases, which mainly belong to the

thioredoxin family of proteins.

1.1.1 The Thioredoxin Family of Proteins

Escherichia coli thioredoxin 1 (Trx1), the first member of the thioredoxin family

of proteins, was discovered more than 40 years ago as an electron donor for

ribonucleotide reductase (RNR).1,2 In all organisms, this enzyme is essential for

DNA synthesis during both replication and repair.3 The second member of the

Trx family, glutaredoxin (Grx), was discovered as a GSH-dependent electron

donor for RNR in an E. coli mutant lacking Trx.4 Today, the Trx protein

family is first and foremost defined by a structural motif named the Trx fold.5

In spite of considerable variation in overall structure, the Trx fold is present in a

variety of functionally different proteins:6,7 thiol-disulfide oxidoreductases,

disulfide isomerases, glutathione S-transferases,8 thiol-dependent peroxidases9

and chloride intracellular channels.10

1.1.1.1 The Thioredoxin Fold

The Trx fold motif consists of a central four-stranded b-sheet surrounded by

three a-helices11,12 (Figure 1.1.1A). This basic bababba topology can only be

found in bacterial glutaredoxins, while thioredoxins contain an additional

b-sheet and a-helix at the N-terminus13 (Figure 1.1.1B,C). Variations of this

motif have also been identified in domains of 723 proteins,14 e.g. the Trx fold

domains of E. coli DsbA, a protein necessary for disulfide-bond formation in

the periplasm15 (Figure 1.1.1D).

Hallmarks of the Trx motif are a cis-proline residue located before b-sheet

three and the Cys-X-X-Cys active site motif located on the loop connecting

Figure 1.1.1 The Thioredoxin (Trx) fold. A) The topology of the basic Trx fold,
which is present in bacterial Grxs (see B), consists of a four stranded
b-sheet and three surrounding a-helices. Structures of Glutaredoxin 1
(B, PDB code: 1egr), Thioredoxin 1 (C, 1xob) and DsbA (D, 1a2l) were
presented as Trx-fold oxidoreductases from E. coli. The secondary
structural elements of the Trx fold are shown in yellow and red, addi-
tional elements are shown in magenta and blue. The cis-Pro residues are
depicted in purple, the active site Cys residues in grey. In addition, the
localization of the active site motif is marked by asterisks.
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b-sheet one and a-helix one.11 The nature and composition of these two amino

acids dramatically affects the standard redox potential of the particular pro-

teins. In E. coli, the strongest reductant, cytosolic Trx (Cys-Gly-Pro-Cys), has a

redox potential of DE0

0¼�270mV,16 the strongest oxidant, DsbA (Cys-Pro-

His-Cys), has a redox potential of DE0

0¼�122mV.17 Mutation of the Cys-Gly-

Pro-Cys active site in Trx to the corresponding Cys-Pro-His-Cys active site of

DsbA resulted in an increase of its standard midpoint potential to DE0

0¼

�204mV.18 Supportingly, the redox potential of a DsbA mutant harboring the

Cys-Gly-Pro-Cys active site of Trx decreased by 92mV.19 Several other amino

acids outside the active site motif have been determined as important for the

redox potential of Trx fold oxidoreductases.20–22

1.1.1.2 Thioredoxins and the Thioredoxin System

In 1968 E. coli Trx1 was sequenced, revealing the characteristic Cys-Gly-Pro-

Cys active site motif2 and seven years later the Trx fold was described for the

first time.11 Since then, more than 200 structures of different Trxs were solved

including structures of both oxidized and reduced Trxs. These structures are

very similar, but reduction induces local conformational changes in the area of

the active site (e.g. ref. 23). The two cysteinyl residues in the active site of Trx

are utilized to reduce the protein disulfide formed during the catalytic cycle of

RNR.1,3 Today we know Trx as a general disulfide reductase24 reducing di-

sulfide bonds by a ping-pong mechanism25 (Figure 1.1.2). The N-terminal

active site thiol of Trxs possesses an unusual low pKa value,
26 whereas the pKa

of the C-terminal active site is higher than that of cysteine in solution.27 The

low pKa of the N-terminal cysteine of the E. coli Trx1 active site was shown to

be related to the carboxyl group of Asp 26 and the e-amino group of Lys 57.27

Hence, the thiol group of the N-terminal active site cysteine is readily depro-

tonated under physiological conditions. Recently, it was shown by single

molecule force-clamp spectroscopy that efficient catalysis requires a reor-

ientation of the substrate disulfide bond.28 This investigation demonstrated

that the rate-limiting step of Trx activity is the orientation of the N-terminal

active site cysteine of Trx and the two disulfide bridged cysteines of the sub-

strate in a 1801 angle. This reorientation provides the condition for the

nucleophilic attack of the N-terminal Cys resulting in a covalent intermediate

mixed disulfide between the Trx N-terminal active site and one of the sub-

strate’s cysteinyl side-chains.26 The C-terminal active site cysteinyl side-chain

reduces this disulfide yielding the reduced substrate and a disulfide in the active

site of Trx. Subsequently, the disulfide in the active site of Trx is reduced by the

dimeric flavo-enzyme thioredoxin reductase (TrxR) at the expense of NADPH

(for a more detailed overview, see ref. 12).

E. coli contains two thioredoxins. Trx1, a protein with a molecular mass of

12 kD, and Trx2, a protein of 15.5 kDa, which contains an N-terminal domain

of 32 amino acids including two additional Cys-X-X-Cys motifs. These four

extra cysteines are able to coordinate zinc.29
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1.1.1.3 Glutaredoxins and the Glutaredoxin System

Glutaredoxins (Grxs) exist in all glutathione (GSH)-containing life forms. As

described in Section 1.1.1.1 bacterial Grxs displayed the basic architecture of

the Trx fold. Similar to Trxs, the structural comparison of reduced30 and

oxidized31 E. coli Grx1 revealed more or less identical overall structures but

significant changes in and around the active site.32

Based on their active site motifs, Grxs can be divided into two major cate-

gories: the dithiol Grxs (active site: Cys-Pro-Tyr-Cys) and the monothiol Grxs

(active site: Cys-Gly-Phe-Ser). Dithiol Grxs are general thiol-disulfide oxido-

reductases reducing some protein disulfides like that in E. coli ribonucleotide

reductase with a dithiol mechanism as described for Trxs above (Figure 1.1.2).

In addition, Grxs are able to reduce protein-GSH mixed disulfides

Figure 1.1.2 Reaction mechanisms and redox cycles of Thioredoxins and Gluta-
redoxins. Thioredoxin (Trx, inner circle) catalyzes the reversible reduc-
tion of protein disulfides (P-S-S) utilizing both active site cysteine
residues, reducing the target disulfide to form a covalent-mixed disulfide
intermediate, which in turn is reduced by the C-terminal active site
thiolate (-SH). In a similar manner Trx is afterwards reduced by Trx
reductase (TrxR). The reaction mechanism of Glutaredoxin (Grx, outer
circle) is similar to those of Trx. Grx is reduced by glutathione (GSH)
leading to a mixed disulfide, which is reduced by a second molecule of
GSH. Grx is also specifically able to reduce protein-GSH-mixed di-
sulfides (P-S-SG).
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(de-glutathionylation) utilizing a mechanism that requires only the N-terminal

active site residue (monothiol mechanism; for a more detailed overview,

see ref. 33). Grxs use GSH as electron donor. The resulting glutathione

disulfide (GSSG) is reduced by glutathione reductase (GR) with electrons

from NADPH34,35 (Figure 1.1.2). The molecular mechanism and the functions

of monothiol glutaredoxins, which are prevalent inactive in (dithiol)

Grx-specific activity assays, are only beginning to emerge (for a recent review

see ref. 36).

E. coli contains the three dithiol Grxs 1–3,37,38 and the monothiol Grx4.39

Grxs 1, 3 and 4 are single domain proteins with molecular masses of 10, 9 and

13 kDa, respectively, whereas Grx2 is a larger protein of 24 kDa. Only the

N-terminal part of Grx2 is a Trx-fold domain; the overall structure resembles

that of GSH-S-transferases.40 Recently, several monothiol Grxs including

E. coli Grx4 were described as [FeS] proteins.41 The cofactors are coordinated

by the N-terminal active site cysteine of two Grx monomers and two non-

covalently bound molecules of GSH as described before for human Grx2 and

poplar GrxC1.42–44 So far, E. coli Grx4 is the only essential member of the Trx

family of proteins in E. coli.39

1.1.1.4 NrdH and Other Related Proteins

E. coli NrdH (9 kDa) shows similarities to Grxs in its secondary and tertiary

structure.45 However, it lacks the GSH binding site and is therefore not reduced

by GSH. In vitro and in vivo studies identified TrxR as an electron donor of

NrdH.45,46 NrdH was shown to act as electron donor for RNRs.45,47

YbbN/Trxsc is a protein of 31 kDa expressed in the cytoplasm of E. coli.48 Its

N-terminus is homologous to Trxs, but without a Cys-X-X-Cys motif.

Peroxiredoxins (reviewed in ref. 49), a ubiquitous family of thiol-dependent

proteins reducing peroxides like hydrogen peroxide or peroxinitrite, contain

Trx-fold domains. In E. coli, four of these peroxiredoxins are present. The

primary scavenger of endogenous hydrogen peroxide is alkyl hydroperoxide

peroxidase C (AhpC),50 which is reduced by AhpF. Thiol peroxidase (Tpx), the

gene product of btuE, a GSH peroxidase homolog, and bacterioferritin comi-

gratory protein (BCP) are reduced by Trx1, or at least are Trx dependent.51,52

GSH-S-transferases, as described for E. coli Grx2, contain a Trx domain.

The E. coli genome encodes for eight of these proteins transferring GSH to

electrophilic compounds and thereby detoxifying them.53

In the periplasm, oxidative folding takes place performed by proteins of the

Dsb family (reviewed in ref. 54 and Chapter 1.2). DsbA introduces disulfides

into substrates, and the protein disulfide isomerases DsbC and DsbG reduce

incorrect formed disulfide bonds. All these proteins are Trx-fold oxido-

reductases.15,55,56 The eukaryotic counterparts to E. coli Dsbc/DsbG, for

instance human and yeast PDIs (protein disulfide isomerases), are Trx-fold

proteins as well.57,58
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1.1.2 Functions of Thioredoxin and Glutaredoxin

As in the chapters above we will focus on E. coli as the best investigated pro-

karyotic organism. Here, numerous functions have been described for Trxs and

Grxs, both as electron donors as well as regulators of cellular function in

response to oxidative stress (Figure 1.1.3).

Within the framework of this chapter, it is important to note that a number of

functions described for these proteins are independent from their oxido-

reductase activity, for instance E. coli Trx as subunit of the T7 DNA polymerase

complex,59 or its activity as molecular (co-)chaperone (ref. 60, see 1.1.3.).

1.1.2.1 Regulation of Redox Conditions

Trxs and Grxs keep a reduced environment in the cytoplasm by reducing

protein disulfides and protein-GSH mixed disulfides.

By modulating the redox state of protein thiols Trxs and Grxs can function

as regulators of transcription factors. OxyR is such a factor activating tran-

scription of several E. coli genes encoding proteins defending against hydrogen

peroxide induced oxidative stress, e.g. catalase 1, AhpCF, GSH reductase,

Grx1 and Trx2.61 The formed disulfide, which activates OxyR, is most likely

in vivo reduced by Grx1.61 The activity of the transcription factor SoxR is

regulated by a [2Fe2S] cluster. If the cluster is oxidized, the transcription of

proteins involved in defense against oxidative stress is activated.62 In vitro, the

reconstitution of the [FeS] cluster of SoxR is promoted by the Trx system. In

Figure 1.1.3 Substrates of Thioredoxins (Trxs) and Glutaredoxins (Grxs) in E. coli
(for details see text).
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addition, SoxR inactivation is inhibited in E. coli mutants lacking TrxR and

GR.63

Trx and Grx have also been described as electron donors for antioxidant

enzymes, for instance, peroxiredoxins as described in Section 1.1.1.4.

Methionine sulfoxides that may form during oxidative stress by reactive

oxygen species are reduced by methionine sulfoxide reductases (Msrs).64 In

E. coli six Msrs are present,65 which are most likely using Trx1 as the electron

donor in vivo.66 Since increased expression of Grx1 and Trx2 in an E. coli

mutant lacking Trx1 allows growth using methionine sulfoxide as the sole

source of methionine, these two oxidoreductants are also potential electron

donors for Msrs in vivo.66

1.1.2.2 Regulation of Metabolic Enzymes

Trx and Grx were first described as electron donors for RNR.1,4,67 RNRs

catalyze the reduction of nucleotides to deoxynucleotides and are thus essential

for DNA synthesis.68,69 E. coli cells are equipped with three RNR enzymes.

While RNR1a and RNRIII are essential for aerobic and anaerobic metabolism,

respectively, RNR1b is not essential.69,70 The rate-limiting step during enzy-

matic turn-over of ribonucleotides by RNR1a is the reduction of a disulfide

performed by Trxs or Grxs.1,4,37,71,72 In E. coli, Grx1 may be the primary

electron donor for RNR1a in vivo.73,74 Trx1 may be involved in activation of

RNRIII75 via reduction of a disulfide.76

Bacteria are able to satisfy their need for reduced sulfur by assimilation of

inorganic sulfate. Reduction of sulfate (SO2�
4 ) to sulfide (S2�) requires eight

electrons and takes place in two steps. First, sulfate is activated to adeny-

lylsulfate (APS) by ATP sulfurylase and then to phoshoadenylylsulfate (PAPS)

by APS kinase and subsequently reduced to sulfite (SO2�
3 ) by PAPS reductase.

Secondly, sulfite is reduced to sulfide using six electrons provided by NADPH

(reviewed in ref. 139). Trx1 and Grx1 were identified as electron donors for

APS kinase77 and PAPS reductase in E. coli.78–81

Arsenate reductase (ArsC) detoxifies arsenate to arsenite with electrons

provided by E. coli Grxs 1, 2 and 3.82 The substrate for Grxs is a glutathio-

nylated arsenate intermediate.

[FeS] clusters, found in all life forms, can undergo reversible redox reactions,

determine protein structure, act as catalytic centers and as sensitive sensors of

iron and various oxygen species.83,84 The biosynthesis of these cofactors is

therefore essential for catalytic function of several enzymes. During biosyn-

thesis sulfide and iron are delivered to a scaffold protein, which coordinates the

newly synthesized [FeS] cluster before transferring it to target proteins. In

E. coli, two independent systems for [FeS] cluster biosynthesis are present:

the Isc (iron sulfur cluster) and the Suf (mobilization of sulfur) systems.85,86 The

Trx system was shown to mediate iron binding of IscA87 and SufA,88 proteins

that have been described as alternative scaffold proteins,89 or as potential iron

donors for the formation of [FeS] clusters in the scaffold IscU.90,91 Monothiol
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Grxs including E. coli Grx4 are crucially involved in iron–sulfur cluster bio-

synthesis and regulation of iron homeostasis.92–94

1.1.3 Thioredoxins, Glutaredoxins and Protein Folding

Trxs are by far the most well known members of the Trx family. The investi-

gations on these proteins, as well as Grxs, provided general insights in functions

and mechanisms of all members of the Trx family. Even though most of these

initial general experiments were done in vitro, they provided important concepts

for the in vivo situation. The different ways in which Trxs and Grxs can par-

ticipate in prokaryotic but also eukaryotic protein folding are the subject of this

chapter.

1.1.3.1 Regulation of Protein Folding via Electrons

Provided by Thioredoxins and Glutaredoxins

Trxs and Grxs has been described as regulators of many proteins involved in

folding via their redox activities.95,96

In prokaryotes, Trx and Grx catalyze the reduction of protein disulfides in

E. coliHsp33.97 This reduction led to the formation of Zn coordinating inactive

monomers. Under conditions of oxidative stress, Hsp33 forms dimers pro-

tecting unfolded proteins against aggregation (see also Chapter 1.8).

Yeast Ssp298 and human Hdj2,99 two redox-regulated co-chaperones, are

reduced by Trxs.

As described in Section 1.1.1.4 peroxiredoxins interact with the Trx system.

Some eukaryotic peroxiredoxins were characterized as chaperones. H2O2-

induced chaperone activity of yeast and human Prxs 2 requires the active site

cysteinyl side-chains and the Trx system as cofactor.100,101 In concert with yeast

Prx2, the Trx system protects ribosomes against stress-induced aggregation.102

Electrons provided by Trx1 are also essential for the correct oxidative folding

of proteins in the E. coli periplasm (Figure 1.1.4, black), where the two protein

disulfide isomerases DsbC and DsbG reduce incorrect formed disulfide bonds

for further isomerization.54 A constant electron supply is guaranteed by the

membrane protein DsbD, which itself is reduced by cytoplasmic Trx.103

Several proteomic approaches identified molecular chaperones as new targets

of the Trx and Grx systems: human Trx1 was identified as interaction partner of

14-3-3 z proteins during interphase and mitosis in HeLa cells.104 Synergistically

with a-crystallin, the human Trx system can recover inactivated GR in human

aged clear and cataract lenses.105 Cyclophilin, a peptidyl-prolyl cis-trans iso-

merase essential for protein folding106,107 is activated via reduction by spinach

Trx-m.108 Cyclophilin was also found in investigations aiming at the identifica-

tion of new targets of A. thaliana cytosolic Trx-h3 and spinach plastidic Trx-

m.109,110 Using poplar Grx-C4 as bait Rouhier et al. identified a 14-3-3 protein

(At5g6543), Hsp60, Hsp70 and cyclophilin as interacting proteins in extracts of

different plants.111 The following human chaperones were identified as targets
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for reversible glutathionylation: Hsp10,112 Hsp60,113,114 Hsp70,112–115 Hsp90,113

Hsc70,113,115 14-3-3 proteins,113 cyclophilin A,112,114,115 and Cox17.116 As men-

tioned in Section 1.1.1.3 Grxs are highly specific for protein-GSH mixed di-

sulfides, which suggests that all the above-listed chaperone-GSHmixed disulfides

are likely targets for Grxs in vivo. Indeed, it was shown that glutathionylated

human Hsc70 is a substrate for Grx1, and that reduction of the mixed disulfide

decreased chaperone activity.117

1.1.3.2 Thioredoxins and Glutaredoxins Acting as Protein

Disulfide Isomerases or Molecular Chaperones

Trxs and Grxs are not only regulators of proteins involved in folding, they are

also able to act directly in oxidative folding or as chaperones.

As described above (Section 1.1.1.2), a recent paper dealing with the char-

acterization of the reaction mechanism of E. coli Trx1 using single molecule

force-clamp spectroscopy suggests that a local refolding of the substrate is

part of the catalytic activity.28 Hence, chaperone activity is coupled to rate

Figure 1.1.4 Thioredoxin (Trx) and Glutaredoxin (Grx) as reductants and oxidants
in a prokaryotic cell. Under physiological conditions (black), the E. coli
cytoplasm is maintained by the action of Thioredoxin (Trx) and Glu-
taredoxin (Grx) in a reduced state, whereas the periplasm provides a
more oxidizing environment allowing the formation and isomeration of
protein disulfides (P-S-S) by DsbA and DsbC/DsbG, respectively. Trxs1
and 2 and Grx1 are reduced by Thioredoxin reductase (TrxR) or GSH
(arrows indicate electron flow). In E. coli mutants lacking TrxR and/or
GSH (via depletion of GSH reductase, g-glutamylcysteine synthase or
GSH synthetase) oxidized Trxs and Grx1 form disulfides in the cyto-
plasm (red). Trx1, when exported to the periplasm, is able to comple-
ment E. coli cells deficient in DsbA (green). A mutated Trx1, which
coordinates a [FeS] cluster in cytoplasm if TrxR is absent, can com-
plement an E. coli strain lacking both DsbA and DsbB, the electron
acceptor of DsbA (blue).

9Thioredoxins and the Regulation of Redox Conditions in Prokaryotes



enhancements in the order of four to five orders of magnitude compared to

small reductants like dithiothreitol in reduction of protein disulfides.

E. coli Trx1 fusion was shown to increase the levels of soluble proteins

heterologously expressed in E. coli, for instance numerous mammalian pro-

teins,118–120 Clostridium tetani fragment C of tetanus toxin121 or the single-

chain variable fragment of antibodies.122 Several plasmids were constructed to

express Trx fusion proteins to avoid inclusion body formation during recom-

binant expression of proteins in E. coli.118,119 The induction of correct folding

was independent of Trx’s redox activity since fusion with a Trx mutant har-

boring an Ala-Gly-Pro-Ala active site was as efficient as the wild type Trx

fusion partner.122 The fused Trx, covalently linked to the protein of interest,

may act as a molecular chaperone preventing precipitation and aggregation of

the fused partners until these reach a stable folding state.118,119

Direct activity as molecular chaperone was demonstrated in vitro by

Richarme and coworkers. E. coli Trx1 and the Trx homolog YbbN/Trxsc were

able to refold citrate synthase and a-glucosidase with an efficiency comparable

to those of chaperones like DnaK and different heat shock proteins.48,60 As

observed for the chaperone activity of fused Trx neither the redox state of the

Trxs nor the active site cysteines or other amino acids important for redox

function are required for chaperone activity measured in vitro.60,123 Corro-

boratively, Trx1 can stimulate the refolding of MglB, a protein without

cysteines.60 Unlike molecular chaperones, Trx and YbbN/Trxsc do not pre-

ferentially bind unfolded proteins and do not protect citrate synthase against

thermal degradation.48,60

It is not only E. coli proteins that have been described as chaperones since

also Trx1, but not Trx2 from Helicobacter pylori, promoted the renaturation of

arginase.123

Eukaryotic mitochondrial monothiol Grx5 and several other monothiol Grxs

including E. coli Grx4 have been implied in iron–sulfur cluster biosynthesis.92–94

Depletion of Grx5 led to increased iron levels and decreased enzymatic function

of iron-sulfur proteins such as aconitase and succinate dehydrogenase.92 The

transfer of [FeS] clusters from scaffold to target protein (see Section 1.1.2.2.) is

dependent on a functional HscA/HscB chaperone system.85,124 Grx5 deletion in

yeast resulted in accumulation of iron–sulfur clusters on the scaffold protein.93

This phenotype can be rescued by over-expression of the HscA-type chaperone

Ssq192 indicating that Grx5 may act in concert with the HscA/Ssq1 HscB/Jac1

chaperone couple in [FeS] cluster biosynthesis.

Protein disulfide isomerases catalyze the isomerization of disulfide-bond

formation in the oxidative environments of the prokaryotic periplasm and the

eukaryotic endoplasmatic reticulum (overviews in refs. 54 and 125).

Trx1, when exported to the periplasm, is able to complement E. coli strains

deficient in the periplasmatic thiol oxidase DsbA at concentrations that allow

efficient re-oxidation of Trx by DsbB126 (Figure 1.1.4, green). Mutated Trx1

variants mimicking active sites of other Trx-fold oxidoreductases resulting in a

higher redox potentials (see Section 1.1.1.1) were more efficient in com-

plementation.126,127 Beyond that, some Trx1 mutations were able to perform
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disulfide-bond formation pathway independent of DsbA and DsbB.128 The

active site mutants of E. coli Trx1 were created by random mutagenesis and the

most efficient mutants contained the active sites Cys-Ala-Cys-Cys and Cys-Ala-

Cys-Ala. These Trx mutants coordinated an [2Fe2S] cluster that was essential

for the catalysis of oxidative protein folding (Figure 1.1.4, blue).

As described in Section 1.1.2.1. Trxs and Grxs usually maintain a reducing

environment in the cytosol by reduction of disulfide bonds. But when the Trx

system is impaired, for instance by inhibition of TrxR, disulfide-bond forma-

tion can occur in the cytoplasm of E. coli.129 This effect is enhanced if, in

addition to the Trx system, the Grx system is disturbed as well.130 It was shown

that the resulting disulfide bridge formations in the cytoplasm are attributed

not only to the lack of reductase activity of Trxs 1 and 2 and Grx1, but also to

the accumulation of oxidized redoxins that serve as oxidants and catalysts of

disulfide-bond formation66 (Figure 1.1.4, red).

In vitro both E. coli Trx1 and Grx1 are able to refold ribonuclease A (RNase

A). Oxidized and a mixture of oxidized and reduced Trx efficiently catalyzes the

refolding of reduced, denatured RNase, or oxidized, scrambled RNase,

respectively.131 As shown by kinetic analyses Grx1 only needs the N-terminal

active site cysteine for RNase A refolding.132 The further investigation of the

mechanism showed that Grx1 acted by the monothiol mechanism (Figure 1.1.2)

and that ribonuclease-GSH mixed disulfide was the substrate.133 The investi-

gation of an in vitromodel of the mechanism by which PDI catalyzes formation

of disulfide bonds in the presence of GSSG indicated that PDI primarily

catalyzes formation and breakage of GSH-protein mixed disulfides.134 E. coli

Grx1 displayed synergistic activity together with PDI when the redox potential

of the GSH redox buffer was low enough to reduce the active site disulfide

in Grx,133 but was also able to refold RNase A without PDI.135,136 Therefore,

GSH mixed disulfides were believed to be important folding intermediates

in vivo. Today it seems that in eukaryotic systems GSH is needed as a redox

balancing system, providing reducing equivalents for the reduction of PDIs,

and for the protection against reactive oxygen species, which are formed during

oxidation of PDIs via Ero1 using oxygen as the ultimate electron acceptor

(reviewed in ref. 137). In E. coli GSH is present in the periplasm but not

essential for disulfide-bond formation or isomeration.138

1.1.4 Concluding Remarks

Over the last 40 years research has shown the essential roles of thiol-disulfide

oxidoreductases of the Trx family of proteins in regulating the cellular redox

conditions. In prokaryotes these proteins are crucial for both reduction of

protein thiols in cytoplasm and oxidation of protein thiols in periplasm. The

numerous interaction partners of Trx-fold proteins identified so far indicate the

potential of this structural motif as protein binding scaffold promising more

interaction partners detected by future research. Protein interaction is of course

a condition for donating or accepting electrons but also for folding activity.
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Therefore it is not surprising that – in addition to regulation of different pro-

teins involved in folding – Trxs and Grxs possess protein folding activity

(Figure 1.1.5). In vivo an essential chaperone activity of Trx and Grx for the

correct folding of a specific substrate is not yet described, but the in vitro

investigations prepared the ground for the insights of the enzymatic mechan-

isms of proteins like DsbA or PDI.
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Holmgren, J. M. Sanchez-Ruiz and J. M. Fernandez, Nature, 2007, 450,

124–127.

29. J. F. Collet, J. C. D’Souza, U. Jakob and J. C. A. Bardwell, J. Biol.Chem.,

2003, 278, 45325–45332.

30. P. Sodano, T. H. Xia, J. H. Bushweller, O. Björnberg, A. Holmgren,
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CHAPTER 1.2

Disulfide-bond Formation and
Isomerization in Prokaryotes

GORAN MALOJČIĆa AND RUDI GLOCKSHUBERb

a Institute of Molecular Biology and Biophysics, ETH Zürich, HPK E14,

CH-8093 Zürich, Switzerland; b Institute of Molecular Biology and

Biophysics, ETH Zürich, HPK E17, CH-8093 Zürich, Switzerland

1.2.1 Introduction

Structural disulfide bonds are a typical feature of secretory proteins and are

often required for protein folding and stability. Formation of a disulfide bond

from a cysteine pair in a newly synthesized protein is a redox reaction that

requires the interaction of the folding protein with an oxidant that accepts the

two electrons generated (Scheme 1.2.1).

As the redox environment in the cellular cytoplasm is reducing, structural

disulfide bonds are essentially only formed in oxidizing compartments of the

secretory pathway, namely the periplasmic space in bacteria and the endo-

plasmic reticulum in eukaryotic cells. This chapter focuses on the mechanisms

underlying the oxidative folding of proteins in the periplasm of Gram-negative

bacteria, where more than half of the periplasmic and outer membrane proteins

contain at least one structural disulfide bond.1–3

In vitro, disulfide bonds can be formed spontaneously by oxidation with

molecular oxygen, but the rate of this reaction is several orders of magnitude

lower than the rate of disulfide-bond formation in vivo.4,5 Moreover, the

number of combinations of possible disulfide cross-links increases by around

one order of magnitude with each additional cysteine pair according to
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Equation (1.2.1)

c ¼
n!

ðn� 2kÞ! � 2k � k!
ð1:2:1Þ

where c is the number of possible configurations for formation of k disulfide

bonds, k is the number of disulfide bonds and n is the number of all cysteines in

the protein. Thus, not only disulfide-bond formation, but also the rearrange-

ment of non-native disulfide bonds to the native configuration becomes a rate-

limiting reaction for folding of proteins with multiple disulfide bonds. It is thus

not surprising that both processes, formation and isomerization of disulfide

bonds, are catalyzed reactions in vivo. Indeed, all cells that produce disulfide-

bonded proteins contain thiol-disulfide oxidoreductases that catalyze these two

rate-limiting reactions in oxidative folding. In Escherichia coli, both catalytic

processes are separated and regulated via distinct pathways and catalyzed by

Dsb proteins (‘‘Dsb’’ stands for disulfide-bond formation): the disulfide-bond

formation pathway is catalyzed by the dithiol oxidase DsbA and the quinone

reductase DsbB, and the reductive disulfide isomerization pathway involves the

transmembrane electron transfer catalyst DsbD, the disulfide isomerases DsbC

and DsbG, and the cytochrome c maturation factor CcmG. In this chapter, we

review the current knowledge and the open questions on oxidative protein

folding in prokaryotic organisms.

1.2.2 Disulfide-bond Formation

1.2.2.1 The Periplasmic Dithiol Oxidase DsbA

The periplasmic dithiol oxidase DsbA was the first identified bacterial protein

required for disulfide-bond formation in vivo.6,7 The dsbA� strains are hyper-

sensitive to benzylpenicillin, dithiothreitol and metals8,9 and show reduced

levels of secreted proteins such as the outer-membrane protein OmpA and

HS

+ 2 H⊕ + 2 e

S     S

SH

Scheme 1.2.1
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alkaline phosphatase,6 which are apparently degraded when they cannot attain

their native tertiary structure due to the lack of structural disulfides. Further-

more, dsbA� strains do not exhibit motility since the P-ring of the flagellar

motor fails to assemble.10 In addition, dsbA� mutants of many pathogenic

Gram-negative bacteria lose virulence, since virulence factors such as adhesive

pili or toxins fail to fold and assemble properly.11

DsbA is a 21.1 kDa monomeric periplasmic enzyme consisting of two

domains: a core domain with a thioredoxin fold that is characteristic for cel-

lular enzymes that catalyze disulfide-bond formation, reduction and iso-

merization, and an a helical domain that is inserted into the thioredoxin fold

(Figure 1.2.1).12,13 In common with other thiol-disulfide oxidoreductases with a

thioredoxin fold, DsbA possesses a CXXC motif in the active site (X¼ any

amino acid), with the active-site sequence CPHC. The active-site cysteine pair is

found predominantly oxidized in vivo.14,15 DsbA is a particularly reactive

dithiol oxidase which rapidly and randomly introduces disulfide bonds into

unfolded proteins via disulfide exchange in vitro16–18 (Figure 1.2.1). In vivo,

DsbA appears to be so reactive that it favors formation of sequential disulfide

bonds in unfolded substrate proteins during translocation into the periplasm.19

On the one hand, this favors formation of correct disulfide bonds in substrates

with non-overlapping disulfide bonds. On the other hand, it also favors for-

mation of non-native disulfide bonds in substrates with overlapping disulfide

bonds, which then require the disulfide isomerases DsbC and DsbG for the

rearrangement of non-native disulfides introduced by DsbA (see below).

DsbA has the most reactive and unstable disulfide bond in the family of

thioredoxin-like oxidoreductases, which is reflected by the high intrinsic redox

potential of the active-site cysteine pair (E10 ¼�122mV).17 The high redox

potential of DsbA is a direct consequence of the extremely low pKa value of the

more N-terminal active site cysteine (Cys30, pKa¼ 3.4, which compares with

pKa values of 9–9.5 for normal cysteine residues).28 The low pKa of Cys30

guarantees that Cys30 in reduced DsbA is present in the thiolate anion form at

physiological pH. The thiolate anion is not only stabilized by the tertiary

structure of the protein, but in turn also stabilizes the tertiary structure of

reduced DsbA. Formation of the active-site disulfide bond eliminates the sta-

bilizing thiolate anion, which explains the observation that the oxidized form of

DsbA is less stable than the reduced form.17,18 Equation (1.2.2) describes the

corresponding pH dependence of the difference in free energy of folding

between the oxidized and reduced form of DsbA

DDG0
ox=red ¼ �RT ln

1þ 10 pH�pKN
a

1þ 10 pH�pKU
a

" #

ð1:2:2Þ

where pKN
a is the pKa of Cys30 in native, reduced DsbA, and pKU

a is the normal

pKa of Cys30 in the unfolded protein. Assuming a value of pKU
a of 9.5,

Equation (1.2.2) predicts that the oxidized protein is 20.5 kJmol�1 less stable

than the reduced form at pH7.0, which is in good agreement with experimental

data (DDG0
ox/red¼ 22 kJmol�1).20
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The low pKa of Cys30 in DsbA also has direct consequences on the kinetics of

disulfide exchange reactions between DsbA and substrate proteins or organic

dithiols such as dithiothreitol. At pH7.0, DsbA oxidizes unfolded substrate proteins

with rate constants of about 106M�1s�1, and the oxidation of small dithiols such as

dithiothreitol is about one order of magnitude slower.21,22 Compared to the small

rate constants of disulfide exchange reactions between small organic thiols and

disulfides at pH7.0,23 the reaction with DsbA is 4–6 orders of magnitude faster.

As the rate constants of disulfide exchange reactions depend on the pKa values

of all sulfur atoms involved,23–28 the equilibrium constants of disulfide exchange

between thioredoxin-like enzymes and a thiol/disulfide redox pair, like reduced

and oxidized glutathione (GSH and GSSG, respectively), are predictable. The

deduced redox potentials are in surprisingly good agreement with the experi-

mental data for known members of the thioredoxin family, which range between

–122mV for DsbA as the most oxidizing member, and –270mV for thioredoxin

as the most reducing member (for a review see ref. 29).

Pro31
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Cys33
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S
SH

SH + DsbA
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SH
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Figure 1.2.1 Introduction of disulfide bonds into substrate proteins by DsbA, and
three-dimensional structure of DsbA. (A) The disulfide exchange reac-
tion between oxidized DsbA and a reduced polypeptide proceeds via a
mixed disulfide between the substrate and Cys30 of DsbA. (B) Ribbon
diagram of the X-ray structure of oxidized DsbA.13 The thioredoxin
domain is shown in blue, the inserted a-helical domain is shown in red.
Active-site cysteines are shown in yellow, and the active-site helix
(residues 30–37) is depicted in green. (C) Stabilization of the thiolate
anion form of Cys30 in reduced DsbA by four alternative hydrogen
bonding possibilities.30
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The Cys30/Cys33 pair of DsbA is located at the N-terminus of an a-helix.

The negative charge on the Cys30 thiolate in reduced DsbA is stabilized

electrostatically by the partial positive charge of the helix dipole, and alter-

native hydrogen bonding possibilities of the Cys33 thiol, the main chain

amides of His32 or Cys33 and the NHd1 of His32.13,30,31 DsbA also possesses

a hydrophobic groove flanking the active-site disulfide, which is supposed to

increase the affinity of DsbA for unfolded polypeptide chains and may

contribute to the fast disulfide exchange reactions of DsbA bringing the

active-site disulfide bond into close proximity of free thiols in protein

substrates.13,30,31

1.2.2.2 DsbB

1.2.2.2.1 Regeneration of Oxidized DsbA

Disulfide exchange between DsbA and the nascent proteins renders DsbA

reduced and inactive. Its reoxidation is performed by the inner membrane

protein DsbB. The observation that E. coli mutants lacking dsbB exhibit the

same pleiotropic phenotype as those lacking dsbA suggested that DsbB and

DsbA belong to the same pathway.8,10,32 Furthermore, in dsbB– strains DsbA

accumulates in the reduced state, while it is completely oxidized in wild type

strains.14,15 The isolation of a DsbA–DsbB mixed-disulfide complex confirmed

their direct interaction.15,33

The reoxidation of DsbA via DsbB is coupled to the reduction of quinones

from the inner bacterial membrane by DsbB.10,14,15,32,33 Under aerobic con-

ditions, the electrons are passed from DsbB onto ubiquinone-Q8 (Figure 1.2.2),

which then donates the electrons to molecular oxygen via terminal oxidases.34,35

Under anaerobic conditions, the electrons are passed from DsbB to mena-

quinone-Q8 (Figure 1.2.2) and then to fumarate or alternative electron

A
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DsbB

DsbB
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+

+

+

DsbA

30

33

S
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DsbA

30

33
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33

SH

SH

DsbA

30

33

SH

SH

Figure 1.2.2 Reactions catalyzed by the quinone reductase DsbB. Active-site cysteine
residues in DsbA are numbered. Under aerobic conditions (A), DsbA is
oxidized by ubiquinone-Q8, while menaquinone-Q8 serves as the elec-
tron acceptor under anaerobic conditions (B).
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acceptors.34 In vitro experiments with purified components confirmed that

quinones directly receive electrons from DsbB.34 Thus, DsbB generates a di-

sulfide bond in DsbA de novo by reduction of quinones and joins oxidative

protein folding with the respiration pathways.36,37

1.2.2.2.2 Structure and Mechanism of DsbB

DsbB is a 20.1 kDa inner membrane protein that possesses four transmembrane

helices, two periplasmic loop regions,38,39 with both the amino- and carboxy-

terminus located in the cytoplasm. Each of the two periplasmic loops contains

one pair of invariant cysteines. Cys41 and Cys44 form a disulfide bond in the

amino-terminal (first) periplasmic loop, whereas Cys104 and Cys130 form a

disulfide bond in the carboxy-terminal (second) loop.39 While the Cys41/Cys44

pair interacts with the quinone, the Cys104/Cys130 pair undergoes disulfide

exchange with DsbA, in which Cys30 of DsbA is disulfide-linked with Cys104

of DsbB (Figure 1.2.3A).

The mechanistic details of the reaction of DsbB have been extensively studied

by both biochemical6,14,15,19,32,34–38,40–46 and theoretical methods.41 In addi-

tion, the most recently elucidated crystal structure of the inactive variant

DsbB(Cys130Ser)38 (Figure 1.2.4) confirmed the proposed topology of DsbB,

identified an additional alpha helix formed by the residues of the second

periplasmic loop and provided further insights into the reaction catalyzed by

this unusual membrane protein.

The aromatic ring of the quinone is bound in the proximity of the Cys41/

Cys44 pair and Arg48, which is also essential for catalysis.42 These residues are

situated near the periplasmic end of the second transmembrane helix (Figure

1.2.3A). Upon reaction with DsbA, the mixed disulfide bond (DsbB-Cys104)–

(Cys33-DsbA) is formed, together with an inter-loop disulfide Cys130–Cys41

within DsbB. The resulting, unpaired Cys44 is engaged in a charge transfer

interaction with the quinone ring, giving rise to the pink color characteristic for

this complex. The data suggest that de novo disulfide-bond generation at the

active site of DsbB proceeds via the transient formation of a covalent bond

between the Cys44 sulfur and the quinone (Figure 1.2.5). Subsequently, Cys41

attacks Cys44, which regenerates the Cys41/44 disulfide bond in DsbB and

releases ubiquinol. This mechanism of de novo disulfide-bond generation by

DsbB resembles the mechanism in the active site of the FAD-dependent enzyme

dihydrolipoyl dehydrogenase,47 where the analogous charge transfer inter-

mediate forms (red color).

The thermodynamics of the oxidation of DsbA by quinones catalyzed by

DsbB has been a matter of controversy.48,49 Various redox potentials for the

reactive cysteine pairs of DsbB have been measured, and the situation has not

yet been clarified. The bottom line, however, is that the overall process, i.e. the

oxidation of DsbA by ubiquinone, is thermodynamically favorable. In com-

mon with other (bio)chemical reactions, the catalysis by DsbB conceivably

involves high-energy intermediates.
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Figure 1.2.3 Membrane topology of DsbB, alone and in different complexes with
DsbA. DsbB is depicted in yellow, the part of DsbA interacting with
DsbB is indicated in blue. Cysteines are represented as yellow circles and
numbered, and the bound quinone is represented as a hexagon. (A)
DsbB consists of four transmembrane helices and two periplasmic loops
each containing a pair of essential cysteines.39 (B) The complex of the
wild type DsbB with the single-cysteine variant DsbA(Cys33Ala) con-
tains a rearranged intramolecular disulfide bond (Cys130-Cys41) and
the unpaired Cys44 thiolate of DsbB, which forms a charge-transfer
interaction with quinone, giving rise to the pink color of the com-
plex.40,41 (C) Disulfide-bonding pattern in the X-ray structure of the
mixed disulfide complex between the inactive DsbB(Cys130Ser) variant
and DsbA(Cys33Ala).38
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Figure 1.2.4 Ribbon diagram of the 3.7-Å crystal structure of the mixed disulfide
complex between DsbB(Cys130Ser) and DsbA(Cys33Ala).38 The qui-
none ring of DsbB bound ubiquinone Q8 is indicated in pink, and the
position of the intermolecular disulfide bond between Cys30(DsbA) and
Cys104(DsbB) is indicated in yellow.

Figure 1.2.5 Proposed mechanism of de novo disulfide-bond formation in DsbB
through reduction of ubiquinone Q8. The residue numbers of the
reactive cysteines in DsbB that react with the quinone ring are indicated.
R represents the hydrophobic Q8 tail with eight isoprene units.
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1.2.3 Disulfide-bond Isomerization

1.2.3.1 Disulfide-bond Isomerase DsbC

The dithiol oxidase DsbA introduces non-native disulfide bonds into substrate

proteins in vivo and in vitro.17,20,22,35,50–53 This not only leads to non-native

conformations in folding proteins that are aggregation and degradation prone,

but also causes molecules with non-native disulfide configurations that can no

longer isomerize spontaneously to the native configuration when the substrate

protein i) is completely oxidized and ii) no longer possesses free cysteine thiols

that could attack non-native disulfides intramolecularly. Consequently, proper

folding of scrambled and completely oxidized substrates requires the transient

reduction of at least one of the non-native disulfide bonds to allow disulfide

rearrangement to the native configuration.

The first step in the discovery of the isomerization pathway in prokaryotes

was the identification of the periplasmic protein disulfide isomerase DsbC.54,55

The E. coli dsbC gene was isolated independently by screening for dithiothreitol-

sensitive mutations54 and as a suppressor of a dsbA null phenotype.55 Like dsbA�

and dsbB� strains, dsbC mutants show defects in disulfide-bond formation, but

the effect is significantly milder.56 For instance, mutations in dsbC affect neither

cell motility nor disulfide-bond formation in OmpA and b-lactamase. The di-

sulfide isomerase function of DsbC was subsequently established using in vitro

folding assays with model substrates and confirmed in expression studies of

heterologous proteins in various dsb� backgrounds.19,52,56–60 It was found that

DsbC is required for the correct folding of proteins with multiple disulfide bonds.

Hiniker and Bardwell showed that two E. coli periplasmic proteins, RNaseI (four

disulfide bonds) and MepA (six conserved cysteines), are in vivo substrates of

DsbC.2 The levels of RNaseI and MepA were strongly decreased in both dsbA�

and dsbC� strains. In contrast, the levels of two other DsbA-dependent proteins

with multiple disulfide bonds, PhoA and DppA, were unchanged in dsbC�

strains. While the latter proteins contain only consecutive disulfide bonds,

RNaseI and MepA contain both non-consecutive and consecutive disulfide

bonds. These findings suggest that DsbC is required for the folding of proteins

with non-consecutive disulfide bonds, whereas DsbA alone is sufficient for

folding of periplasmic proteins with consecutive disulfide bonds. The hypothesis

that disulfide-bond connectivity determines whether a protein requires DsbC for

proper folding was further supported by the experiments demonstrating that the

acid phosphatase phytase (AppA), a protein with one non-consecutive disulfide

bond, requires DsbC for proper folding, while folding of an AppA variant

lacking the non-consecutive bond was DsbC-independent. Conversely, a

homolog of AppA that contains only consecutive bonds does not require DsbC,

but becomes DsbC-dependent upon engineering of a non-consecutive bond.50

DsbC is a V-shaped homodimer of 25.6 kDa subunits and, like DsbA,

belongs to the thioredoxin superfamily. Each DsbC monomer consists of an

N-terminal dimerization domain and a C-terminal thioredoxin domain with the

active site motif CGYC. Its redox potential (�140mV)61,62 is almost as
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oxidizing as that of DsbA, and the more N-terminal active site cysteine (Cys 98)

also shows a very low pKa value of 4.1.
62 The dimerization of DsbC is required

for its function in vivo.62,63 The crystal structure of oxidized DsbC (Figure

1.2.6A), together with biochemical experiments, revealed that DsbC combines

two important features required for disulfide-bond isomerase activity: a reac-

tive cysteine pair in the active site that can attack and reshuffle disulfide bonds

in substrates, and a hydrophobic binding site for unfolded or partially folded

substrate proteins.64 The active sites in the DsbC homodimer are separated by

B40 Å and oriented towards the interior of the ‘‘V’’. The surface of the cleft,

defined by the two ‘‘arms’’ of the ‘‘V’’, is lined with hydrophobic and uncharged

residues, enabling hydrophobic interactions. The size of the cleft may vary

between more open and more closed conformations according to the bound

polypeptide.1 Compared to the peptide binding site in the DsbA monomer, the

binding site in the DsbC homodimer has about a 104-fold higher affinity57 and

is a prerequisite for the disulfide isomerase activity of DsbC, most likely due to

strongly increased effective concentrations of the active sites relative to non-

native disulfides in the substrate.

In contrast to DsbA, which is active in its oxidized form as dithiol oxidase,

DsbC needs to be reduced for being active as an isomerase, because only the

reduced form of the enzyme can attack non-native disulfides in substrates.58,59

The low pKa of Cys 98 guarantees that its nucleophilically active thiolate anion

form is always populated at physiological pH values. Figure 1.2.7 shows the two

potential mechanisms for the reaction catalyzed by DsbC, which both start with

the formation of a DsbC-substrate mixed disulfide. It is, however, still unknown

whether the substrate stays covalently bound to DsbC during disulfide-bond

isomerization (mechanism a in Figure 1.2.7), or whether the substrate becomes

partially reduced by DsbC, followed by spontaneous, intramolecular disulfide

rearrangement and reoxidation by DsbC (mechanism b). The latter mechanism

also agrees with the high redox potential of DsbC, which makes substrate

oxidation thermodynamically favorable.

Figure 1.2.6 Ribbon diagrams of the structures of DsbC64 (A) and DsbG84 (B). The
dimerization domains in both proteins are indicated in dark green, the
thioredoxin domains in light green and the linker helices connecting
both domains in the monomer are depicted in grey. Orange balls
represent the active site cysteine residues.
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1.2.3.2 Reactivation of DsbC: The Inner Membrane

Electron Transporter DsbD

The oxidizing environment of the bacterial periplasm requires a specific,

reductive pathway that maintains DsbC in its catalytically active, reduced state.

This pathway is dependent on the electron transfer catalyst DsbD from the

inner bacterial membrane,59,65 which shuttles reducing equivalents from the

cytoplasm directly to periplasmic DsbC. The reducing equivalents originate

from cytoplasmic NADPH, which reduces cytoplasmic thioredoxin via thio-

redoxin reductase. Reduced thioredoxin then interacts with the cytoplasmic

side of DsbD. In accordance with this mechanism, deletion of either DsbD,

cytoplasmic thioredoxin or cytoplasmic thioredoxin reductase renders DsbC

completely oxidized in vivo.59,65–67
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Figure 1.2.7 Models of the catalytic mechanism of DsbC. The first reaction step
involves the formation of a mixed disulfide intermediate between Cys109
of DsbC and a cysteine from the polypeptide substrate. Subsequently,
pathways (A) and (B) are possible mechanisms of DsbC catalyzed di-
sulfide-bond isomerization. (A) Disulfide rearrangement in the substrate
occurs while the substrate stays covalently bound to DsbC. (B) Com-
plete reduction of one of the non-native disulfide bonds in the substrate
and formation of oxidized DsbC, followed by intramolecular disulfide
rearrangements in the released substrate and reoxidation of the sub-
strate by either oxidized DsbC or oxidized DsbA.
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DsbD is a 59-kDa inner membrane protein that consists of three domains: a

periplasmic, N-terminal domain (nDsbD), a central transmembrane (TM)

domain with eight predicted TM helices and a C-terminal domain (cDsbD) in

the periplasm (Figure 1.2.8).66,68,69 Mutational analyses showed that each of

the domains contains one pair of conserved cysteine residues that is essential

for DsbD activity.66,68,69 An intriguing feature of DsbD is that it catalyzes

electron transport across the inner membrane exclusively via inter- and

intermolecular disulfide exchange reactions. DsbD has two additional peri-

plasmic substrates besides DsbC which are also specifically reduced by the

enzyme: the disulfide isomerase and DsbC homolog DsbG, and the peri-

plasmic, thioredoxin domain of the cytochrome c maturation factor CcmG

(see below).

An important step in establishing the electron flow in DsbD was the obser-

vation that co-expression of all individual DsbD domains restored DsbD

163 461

Trx

nDsbD

DsbC, DsbG and CcmG

cytoplasm

periplasm

32
35

109
103

461
464

cDsbD

TM

Figure 1.2.8 Proposed mechanism of DsbD-mediated electron transfer through the
inner membrane via a single cysteine pair in the transmembrane (TM)
domain. The model proposes an hourglass-like shape of the trans-
membrane domain that allows access to the catalytic Cys163/Cys461
pair of thioredoxin from the cytoplasmic side and of cDsbD from the
periplasmic side. Cys 32 of thioredoxin (Trx) can form a mixed disulfide
with Cys163 of the TM domain. It remains to be shown which of the two
catalytic Cys residues of the TM domain interacts with cDsbD. Num-
bers refer to the catalytic cysteine residues in Trx and all DsbD domains,
and the arrows indicate the direction of electron flow.
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function in vivo.67 These experiments, together with biochemical experiments

and further in vivo data,3,61,65–67,69–74, revealed that the electron transport

mechanism mediated by DsbD is exclusively based on inter- and intermolecular

disulfide exchange reactions and obviously independent of redox cofactors.

Specifically, the cysteine pair Cys163/Cys285 in the TM domain accepts two

electrons from cytoplasmic thioredoxin and passes them on to cDsbD in the

periplasm. cDsbD then transfers the reducing equivalents to nDsbD, which

then reduces the substrates DsbC, DsbG and CcmG.

There are two particularly fascinating aspects of the DsbD mechanism. The

most surprising and unusual feature of DsbD is certainly its ability to shuffle

electrons across the B60 Å wide cytoplasmic membrane via a single cysteine

pair. A detailed biochemical characterization of the TM domain, together

with structure predictions, indicated that TM DsbD has an hourglass-like

shape, where the catalytic Cys163/Cys285 pair is located close to the center of

the hourglass and accessible for disulfide exchange with thioredoxin from the

cytoplasmic side, and with cDsbD from the periplasmic side (Figure 1.2.8).74

It has been established that Cys163 in the TM domain of DsbD is capable of

forming a mixed disulfide with the nucleophilic Cys32 of thioredoxin,67,75

but the cysteine residue interacting with cDsbD on the periplasmic side of the

membrane is still unknown. The hourglass-like shape of the DsbD TM

domain is also confirmed by a pseudosymmetry at the primary structure

level around Cys163 and Cys285, which are located in the first and fourth

predicted transmembrane segment. Two conserved proline residues located at

positions �1 and +2 relative to each of the two cysteines are indicative of

kinks in the transmembrane segments 1 and 4, in accordance with the hour-

glass model.74

The second remarkable feature of DsbD is the ability of its N-terminal

domain (nDsbD) to react specifically with four different proteins/domains via

disulfide exchange, namely intramolecularly with cDsbD and intermolecularly

with the three substrates DsbC, DsbG and CcmG. The structure of isolated

nDsbD has been solved and revealed that the domain possesses an immu-

noglobulin-like fold, with Cys109 being the nucleophilically active cysteine

residue.76 Moreover, the structures of both redox forms of isolated cDsbD

have been determined and confirmed that cDsbD also has the thioredoxin

fold with the active-site sequence CVAC.3,72,77 Thus, all four reaction

partners of nDsbD are thioredoxin-like proteins (see also below). Importantly,

the structures of the kinetically trapped mixed disulfide species involving

nDsbD have been also solved, except for the mixed disulfide between

nDsbD and DsbG (Figure 1.2.9).1,61,73 The structures of the mixed disulfide

complexes between nDsbD and cDsbC, DsbC and CcmG revealed that

nDsbD uses essentially the same interface to interact with its reaction

partners,73 with about 90% identical interface residues and very similar

contact areas of about 1350 Å2. The only exception is the mixed disulfide

complex between nDsbC and DsbC, in which nDsbD is covalently bound

to one of the active sites in the DsbC homodimer, and also interacts specifi-

cally on the opposite side with the other DsbC subunit.1 The nDsbD–CcmG
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mixed disulfide complex also forms additional, specific interactions with

CcmG via its N-terminal segment. Overall, the ability of nDsbD to adapt to

all four natural reaction partners is essentially conferred by steric

compatibility.

Modeling of the non-natural interaction between nDsbD and DsbA (which

would neutralize the oxidative DsbA/DsbB and the reductive DsbD/

DsbC(DsbG,CcmG) pathways) shows that disulfide exchange with DsbA is

sterically restricted (see also below). Overall, the almost identical contact areas

of nDsbD with its partner proteins indicate that large movements of the peri-

plasmic DsbD domains occur during the DsbD reaction cycle.61,73,78

With respect to the thermodynamics of the reductive pathway mediated by

DsbD, the overall electron flow from cytoplasmic thioredoxin (E10 ¼�270mV)

to the substrates DsbC, DsbG and CcmG (E10 ¼�140, �129mV and

�203mV, respectively) is energetically favorable.61,62,73,79,81 The intrinsic redox

potentials of nDsbD and cDsbD have values of �235 and �232mV73 and

suggest that the electron flow within DsbD is energetically favorable as well.

However, the picture of the energetics of the entire electron flow catalyzed by

DsbD is still incomplete, as the redox potential of the DsbD TM domain has

not yet been determined.

Figure 1.2.9 Structures of the kinetically stabilized mixed disulfide complexes
between nDsbD and its reaction partners cDsbD,61 DsbC1 and CcmG.73

(Top panels)Ribbon diagrams, with nDsbD indicated in red and cDsbD,
DsbC and CcmG depicted in blue, green and grey, respectively. (Bottom
panels) Space filling model of nDsbD in the respective structure, with all
residues in the contact area colored in green (common interface in all
three structures) and blue (specific interface).
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1.2.3.3 DsbG, a Structural Homolog of DsbC

with Unknown Function

DsbG is the second disulfide isomerase in the E. coli periplasm,66,79 and was

discovered due to its ability to confer resistance to dithiothreitol when

expressed via a multicopy plasmid.80 DsbG is the least abundant of the peri-

plasmic Dsb proteins.79 Like DsbC, DsbG is a homodimeric protein with 28%

sequence identity to DsbC.64,80 The redox potential of DsbG (�129mV) is

oxidizing and similar to that of DsbA and DsbC (�122 and �140mV, respec-

tively).60–61,79,81 DsbG is kept in the reduced state by DsbD and possesses

disulfide isomerase activity in E. coli, as it improves the yield of heterologous

proteins with multiple disulfide bonds in the periplasm.79,82 The natural sub-

strates of DsbG are, however, unknown, in particular because E. coli dsbG

deletion mutants show no defect in periplasmic disulfide-bond formation.2,79 In

contrast to DsbC, DsbG does not exhibit significant disulfide isomerase activity

in vitro.79,81 In addition, DsbG shows an activity reminiscent of molecular

chaperones in that it prevents unspecific aggregation of the classical chaperone

substrates citrate synthase and luciferase.83 In contrast to true chaperones,

however, it does not improve the folding yield of these substrates but rather

prevents folding by apparently irreversible binding to unfolded polypeptides.

Together, the data indicate that DsbG is a protein disulfide isomerase with

narrow substrate specificity.

The crystal structure of the DsbG homodimer84 revealed a domain organi-

zation analogous to that of DsbC. The DsbG structure however differs from the

DsbC structure64 in that its dimensions are significantly larger due to the fact

that the linker helix in DsbG that connects the dimerization domain with the

thioredoxin-like domain is 2.5 turns longer compared to DsbC (Figure 1.2.6).

This increases the size of the supposed polypeptide binding cleft relative to DsbC

about two-fold. Another difference from DsbC is the fact that seven acidic

residues from each subunit line the cleft between the thioredoxin domains of the

DsbG dimer. These negatively charged surface patches in the presumed sub-

strate binding site of DsbG support the view that DsbG is a specific isomerase

for a hitherto unknown substrate, and not a general disulfide isomerase like

DsbC.

1.2.3.4 The Cytochrome c Maturation Factor CcmG

is a DsbD Substrate

The biogenesis of all c-type cytochromes requires the ligation of heme to

apocytochrome c, where two thioether bonds are formed between the heme and

the two cysteine residues in the active site of apocytochrome c, which has the

sequence motif CXXCH. This ligation reaction can only occur when apo-

cytochrome c is maintained in the reduced state in the periplasm. The disulfide

reductase CcmG, also termed DsbE, is one of the eight proteins encoded by the

E. coli Ccm gene cluster which is required for cytochrome c biogenesis, and the

third known periplasmic substrate of DsbD. CcmG is a membrane-anchored,
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periplasmic thioredoxin-like protein of 20 kDa.85–87 The thioredoxin-like

domain of CcmG contains the active site sequence CPTC and has a redox

potential of �203mV.73 In contrast to various other bacterial oxidoreductases,

CcmG does not show reductase activity in the classical insulin reduction assay,

and its reductase activity seems highly specialized and limited to the cyto-

chrome c maturation pathway.85,86,88 The crystal structure of CcmG from

Bradyrhizobium japonicum89 revealed a thioredoxin fold with several specific

features that are required for cytochrome c maturation. These are a char-

acteristic groove formed by two insertions in the fold, the N-terminal b-hairpin-

like structure and a central insertion. The deletion of any of the two insertions

suppresses cytochrome c formation.89,90 Another unusual feature of CcmG

compared to other thioredoxin-like proteins is an acidic region around the

active site. Several conserved acidic residues contribute to the negative charge

of the protein and are required for efficient cytochrome c biogenesis.90

The reducing equivalents required for cytochrome c maturation originate

from cytoplasmic NADPH and flow to CcmG via thioredoxin and DsbD.

Genetic studies showed that in the absence of DsbD, thioredoxin or thior-

edoxin reductase, cytochrome c maturation is suppressed and CcmG accu-

mulates in the oxidized state.66,87,91–93 The detection of the mixed-disulfide

intermediate between E. coli DsbD and CcmG in vivo67 and the direct obser-

vation of the reduction of a soluble CcmG variant with truncated membrane

anchor by nDsbD in vitro73 confirmed the direct interaction between CcmG

and DsbD. However, the mechanism of the further electron transfer from

CcmG to apocytochrome c remains to be established. The structure of the

stabilized mixed disulfide complex between nDsbD and the soluble variant of

E. coli CcmG (Figure 1.2.9) revealed that the N-terminal segment of nDsbD

contributes to the specific recognition of CcmG, and that CcmG occupies

essentially the same contact area as DsbC and cDsbD.94

1.2.4 Coexistence of the Oxidative Disulfide-bond

Formation and the Reductive Disulfide

Isomerization Pathways

As discussed above, Gram-negative bacteria contain catalysts performing both

dithiol oxidation and disulfide reduction in the periplasm. It is obvious that

both pathways, which have opposite directions of electron flow, must be kept

separated in the periplasm to prevent their mutual neutralization. Figure 1.2.10

summarizes the measured rate constants of disulfide exchange between all

periplasmic components of the dithiol oxidation and the reductive disulfide-

bond isomerization pathway at pH 7.48,61,73,78

The data reveal that functional disulfide exchange reactions between com-

ponents of the same pathway have rate constants between 105 and 106M�1s�1,

while non-functional reactions occur with rates that are between three and six

orders of magnitude slower. Thus, both pathways are separated by huge acti-

vation energy barriers that guarantee their co-existence. In structural terms,
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these barriers can easily be rationalized based on the known structures of all

redox-active Dsb proteins and their domains:38,61,73,78 disulfide exchange

reactions are SN2 reactions with a transition state in which the negative charge

of the attacking thiolate is distributed among all sulfur atoms involved. The

attack by a thiolate anion on a disulfide bond, which has dihedral angles with

respect to the sulfur–sulfur bond within 101 of +951 or �951, can only occur

along the axis of the sulfur–sulfur bond95 (Scheme 1.2.2).

Figure 1.2.10 Complete kinetic picture of functional (solid lines) and non-functional
(dotted lines) disulfide exchange reactions between components of the
oxidative disulfide-bond formation pathway and the reductive disulfide
isomerization pathway.48,61,73,78 Arrows indicate the direction of
electron flow.

CH2

CH2

S

S

R-S-
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Scheme 1.2.2
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This defines rather stringent steric requirements for disulfide exchange

reactions between proteins, because the tertiary structure context generally only

allows attack of a disulfide bond from one side, and because steric clashes

between the proteins can easily prevent the attack of a nucleophilic protein thiol

from one protein on a catalytic disulfide bond of another protein. It appears

that these steric restrictions are indeed underlying the kinetic barriers for non-

functional disulfide exchange reactions between Dsb proteins in the periplasm.

Modeling of potential mixed disulfide intermediates between ‘‘forbidden’’ Dsb

pairs revealed steric clashes in all cases.38,63,73,94

1.2.5 Concluding Remarks

Oxidative protein folding in the E. coli periplasm is not a spontaneous process,

but catalyzed by specialized Dsb proteins. A large body of in vivo and in vitro

data supports the independent pathways of disulfide-bond formation (cata-

lyzed by DsbA and DsbB) and the reductive pathway of disulfide-bond

isomerization (catalyzed by DsbC and DsbD), which guarantees the ‘‘repair’’

proteins with non-native disulfides introduced by DsbA.

Despite considerable progress in the field, in both structural and mechanistic

terms, there are major open questions on both dsb systems. The most intriguing

open question is the mechanism underlying the electron transport of DsbD

across the inner membrane. Structural information on the transmembrane

domain of DsbD is thus eagerly awaited. Other important questions involve the

molecular details of the de novo disulfide-bond formation in DsbB and the

in vivo function of DsbG.

Besides the mechanistic insights into catalyzed disulfide-bond formation of

the bacterial periplasm, the recently obtained results on the structure and

function of Dsb proteins have strongly contributed to the improvement of

E. coli expression systems for heterologous proteins with multiple disulfide

bonds that are based on the co-expression of DsbA and DsbC.52,96–98
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CHAPTER 1.3

The Periplasm of E. coli –
Oxidative Folding of
Recombinant Proteins

KATHARINA M. GEBENDORFER

AND JEANNETTE WINTER

Department Chemie, Lehrstuhl Biotechnologie, Technische

Universität München, Lichtenbergstraße 4, 85747 Garching, Germany

1.3.1 Escherichia coli as Host for the Production of

Recombinant Proteins – Benefits and Drawbacks

The enteric bacterium Escherichia coli has been extensively applied for the

production of heterologous proteins over the past decades.1 The rationales for

its widespread use lay in a distinguished cost–value ratio. Not only is E. coli

simple and inexpensive to cultivate, it rapidly generates biomass and is acces-

sible to high-cell density fermentation. Bacterial expression systems have a

relatively short process time due to an easier scale and shorter fermentation run

times compared to eukaryotic systems. E. coli’s physiology and genetics are well

studied and fairly well understood. Based on this knowledge and with

the genome sequence being available, E. coli is easily accessible to genetic

manipulation, therefore allowing for a fast development of an E. coli-based

expression system. Further, a variety of expression vectors and modified host

strains is available, which simplifies the customization of the expression sys-

tem.2 In addition, the target protein can be directed to the cytoplasm, periplasm
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or cultivation media depending on its requirements for folding and accumu-

lation. These facts make E. coli a versatile and valuable host for the tailor-made

production of recombinant proteins.

Despite the advantages of an E. coli-based expression system, there are

certain limitations in its application. Mammalian proteins in particular, which

have a tremendous pharmaceutical potential, are often insufficiently produced

in E. coli. Differences in mRNA stability, codon usage and translation effi-

ciency are one reason (reviewed in ref. 3). Another concerns protein folding of

the eukaryotic protein within the bacterial host. Eukaryotic proteins are typi-

cally larger than bacterial ones and they may be incompatible with the bacterial

folding machinery.4 Further, E. coli is unable to perform most of the post-

translational modifications observed in eukaryotic proteins. As a consequence,

eukaryotic proteins may be toxic to the host, unstable and tend to aggregate or

become substrates of host proteases. Yet, E. coli may be improved to meet this

demand (see also Section 1.3.5).5–7 Further, many eukaryotic proteins retain

their biological activity even if they are not glycosylated8,9 and may be highly

suitable for structure determination.10

1.3.2 Cytoplasm, Periplasm or Cultivation Media –

Where to Direct the Target Protein?

The two E. coli compartments cytoplasm and periplasm (Figure 1.3.1) each

exhibit unique characteristics that can be exploited compatibly to the nature of the

target protein. The cytoplasm is the commonly used compartment for over-

expression because it allows for high yields of the recombinant protein. It contains

an extensive set of chaperones that assist the co- and post-translational folding of

0.5 µm 0.2 µm

Figure 1.3.1 Electron micrographs of E. coli cells. Left, scanning electron micrograph
at 35 000-fold magnification. Typical dimensions of E. coli cells are
0.6 mm width and 1.5mm length. Right, transmission electron micro-
graph of a thin section of cells in stationary growth phase. Please
note the expanded periplasm (indicated by an arrow) that is typical for
stationary cells.
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polypeptides. Frequently, protein aggregates, so-called inclusion bodies (see

Chapter 2.2), are formed. While this is a drawback if a correctly folded, soluble

protein was aimed for, it may also be advantageous. Inclusion bodies protect

the included recombinant protein from proteolytic degradation, mainly consist of

the recombinant protein and are fairly easy to isolate thereby avoiding extensive

purification steps. Providing that the target protein readily reactivates under

refolding conditions, the production of recombinant proteins in inclusion bodies

remains the prior choice (reviewed in ref. 11 and 12). In most cases however,

refolding is inadequate. Then, it may be favorable to direct the recombinant

protein to the periplasm or the extracellular cultivation media.

Particularly if the function of the recombinant protein relies on correct di-

sulfide-bond formation, the periplasm or the cultivation media are the desti-

nations of choice. This is mainly due to their oxidizing redox potential that

favors oxidative folding. The reducing redox potential of the cytoplasm

(�0.24V to �0.27V) is driven by thioredoxin and the ratio of reduced/oxidized

glutathione while the oxidizing environment of the periplasm (�0.165mV)

depends on the redox properties of the Dsb proteins and glutathione (see

Chapter 1.2).13 It should be noted that also the cytoplasm can be engineered to

allow for oxidative protein folding. Stable disulfides can form in strains lacking

thioredoxin reductase (DtrxB)14 and even more rapidly in strains that are

defective in the thioredoxin and glutathione pathway (DtrxB gor, DtrxB gshA,

DtrxB gor ahpC) (see Chapter 1.1).15,16 Given that isomerization of wrong

disulfide bonds does not occur, the utilization of such strains for biotechno-

logical purposes may be limited.

Besides the favorable conditions for oxidative protein folding, the periplasm

provides many more advantages over the cytoplasm. Considering the low

overall amount of periplasmic proteins and the small volume of the periplasmic

space, the secreted target protein is thus more concentrated and at the same

time sufficiently enriched relative to other periplasmic proteins making its

purification less cumbersome. Periplasmic inclusion bodies may form; the

major difference is, however, that the included proteins may be easier to extract

and may be fully active.17–20 It should also be considered that the periplasm

lacks ATP. Consequently, the folding of secreted proteins has to proceed

without the assistance of ATP-dependent foldases. On the other hand, also

ATP-dependent proteases are missing thereby limiting proteolytic degradation

in the periplasm and procuring high product quality.21 Advantageous for any

protein, secretion is mediated by a signal sequence that is cleaved by the signal

peptidase (see Section 1.3.4); therefore, the secreted protein contains its

authentic N-terminus without the methionine extension. This also holds true if

the recombinant protein is targeted to the cultivation media. However, secre-

tion to the media is not very effective and suffers low productivity. While the

secreted protein is indefinitely diluted in the media thereby certainly disfavoring

aggregation and favoring folding as well as easing purification, it also has to be

able to fold independently of any chaperones. Being aware of this deficiency,

additives known to improve folding are frequently added to the media. They

may also improve the folding of periplasmic recombinant proteins owing to the
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fact that porins in the outer membrane of E. coli allow small molecules to be

exchanged between periplasm and cultivation media.22

1.3.3 Physiology and Properties of the Periplasm

The periplasm of E. coli is located between the inner and outer membrane

(Figure 1.3.1). Under physiological conditions, the periplasm of a wild type

strain is roughly 10 nm thick and its volume is about one tenth that of the

cytoplasm (Figure 1.3.1, CyberCell database CCDB). It carries only about

80 000 proteins, which account for about 2% of the total cellular protein

(CyberCell database CCDB). If cells are to live and grow they require a con-

stant turgor pressure and concentration of constituents such as sugars, amino

acids and nucleotides in the cytoplasm. Stock and co-workers showed that the

cytoplasm and periplasm have similar osmolarity, which is higher than that of

the external media.23 To maintain a high osmolarity in the periplasm a Donnan

potential is generated across the outer membrane,23 which is mediated by a high

concentration of periplasmic fixed anions. Membrane-derived oligosaccharides

that contain eight to ten highly branched glucose molecules function as fixed

anions.24 With a molecular weight of 2200–2600 Da they are impermeable to

the outer membrane.24 This is especially important given that channels in the

outer membrane of E. coli, so-called porins, allow molecules smaller than 600

Da to diffuse between the periplasm and the external media.22,25,26 The rate of

synthesis of membrane-derived oligosaccharides is controlled by the external

osmotic pressure enabling E. coli to regulate its osmolarity. In combination

with the strength of the outer membrane and peptidoglycan layer, the com-

position of the periplasm is therefore essential to facilitate a constant cellular

turgor as well as shape of the bacteria.

The periplasm is devoid of ATP;27 therefore, all enzymes including those

relevant to protein folding and turnover have to function ATP independently.

Nevertheless, few chaperones and proteases exist with DegP being the most

prominent example. DegP switches between protease and chaperone activity in a

temperature-dependent manner.28 At physiological temperatures DegP prima-

rily functions as general chaperone. At elevated temperatures, however, the

protease activity of DegP becomes more prominent. In this case, DegP degrades

abnormal, misfolded and oxidatively damaged proteins.29,30 The increase in

DegP concentration31,32 and protease activity upon elevated temperatures

ensure efficient protein quality control in the periplasm. Three more periplasmic

proteases are known: OmpT, protease III (PtrA) and Prc (Tsp).33–35 None of the

periplasmic proteases are essential under non-stress conditions, and even their

simultaneous deletion is not lethal to E. coli.36

Few other periplasmic folding catalysts have been identified. FkpA and SurA

possess chaperone and peptidyl-prolyl isomerase activity,37–39 while Skp fulfills

only the former40 and PpiA and PpiD only the latter activity. Skp is a general

chaperone; it captures unfolded proteins, soluble and membrane proteins alike,

as they emerge from the cytoplasm via the Sec translocation machinery.41
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The concerted chaperone function of Skp, SurA and DegP is required for outer

membrane protein assembly. Although all three function in parallel, SurA is the

primary chaperone for outer membrane protein biogenesis while Skp and DegP

rather constitute a backup pathway in this respect, whose importance increases

under stress conditions.42

Most important for the oxidative folding of recombinant proteins are the

periplasmic oxidoreductases (see Chapter 1.2). The Dsb proteins together

with glutathione maintain the redox balance in the periplasm13 with reduced but

not oxidized glutathione being transported across the cytoplasm membrane via a

specific transporter.43 It seems, however, that glutathione functions as redox

buffer and does not directly act on a protein disulfide.13DsbA is a strong oxidase

and introduces disulfide bonds the very moment a protein enters the periplasm.

Owing to its fast action, it is thought that DsbA oxidizes cysteines adjacent in the

primary protein sequence, so-called consecutive cysteines. Nevertheless, DsbA

was recently shown to correctly oxidize a protein with a non-consecutive di-

sulfide.13 DsbC and DsbG function as disulfide isomerases; their active site

cysteines are maintained in the reduced state, which is a prerequisite for iso-

merase activity.44,45 While no substrates are known for DsbG, DsbC has been

shown to act on substrate proteins with multiple, non-consecutive disulfides.46,47

Since many therapeutically relevant proteins contain multiple disulfide bonds,

the joint action of DsbA and DsbC may enable their proper oxidative folding in

the periplasm (see Section 1.3.5).

1.3.4 The Periplasm – How to Get There?

Compartmentalization of the E. coli cell is mediated by sealed membrane sys-

tems. As a consequence, a large subset of newly synthesized proteins must be

inserted into membranes or transported across membranes to reach their desired

destinations. Translocation to the periplasm occurs mainly via two pathways:

the general secretion (Sec) pathway and the twin arginine translocation (Tat)

pathway (reviewed in ref. 48). Both pathways exist in bacteria, archaea and

eukaryotes. In eukaryotes, the Sec pathway is present in the endoplasmic reti-

culum and thylakoid membranes of chloroplasts; the latter also contains Tat

translocons. The primary sequence of secreted proteins (preproteins) is distinctly

different from that of proteins whose final destination remains the cytoplasm.

Secreted proteins require an extension at their N-terminus that is recognized by

the respective secretion apparatus. Upon completion of secretion, this sequence

is removed. Therefore, it is not part of the structure and not required for the

folding of the mature part.

1.3.4.1 Signal Sequences

The N-terminal amino acid sequence that designates a protein for secretion into

the periplasm is the signal sequence or leader peptide (Figure 1.3.2). Signal

sequences have a tripartite structure and are typically 15 to 30 amino acids long.
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The properties of the signal sequence depend on the translocation system they

are targeting, either the Sec system or the Tat pathway. Signal sequences that

target proteins to the Sec pathway are rich in hydrophobic amino acids like

alanine, valine and leucine (Figure 1.3.2). The positively charged N-domain,

located at the very N-terminus, is about two to ten amino acids long. It is fol-

lowed by a hydrophobic H-domain of about ten to twenty amino acids.49 The

polar C-domain is typically less hydrophobic and contains the cleavage site for

the signal peptidase. At this exact position the signal sequence is cleaved from

the protein after it is transported across the cytoplasm membrane and enters the

periplasm. Within the cleavage site the amino acid residues at positions –1 and –

3 are required to have a small neutral side-chain, like alanine, glycine or serine,

according to the –3, 1 rule.49,50 In the majority of cases alanine is found at these

positions and a so-called Ala-X-Ala box is formed. The cleavage site is not only

determined by the primary sequence but also by the secondary structure at the

cleavage junction of the preprotein.51 Signal sequences targeting proteins to the

Tat pathway are usually about 14 amino acids longer than those for the Sec

pathway (Figure 1.3.2). These leader peptides almost always contain a Ser/

Thr-Arg-Arg-X-Phe-Leu-Lys motif (X is a polar amino acid) at the interface of

the N-domain and the H-domain. Their H-domain is typically less hydrophobic

because it contains more glycine and threonine residues.52,53 The Arg–Arg

sequence between the N- and H-domain is fairly conserved and gives the twin

N- AIAIAVALA GFATVAQA - target protein

S/T-R-R-X-F-L-K

MNNNDLFQASRRR - target protein

N-domain H-domain C-domain

cleavage by 

signal peptidase I

Sec

Tat N-

MKKT

TPRRATAAQA FLAQLGGLTVAGMLGPSLL 

Figure 1.3.2 Schematic representation of signal sequences that direct preproteins to
the Sec pathway or the Tat pathway. As an example, the amino acid
sequences of the OmpA leader peptide (Sec pathway) and the TorA
leader peptide (Tat pathway) are given (see ref. 50 for a detailed over-
view on sequences of Sec leader peptides). In general, signal sequences
contain three domains: the polar N-region with a positive net charge, the
hydrophobic uncharged H-region and the polar C-region that contains
the cleavage site for signal peptidase I. Within the cleavage site small
amino acids with neutral side-chains are found. Since this is usually
alanine, a so-called Ala-X-Ala box is formed. Tat signal sequences are
typically longer than those for the Sec pathway. They almost always
contain a Ser/Thr-Arg-Arg-X-Phe-Leu-Lys motif, where X is any polar
amino acid. The Arg-Arg motif is conserved and gives the pathway its
name although a few exceptions are known where the first arginine is
substituted by lysine.
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arginine pathway its name. However, exceptions are known in nature, in which

the first arginine is exchanged by lysine.54–56

1.3.4.2 Secretion of Unfolded Proteins via the Sec Pathway

Translocation via the Sec pathway requires certain components: an N-terminal

signal sequence in the substrate protein, the ATP-dependent motor protein

SecA and the membrane proteins SecYEG (Figure 1.3.3). Newly synthesized

proteins are guided to the Sec translocase by two means, either via the signal

recognition particle (SRP) or via the chaperone SecB. In either case the sub-

strate proteins are maintained in an unfolded state, which is a prerequisite for

Sec-dependent translocation. Transport via the ribonucleoprotein SRP occurs

co-translationally; SRP binds to the signal sequence as soon as the secretory

protein emerges from the ribosome. Subsequently, it mediates targeting of the

ternary complex consisting of SRP, nascent polypeptide and ribosome to the

Sec translocase.57,58 Upon arrival, the nascent polypeptide–ribosome-complex

is transferred to the Sec translocase via the aid of an SRP-receptor. By this

pathway, most integral membrane proteins are inserted into the cytoplasm

membrane. Importantly, the interaction of the ribosome and SecYEG57,59

seems to be the driving force for membrane protein insertion. A subset of

integral membrane proteins is inserted into the cytoplasmic membrane via the

aid of YidC, which may act on its own or cooperate with the Sec system.60 The

majority of secretory proteins, however, are translocated by post-translational

targeting via SecB. It appears that the decision on SRP- or SecB-mediated

translocation is determined by a competition between SRP and trigger factor

for binding to the nascent chain. Strongly hydrophobic N-termini and hydro-

phobic transmembrane stretches are preferentially recognized and bound by

SRP. A trigger factor may, however, block SRP-nascent chain interaction

thereby directing nascent preproteins to SecB.61 SecB is a secretion specific

chaperone, although it seems also to have general chaperone activity.62,63 In

contrast to SRP, which specifically binds to the signal sequence, SecB rather

binds to different parts of long nascent secretory polypeptide chains thereby

maintaining them unfolded.64 The SecB-nascent chain complex specifically

interacts with SecA upon which the preprotein is transferred to SecA and SecB

is released.65,66 SecA is peripherally associated with the membrane-spanning

SecYEG complex, which forms the protein-conducting channel. SecA converts

chemical energy (ATP) into conformational changes that together with the

proton motive force mediate protein translocation.67,68 Preprotein and ATP

binding to SecA initiates translocation. Upon ATP binding, SecA inserts the

N-terminal part of the preprotein onto the translocation pore. Upon ATP

hydrolysis, the polypeptide is released from SecA but stays trapped in the

SecYEG pore. SecA either dissociates or re-binds the trapped protein resulting

in the translocation of a polypeptide stretch of 2 to 2.5 kDa. Subsequent ATP

binding then causes membrane insertion of SecA and translocation of another

segment of 2 to 2.5 kDa.69–71 Repeated cycles of nucleotide-dependent SecA
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membrane insertion and de-insertion mediate the stepwise movement of the

whole polypeptide chain through the translocation complex, with about 5 kDa

translocated upon each complete cycle.68,69 As the last step of protein trans-

location, the membrane bound signal peptidase I removes the signal sequence

from the emerging polypeptide and thereby releases the mature protein.72

1.3.4.3 Secretion of Folded Proteins via the Tat Pathway

In contrast to the Sec pathway, which translocates the majority of secreted

proteins, the Tat pathway transports selected substrates. The most remarkable

feature of the Tat pathway is that the substrate proteins are transported in a

folded state and may even contain disulfide bonds or cofactors.73–75 To achieve

that, the Tat transporter has selectively to move structured macromolecules

across the membrane. At the same time, the permeability barrier of the mem-

brane to ions and small molecules must not be compromised. This is possible

because the membrane spanning Tat complex, consisting of the proteins TatA,

TatB and TatC, forms a large pore with variable diameter. Translocation via

the Tat pathway is independent of ATP but seems to depend on the proton

motif force.76,77 However, it remains unclear how the proton motif force pro-

vides energy for translocation and at which step of translocation it is required.

Although translocation via the TatABC complex takes longer than transloca-

tion via the Sec pathway and the energetic cost may be higher,78,79 Tat trans-

location offers an alternative for proteins with special folding requirements.

Natural substrates of the Tat pathway are redox enzymes, which require

cofactor insertion within the cytoplasm,80 multimeric proteins, which assemble

in the cytoplasm,81 some membrane proteins82 and proteins whose folding is

not compatible with Sec export like the periplasmic amidases AmiA and

Cytoplasm

-reducing redox potential

-extensive chaperone machinery

-high expression level

-highproteolysis rate

Periplasm

-oxidative protein folding 

-ATP-independent folding catalysts

-reduced proteolysis

Extracellular Media

-lack of folding catalysts

-low aggregation

A
C

B
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AmiC.83 How proteins are targeted to the Tat complex is not entirely under-

stood. It has been shown that the Tat signal sequence binds to the TatBC

complex. TatC consists of six transmembrane helices84 and initially binds the

twin-arginine motif.85 After recognition by TatC, TatB contacts the signal

sequence and parts of the mature protein. TatB is anchored to the membrane

via its N-terminal hydrophobic segment; the following cytoplasmic amphi-

pathic helix and highly charged C-terminal region are critical for substrate

recognition and translocation.86–88 TatB supposedly participates in the transfer

Figure 1.3.3 Model of preprotein targeting and translocation in E. coli. Preproteins
destined for secretion to the periplasm can be translocated via two dif-
ferent pathways (A and B). (A) The majority of preproteins undergo
Sec-dependent export. The trigger factor (TF) associates with the nas-
cent polypeptide chain as soon as it emerges from the ribosome. Upon
further growth of the nascent chain, the TF dissociates and the poly-
peptide is transferred to SecB (depicted as homotetramer). The SecB-
nascent chain complex is delivered to SecA and the membrane-spanning
SecYEG complex. ATP-dependent conformational changes of SecA
mediate translocation of the preprotein through the SecYEG pore. Once
emerged into the periplasm, the signal sequence is cleaved off from the
preprotein. The mature protein can either fold to its native state via the
aid of periplasmic chaperones and Dsb proteins or may fail to fold and
become degraded by periplasmic proteases. The SRP pathway, which
mainly serves to insert integral membrane proteins into the cytoplasm
membrane, is not depicted. Briefly, nascent preproteins with highly
hydrophobic N-termini are captured by SRP before they can associate
with TF. The ternary SRP-nascent chain–ribosome complex is delivered
to the SRP receptor and SecYEG and continues as described for
SecYEG. (B) Upon emerging from the ribosome the nascent preprotein
folds into its native state and may acquire cofactors (depicted as a cir-
cle). Disulfide-bond formation requires an oxidizing cytoplasm. The
folded protein is targeted to the TatBC receptor complex. TatC
(depicted in grey) contains six transmembrane helices and first contacts
the Arg–Arg motif of the Tat signal sequence. Afterwards, the cyto-
plasmic region of TatB (in dark grey) interacts with the N-terminus of
the preprotein. Substrate proteins are transferred to TatA, which forms
membrane-spanning oligomers of various sizes (in white) and suppo-
sedly constitutes the translocation pore (adapted from ref. 73). The pore
size is variable and matches the requirement of the transported substrate
protein. After translocation is completed and the signal sequence has
been removed by signal peptidase I, TatA dissociates from TatBC and
the mature protein is released into the periplasm. It should be noted that
Tat-dependent translocation is mediated by the proton motif force but
not ATP. (C) Secretion of preproteins to the external media can be
achieved by active transport of preproteins via type 1 secretion/ABC
transport and b-autotransporter. It is schematically depicted for type 1
secretion. Furthermore, passive transport from the cytoplasm or the
periplasm to the media can be achieved by external or internal per-
meabilization or mutations that result in the lack of structural compo-
nents (lipoproteins, outer membrane proteins) and defective membrane
structure (for a review see ref. 166). Some hallmarks of the different
compartments for recombinant protein production are listed (for details
see Sections 1.3.2 and 1.3.3).
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of the substrate to TatA before translocation.85 The structure of TatA is similar

to that of TatB but TatA has a shorter C-terminal region.89 TatA is about 20

times more abundant than TatB and TatC and likely forms the Tat pore of

variable diameter upon substrate binding to the TatBC complex.90 Yet, three

different complexes have been isolated: a TatB/TatC complex in 1:1 stoichio-

metry, a TatA/TatB complex with variable stoichiometry and a complex con-

taining all three components with TatA in a large molar excess, which

resembles the cellular ratio.91–93 It is assumed that complexes of different

composition may form pores of different sizes that exactly match the require-

ment of the folded Tat substrate protein. Restricting the pore size minimizes the

space that is not occupied by the substrate thereby preventing leakage of ions

and water. After translocation across the Tat pore, TatA dissociates from the

TatBC complex, the signal sequence is removed by signal peptidase I and the

mature protein is released. This last step is identical for proteins translocated

via the Sec and the Tat pathway and leaves the secreted protein with its

authentic N-terminus.

1.3.5 Biotechnological Application – the Periplasm

as Production Compartment for

Recombinant Proteins

The periplasm is the compartment of choice if high product quality is desired.

It provides a reduced set of proteases and favorable redox conditions, thereby

avoiding misfolding and aggregation of the recombinant protein. Commonly,

recombinant proteins are secreted to the periplasm via the Sec pathway, which

allows higher translocation efficiencies compared to the Tat pathway. However,

some proteins may be determined to be secreted via Tat. These include proteins

that may not be compatible with the Sec pathway and fold prior to translo-

cation or proteins that rely on the assistance of ATP-dependent chaperones in

the cytoplasm and fold only slowly in the periplasm meanwhile being degraded

by DegP before reaching their native state.94 As an example, green fluorescent

protein (GFP) can be translocated into the periplasm via the Sec and the

Tat pathway. However, GFP is only fluorescent if secreted via Tat, suggesting

that GFP needs to fold in the cytoplasm prior to export in order to gain bio-

logical activity.73,95,96 This should be taken into account when choosing the

secretion pathway.

There are countless examples for the secretory expression of recombinant

proteins in E. coli; various signal peptides have been tested with various client

proteins. Obtained yields may be as high as 8.5 g per litre for insulin-like growth

factor I where the majority accumulates in inclusion bodies18 or 4.7 g per litre

for alkaline phosphatase, which is mainly soluble in the periplasm.97 Yet, in

many cases, yields are low if not negligible, which is most likely due to the

intrinsic folding requirements of the recombinant protein. It becomes obvious

that there is not one signal peptide that is generally applicable to all recom-

binant proteins but that for each target protein the suitable signal peptide has
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to be identified experimentally. The same holds true for the production con-

ditions; consideration of fusion partners, supplementation of the cultivation

media with certain additives, genetic engineering of the target protein and

fermentation process design are starting points for the optimization of secre-

tory expression. Further, engineered E. coli strains that either lack certain

proteases or co-secrete E. coli or foreign chaperones may be useful. We will

focus here on a few examples of therapeutic proteins because of their high

pharmaceutical value and their increasing use in clinics. The most prominent

therapeutic proteins are antibodies and proinsulin, but growth hormones and

tissue plasminogen activator will also be discussed.

1.3.5.1 Production of Antibodies and Antibody Fragments

Antibodies, or immunoglobulins, are Y-shaped molecules with the arms of the

‘‘Y’’ called Fab (fragment antigen binding) region and the base called Fc

(fragment constant) region. The Fab region contains the light and heavy chains

comprising the variable domains that specifically bind antigen while the Fc

region is involved in modulating immune cell activity. scFv (single chain

fragment variable) fragments contain only the variable domains joined by a

flexible polypeptide linker. Fab and scFv fragments retain the antigen-binding

specificity of the whole molecule but their specificity, stability and half-life can

be engineered to meet the desired criteria of application.

A large number of antibody-based drugs are used in clinics or currently

tested in clinical trials. Many forms of cancer including breast and colorectal

cancer and non-Hodgkin lymphoma, as well as diseases such as rheumatoid

arthritis, multiple sclerosis, psoriasis and some immune deficiencies, are cur-

rently treated by antibody therapy (for a review see ref. 98 and 99). Whole

antibodies provide an excellent target-binding specificity in therapy; approved

therapeutic antibodies are currently produced in transgenic mice and mam-

malian cells. Then again, antibody fragments are increasingly used in clinical

imaging applications and in vitro diagnostics. As such they represent a large

market share in the diagnostic industry.100 The production of antibodies and

antibody fragments for preclinical and clinical trials and diagnostics has been

evaluated in many expression systems, including bacteria, yeast, plant, insect

and mammalian cells (see also Chapter 1.7). Bacteria are even favored for

expression of small Fab and scFv fragments.9,99 One has to keep in mind,

though, that E. coli lacks the ability to glycosylate proteins; aglycosylated

antibodies can, however, comprise tight antigen binding and a long half-life.9

Additionally, E. coli produced antibodies seem to lack some effector functions.9

This property may even be desirable in certain therapeutic applications where

the antibody is required to block certain targets (e.g., ref. 101 and 102).

Most of the numerous examples for the secretory production of antibodies

and antibody fragments in E. coli are proof-of-principle studies. The obtained

yield would need broad optimization in order to meet the biotechnological

production demand. However, there are some remarkable examples for the
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efficient production of full-length antibodies,9 Fab fragments,103,104 scFv

fragments105,106 and bi-specific antibodies (Table 1.3.1).107–109 It should be

noted that these systems cannot be directly compared given the diversity of

antibodies produced and the non-uniformly indicated yield (volumetric or

specific yield). Simmons and co-workers demonstrated that aglycosylated full-

length IgGs can be successfully expressed and directed to the periplasm of

E. coli.9 They used a two-cistron system for the translation of heavy and light

Table 1.3.1 Secretory production of antibodies and antibody fragments.

Protein
Secretion
via a Obtained yield b Process characteristics c Ref.

IgG PelB 1mg l�1 Combinatorial library d 161
StII 156mg l�1 Fermentation 9

Fab yBGL2 560mg l�1 e Fermentation 103,104
StII 2.45 g l�1 f Fermentation, protease-

deficient strains
107–109

n.a. 0.5mg l�1 Co-secretion of human PDI 162
TorA n.a. Requires oxidizing

cytoplasm
75

scFv TorA 0.24mgOD�1 Requires oxidizing
cytoplasm

75,119

OmpA 0.8mgOD�1 g Protease-deficient strains 163
PelB 0.025mgOD�1 Arginine supplementation 134

50mg g�1 Sorbitol, betain supple-
mentation, co-secretion
of Skp

105

3.3 g l�1 h Fermentation 106
0.095mgOD�1 Diabodies, triabodies 117

PelB i 1mg l�1 Produced as diabodies 116
Phage n.a. Co-secretion of Skp

or FkpA
112,164

aSecretion was accomplished via the signal sequences PelB from Erwinia carotovora, StII from
E. coli heat-stable enterotoxin, yBGL2 from yeast, E. coli TorA mediating secretion via the Tat
pathway and E. coli OmpA.
bThe given yield represents the maximum amount obtained. ‘‘mg l�1’’ corresponds to mg native
protein per litre broth; ‘‘mgOD�1’’ relates to mg per litre and OD unit; ‘‘mg g�1’’ corresponds to
mg native protein per gram dry biomass; ‘‘n.a.’’ means that no information was given in the
respective reference.
cCultivations were performed in shake flasks if not otherwise indicated; ‘‘fermentation’’ corresponds
to high cell density fermentation.
dFull-length IgGs were isolated from combinatorial libraries expressed in E. coli.
eCorresponds to the amount of purified protein. Optical densities of 80 to 100 were obtained.
fCorresponds to the amount of functional F(ab0)2 heterodimers in the periplasm. Based on an OD
250,107 the specific yield is 50mgF(ab0)2 per gram dry biomass. Carter and co-workers cultivated
E. coli to OD 150.109
gCalculated based on the report that scFv accumulates to 30% of the periplasmic proteins.
hCorresponds to 25mg g�1. E. coli cells were cultivated to OD 400 with almost maximum growth
rate throughout the fermentation and without any substrate limitations.
iDiabodies were produced via two different signal sequences, PelB and the signal sequence from the
phage fd gene 3.
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chains. By optimizing their translation level and ratio, high expression levels

were obtained and full-length antibodies could be assembled in the periplasm.

This approach is applicable for several full-length antibodies; with up to 150mg

full-length IgG per litre from high cell density fermentations this process can

likely compete with industrial production schemes. Further, the assembled

antibodies show all properties expected of an aglycosylated antibody, including

tight binding to antigen and the lack of certain effector functions. At the same

time the full-length IgGs retain the long circulating half-life that is observed

with antibodies derived from mammalian cells.9

Humphreys and co-workers succeeded in producing large quantities of a Fab

fragment in the periplasm using the yeast BGL2 signal sequence. By optimizing

the codon usage of the signal sequence and applying fed-batch fermentation

strategies they obtained 260mg purified Fab per litre.104 In a subsequent study,

they used the codon usage optimized signal peptide of the major coat protein of

the bacteriophage M13.103 The light and heavy chain sequences were expressed

from a dual plasmid; upon mutating codons at the 50 of these genes and varying

their expression ratio, functional Fab fragments were efficiently accumulated in

the periplasm. Using such optimized constructs in high cell density fermenta-

tions they could purify up to 560mg Fab per litre.103 Many clinical applications

of antibodies, however, require large quantities of bivalent and humanized

fragments. Bispecific Fab fragments, F(ab0)2, have been produced in the peri-

plasm with remarkable yields that make their technical secretory production in

E. coli practical. Carter and co-workers109 produced Fab0 fragments that

dimerize to F(ab0)2 fragments. Fab0 fragments contain additional amino acids

at the C-terminus of the heavy chain including one cysteine. This cysteine forms

a disulfide bridge to a second Fab0 therefore giving rise to bispecific F(ab0)2.

They obtained secretion levels as high as 2 gram functional Fab 0 per litre upon

high cell density fermentation. However, unlike anticipated, the Fab0 fragments

did not dimerize in the periplasm via the cysteine. Functional F(ab0)2 were

instead obtained in vitro after affinity purification and chemical coupling with a

maximum yield of approximately 750mg per litre. The obtained fragments are

as functional as F(ab0)2 obtained by proteolysis of intact antibodies.109 To

circumvent in vitro coupling, diabodies were created by genetically fusing the

genes for the Fab0 fragments.108 By this approach, functional F(ab0)2 hetero-

dimers (700mgper litre) could be obtained directly from the periplasm after

high cell density fermentation. The most impressive example is the production

of functional F(ab0)2 heterodimers where the Fab 0 fragments are joined by a

leucine zipper.107 Proteolytic degradation limited the accumulation of antibody

fragments. However, in protease deficient strains (DdegP Dprc) additionally

carrying a suppressor (Dspr), a remarkable 2.5 gram functional F(ab0)2 het-

erodimers per litre could be obtained (corresponds to 50mg F(ab0)2 per gram

dry biomass). Importantly, these E. coli strains could be cultivated in high cell

density fermentations despite their mutations.

A similarly high yield of an antibody fragment was obtained by fusing the

PelB signal sequence to the sequence of a miniantibody, an scFv fragment

with a C-terminal linker that promotes homodimerization.105,106 Horn and
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co-workers used an expression vector with high plasmid stability and a very

strong Shine–Dalgarno sequence.106 They produced functional bivalent min-

iantibodies based on chimeric scFv fragments. Upon high cell density fer-

mentation they could obtain a maximum volumetric yield of 3.3 gram per litre,

which corresponds to a maximum specific yield of 25mg per gram dry bio-

mass.106 In a later study, Kraft and co-workers doubled the specific yield of a

different miniantibody. By supplementing the cultivation media with sorbitol

and betain as well as co-secreting the periplasmic chaperone Skp they obtained

50mg functional miniantibody per gram dry biomass.105 Other studies also

demonstrated that co-secreted Skp increases the amount of active scFv in the

periplasm.110–112 Sorbitol and betain are osmolytes known to promote protein

stability;113,114 sorbitol is also a common buffer component in antibody for-

mulations.115 Similar to miniantibodies, multivalent scFv-based antibodies can

be produced (reviewed in ref. 100). By using a linker sequence that is too short

to allow pairing between both domains from one polypeptide, the domains are

forced to pair with the complementary domains of a different polypeptide

chain. Thereby, diabodies comprising two antigen-binding sites are created.

When the heavy and light chains of two different antibodies are fused and

paired, bispecific antibody fragments can be produced.116 Even triabodies and

tetrabodies can be created by modifying the length of the linker sequence

between heavy and light chain.117 However, the obtained yields are significantly

lower than described for scFv fragments, miniantibodies and Fab fragments.

Research also aims at E. coli secretory production of engineered antibodies

with improved or altered specificity, an increased expressibility and higher sta-

bility regarding production and half-life in applications. Random mutagenesis

and phage display118 are two auspicious methods to select for improved prop-

erties of antibodies and antibody fragments. With both methods, scFv frag-

ments with improved folding and stability have been selected.112,119 All of these

parameters are critical for practical applications and may drive the production

rate to high-level expression (for a review see ref. 120). Another example is the

fusion of antibodies to toxins (e.g., truncated versions of diphtheria toxin or

Pseudomonas exotoxin), thereby generating immunotoxins. Immunotoxins

combine the cell type specific targeting of antibodies and killing of the targeted

cell by the internalized toxin moiety. Such chimeric molecules are routinely

produced in E. coli and applied in the therapy of various forms of cancer.121–123

1.3.5.2 Secretory Production of Human Proinsulin

Proinsulin is the pre-form of insulin, which is applied to treat diabetes. Diabetes is

the most common chronic metabolic disease in children and adolescents with

considerable negative effects to health including damage to the heart, blood

vessels, eyes, kidneys and nerves. According to the World Health Organization

about 180 million people worldwide suffer from diabetes. Even though only a

subset of diabetics require daily insulin application, the market value of insulin is

tremendous. Proinsulin is a single polypeptide chain consisting of the A-chain

and B-chain linked by the C-peptide. Upon cleavage of the C-peptide from the
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molecule, active insulin is released. Both proinsulin and insulin contain three

disulfide bonds, two of which link the A- and B-chain. Commercial (pro)insulin

production typically relies on E. coli that produces the recombinant human

protein in inclusion bodies; either the A- and B-chains are separately produced or

proinsulin is produced as a single polypeptide chain. In both cases, the protein

has to be refolded in vitro under conditions favoring disulfide-bond forma-

tion.124–126 The latter reference was the basis for Genentech’s recombinant insulin

production; Genentech’s insulin was the first biotechnological product ever to be

approved as a drug. Besides these established recombinant processes there are a

few examples for the production of native proinsulin in E. coli. Although the

productivity is significantly lower, some of the subsequently described examples

have the potential to compete with established technical processes.

The first reports on the recombinant production of proinsulin in the E. coli

periplasm were published almost three decades ago.127–130,21 Even though they

described extremely low amounts of native proinsulin, these reports were

groundbreaking in terms of feasibility (see also ref. 131). More recently the

secretory production of human proinsulin was massively improved by engi-

neering the C-peptide of proinsulin, using fusion partners as well as media

additives and co-secreting chaperones (see Table 1.3.2). One simple approach

was the comparison of different E. coli strains and the optimization of the cul-

tivation conditions; expression in LB media at 22 1C increased the yield of native

proinsulin to 2.4mg per gram dry biomass.132 Upon supplementing the culti-

vation media with micromolar concentrations of Vectrase the yield was further

improved to 3.6mg per gram dry biomass.132 Vectrase is a synthetic dithiol

mimicking the active site of PDI (for a review on PDI see Chapter 1.7).133 It is

Table 1.3.2 Secretory production of human proinsulin.

Secretion
via a

Fusion
partner

Amount of
proinsulin b Process characteristics Ref.

PelB – 0.074mg l�1 Co-secretion of chaperones 134
3.6mg g�1 Supplementation of Vectrase 132

DsbA DsbA 9.2mg g�1 c Supplementation of arginine,
ethanol

135

SpA ZZ domain 3.5mg g�1 d Cultivation in M9 media 142–144
15mg l�1 e Varied length of C-peptide 145

Ecotin Ecotin 51.1 mg l�1 f Fermentation, supplementa-
tion of peptone

165

aSecretion via the signal sequence PelB from Erwinia carotovora and the signal sequences from
E. coli DsbA, Staphylococcus protein A and E. coli ecotin.
bFor all examples, including the fusion proteins, the yield is given as maximum amount of native
proinsulin.
cCorresponds to 30mg DsbA-proinsulin per gram.
dCorresponds to 6.4mgZ-proinsulin per gram or 7.2mgZZ-proinsulin per gram. Up to 2.6mgZZ-
proinsulin per gram is secreted to the media.
eCorresponds to 58mgZZ-proinsulin per litre broth. The length of the C-peptide was varied.
fCorresponds to 153mg ecotin-proinsulin per litre; assuming 0.2 g dry biomass per litre and OD unit
and an OD of 170, this corresponds to 1.5mg native proinsulin per gram dry biomass.
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small enough to enter the periplasm; where it seems to improve the correct

disulfide-bond formation in proinsulin in analogy to its in vitro refolding.132 The

thus obtained yield is several times higher compared to a previous report that

used the same expression construct.134 Another approach by the same authors

was the fusion of DsbA to the N-terminus of proinsulin. DsbA significantly

increases the solubility and oxidative folding of its fusion partner, which sub-

sequently increases the stability and therefore the amount of active proinsulin.135

DsbA had been described before as an N-terminal fusion partner that allows

periplasmic production of active enterokinase.136 The overall maximum yield,

9.2mg correctly folded proinsulin (without DsbA) per gram dry biomass, was

obtained by using the media additives arginine and ethanol.135 The arginine

effect seems to mimic in vitro conditions where arginine is widely applied as a

folding enhancer in protein refolding (e.g., ref. 137 and 138). It suppresses

protein interactions and increases the solubility of the unfolded species whereby

irreversible aggregation is reduced.139,140 Ethanol, on the other hand, is a pow-

erful elicitor of the heat shock response,141 which may increase the cell’s capacity

for folding. These properties seem beneficial for protein solubility and stability

and eventually cause an increased accumulation of native proinsulin.

In a different fusion system, one or two Z domains of Staphylococcus protein

A were fused to the N-terminus of proinsulin.142–145 Mergulhao and co-workers

studied the secretory expression of Z- and ZZ-proinsulin. They used plasmids

with different copy numbers and promoters, different E. coli strains, and com-

pared the secretion efficiency of cells grown in minimal or LB media. It seems

that the use of medium copy number plasmids and M9 minimal media favor

secretion of ZZ-proinsulin and that secretion across the inner membrane is

limiting for production. Eventually, between 1.9 and 3.5mg native proinsulin per

gram dry biomass could be obtained,142–144 which is comparable to the amount

obtained from DsbA-proinsulin. It should be noted that some part of ZZ-

proinsulin was secreted to the external media (up to 2.6mg per gram dry bio-

mass). Surprisingly, fairly similar yields were obtained when proinsulin was fused

to either one or two Z domains, suggesting that the overall length of the fusion

construct does not affect the yield.146 In contrast, only insignificant amounts of

proinsulin were obtained if it was produced without a Z domain.142,145

The authors concluded that proinsulin is protected from proteolytic degra-

dation by the Z fusion partner.142 Kang and Yoon varied the length of the

C-peptide in a ZZ-proinsulin fusion and tested their secretion efficiency in rich

media. The C-peptide of proinsulin consists of 35 amino acids; truncating it to

13 amino acids increased the amount of ZZ-proinsulin to 56mg per litre.145

This corresponds to ca. 12mg proinsulin per litre, which is about a five times

higher volumetric yield compared to DsbA-proinsulin.135 When the complete

C-peptide was deleted a slightly higher yield (58mg per litre) was obtained.

It should be noted, however, that this construct cannot be converted to mature

insulin since it lacks the trypsin recognition sites that are usually located at the

borders of the C-peptide. The 25-fold higher yield compared to the full-length

construct suggested a higher secretion efficiency of the truncated fusion protein

across the cytoplasmic membrane.145
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A novel fusion system is ecotin, a 16 kDa periplasmic E. coli protein.147

Malik and co-workers succeeded in producing 153mg ecotin-proinsulin per

litre culture, which corresponds to ca. 1.5mg native proinsulin per gram dry

biomass. They produced the fusion protein by high cell density fermentation in

M9 minimal media that was supplemented with peptone. Even though the

cultivations were performed at 25 1C, proteolytic degradation of periplasmic

ecotin-proinsulin was a significant problem. This became obvious by compar-

ing the yield and degradation products in wild type E. coli and a strain deficient

in protease III, which is most important for proinsulin degradation in the

periplasm. Using the protease deficient strain, a four-fold higher specific yield

was obtained in shake flask cultivations. The volumetric yield, however, was

much lower since this strain reaches only low final optical densities and did not

produce ecotin-proinsulin under fermentation conditions. Taken together, the

presented examples show that by careful optimization of the cultivation con-

ditions and the consideration of fusion partners, reasonably high amounts of

native proinsulin can be produced in the periplasm of E. coli.

1.3.5.3 Production of Other Therapeutic Proteins

Besides antibodies and insulin, other therapeutic proteins such as growth

hormones, tissue plasminogen activator, nerve growth factor, granulocyte sti-

mulating factor and prolactin are increasingly administered in clinics. Such

recombinant proteins are typically produced in E. coli as inclusion bodies.

Their native production in E. coli has been attempted with differing success.

Some promising examples exist but in most cases secretory expression is

hampered by insufficient expression levels. This may be a reason why they seem

to be less in the focus of biotechnological research. A few representative

examples will be discussed in this chapter.

Recombinant human growth hormone (hGH) was approved as a drug to

treat hGH deficiency in 1985. Several diseases can now be treated with hGH;

hGH stimulates growth and cell reproduction, and the most widely known

function in the body is the increase of height throughout childhood. Using the

OmpA and StII signal sequences, reasonable 15–25 mg native hGH per litre

and OD unit could be obtained.148,149 In contrast, only very low amounts of

recombinant tissue plasminogen activator (tPA) can be produced in its native

state in the periplasm of E. coli. In 1987, tPA was approved as a drug to treat

non-hemorrhagic stroke and to dissolve blood clots in patients with acute

myocardial infarction. Its secretory expression in E. coli seems insignificant.

The co-secretion of Dsb proteins, yeast PDI or chaperones and the supple-

mentation of the cultivation broth with arginine significantly improved the

yield of folded tPA. Yet, a yield of up to 4 mg per litre and OD unit certainly

cannot compete with in vitro refolding processes.134,150,151 Also the amount of

human nerve growth factor, which induces the differentiation and survival of

particular target neurons, can be improved upon co-secretion of Dsb proteins.

Nonetheless, the yield of native protein reaches only 85 mg per litre and OD
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unit.152 The very low yields of tPA and NGF can probably be attributed to

their intrinsic folding requirements. Full length tPA contains 17 disulfide bonds

and the typically produced deletion variant, which can be administered in

clinics, still contains nine disulfide bonds.153 NGF contains three disulfide

bonds forming a cysteine-knot motif and its pro-sequence seems to assist in its

folding.154,155 Such complicated formation of native structure is, to a low

extent, possible in the E. coli periplasm, yet much more productive in vitro

where folding conditions can be explored more elaborately.

Significantly higher yields of native protein could be obtained with human

epidermal growth factor (hEGF), human leptin and granulocyte stimulating

factor (GCSF). hEGF, a highly mitogenic protein that is for example applied in

wound healing, can be efficiently secreted in E. coli via the Caf1 signal sequence

from Yersinia pestis.156 Its yield of 0.75 mg per litre is, however, still too low

compared to its spontaneous in vitro folding.157 Leptin, on the other hand, is

efficiently produced in its active form in vivo as well as refolded from inclusion

bodies in vitro.158 It is a hormone with important effects in regulating body

weight, metabolism and reproductive function. Upon co-secretion of DsbA the

amount of soluble periplasmic leptin increased drastically and 160mg protein

per gram dry biomass (corresponding to 26% of total cellular protein) could be

accumulated.159 Similarly high secretion levels (22% of total protein) are

obtained for GCSF, which is important for hematopoietic cell proliferation and

was approved as a drug to treat chemotherapy-induced neutropenia in 1991.160

In both cases, the efficiency of secretion of the recombinant proteins was

dependent on the cultivation temperature and E. coli strain used.

1.3.6 Conclusions and Future Directions

Many promising and applicable secretory expression processes have been

developed over the past 20 to 30 years. Folding enhancers and other beneficial

factors were discovered and proteins as large as IgGs can now be natively

produced in the E. coli periplasm. A timely and fruitful secretory production

system should provide strong but tunable expression, efficient secretion, high

stability of the recombinant protein and simple downstream processing. The

periplasm of E. coli offers these properties and has thus been employed for

many proteins, model proteins and therapeutic proteins alike. While E. coli has

the intrinsic ability for efficient secretory expression, its application may be

limited by the folding requirements of the target protein. Some proteins exhibit

fast folding characteristics or can be engineered in this respect. They are

exceptionally well secreted and natively accumulated in the periplasm (e.g.,

scFv and Fab fragments, leptin, GCSF). Others are aggregation-prone and

susceptible to proteases in their mature form but can be produced to high yields

if their stability is increased by fusion partners (e.g., proinsulin). And still other

proteins comprise such complex folding that they are not accessible to native

production in the E. coli periplasm (e.g., tPA and NGF). Therefore, the

expression and cultivation conditions for each individual recombinant protein
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have to be determined experimentally and known beneficial factors and pro-

duction schemes can be used as guide but not as general rule.

In the future we will doubtlessly see incredible advances in the biotechno-

logical application of the E. coli periplasm. A challenge to the more general

applicability of E. coli and its periplasm will certainly be genetic engineering to

enable post-translational modifications within the bacterial cell. Then proteins,

which stringently require such modifications for stability in E. coli or func-

tionality as therapeutic, may also be efficiently produced in the periplasm.
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CHAPTER 1.4

Oxidative Protein Folding
in Mitochondria

KAI HELL AND WALTER NEUPERT

Adolf-Butenandt-Institut für Physiologische Chemie, Ludwig-Maximilians-

Universität München, Butenandtstrasse 5, 81377 München, Germany

1.4.1 Introduction

Mitochondria are organelles of eukaryotic cells fulfilling a variety of important

functions. Their most prominent function is the generation of ATP by the

process of oxidative phosphorylation, thereby providing the cell with a source

of energy. In addition, many other metabolic processes take place in these

organelles, such as fatty acid oxidation, the Krebs cycle, parts of the urea cycle

and the biosynthesis of cofactors and amino acids. Furthermore, they harbor

the machinery for biogenesis of Fe/S clusters, a process essential for viability of

the cell. Mitochondria also play an important role in programmed cell death

releasing pro-apoptotic proteins upon apoptotic stimuli.

Mitochondria contain a specific set of proteins: about 900 in Saccharomyces

cerevisiae and presumably about 1500 in mammals.1–3 The mitochondrial

DNA, however, encodes only a small subset of mitochondrial proteins, eight in

S. cerevisiae and thirteen in humans. The vast majority of mitochondrial pro-

teins is encoded by nuclear DNA, synthesized in the cytosol and then post-

translationally transported into the organelle. These proteins not only have to

be imported into, but also sorted within mitochondria, as these organelles are

made up by four distinct subcompartments: the outer and the inner mito-

chondrial membranes, the matrix space and the intermembrane space (IMS)
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between both membranes. Translocation of proteins across the mitochondrial

membranes and sorting to the subcompartments are mediated by oligomeric

protein complexes, termed translocases, such as the TOM (translocase of

the outer membrane) and the TIM (translocase of the inner membrane)

complexes.4–9

Mitochondria originated from prokaryotic ancestors by a process of endo-

symbiosis.10 Although mitochondria adapted to the conditions of intracellular

life during evolution, as documented for instance by the gene transfer to the

nucleus and the development of a protein import machinery, many basic

mitochondrial properties and processes still resemble those of bacteria. An

example is the redox state of the bacterial cytoplasm and its corresponding

mitochondrial compartment, the matrix space. Both are strongly reducing

compartments with highly conserved reduction systems, the thioredoxin and

the glutathione/glutaredoxin systems, to protect proteins against oxidative

damage (Berndt and Holmgren, Chapter 1.1).11–15 Disulfide bonds are formed

in the redox-active proteins of these systems, the thioredoxins, the glutar-

edoxins and their reductases, only transiently during the course of the redox

processes. There are only a few exceptions of proteins containing disulfide

bonds in the bacterial cytoplasm, e.g. the stress response heat shock protein

Hsp33 upon exposure to oxidative stress (Ilbest et al., Chapter 1.8.3).16 To our

knowledge, there are no permanently disulfide-bonded proteins in the mito-

chondrial matrix. In both compartments, protein folding is not dependent on

the formation of disulfide bonds, but rather mediated by ATP-dependent

chaperones, the DnaK/Hsp70 and the GroEL/Hsp60 chaperone systems.17,18

In contrast, protein folding in the bacterial periplasm is driven by oxidation of

cysteine residues. This process and the isomerization of disulfide bonds in this

compartment is reviewed in detail by Malojčić and Glockshuber in Chapter 1.2.

Due to its oxidation and isomerization capacity the periplasm is suited for the

oxidative folding of recombinant proteins, as discussed by Gebendorfer and

Winter in Chapter 1.3. In this ATP-free, oxidizing compartment the generation

of disulfide bonds is catalyzed by thiol oxidases of the Dsb family, DsbA and

DsbB.19,20 Although the corresponding mitochondrial compartment, the IMS,

contains ATP, ATP-dependent chaperones are not known, and folding of

proteins by oxidation takes place. This was rather unexpected, since the IMS is

connected with the cytosolic compartment of the eukaryotic cell by the pore-

forming protein porin (VDAC) in the outer membrane. Thus, it presumably

has a reducing environment similar to the cytosol due to free diffusion of small

molecules, such as reduced glutathione, between both compartments. The

oxidative folding of IMS proteins is important for their import into the IMS.

Although the components of the oxidative folding pathways are not conserved

between mitochondria and bacteria, mitochondria appear to have retained the

basic principles of protein oxidation during evolution and have adapted them

as a driving force for protein import into the IMS. We will focus here on the

components and mechanisms of formation of disulfide bonds in the IMS and

the role of oxidative protein folding in mitochondrial protein import.
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1.4.2 Disulfide Bonds in the IMS of Mitochondria

In view of the access of reducing low molecular components of the cytosol to the

IMS it was quite surprising when first studies reported proteins in the IMS that

contain disulfide bonds.21–23 In two subunits of the cytochrome bc1 complex, the

Rieske FeS protein and the acidic hinge protein, and in the subunit 12 of the

cytochrome c oxidase (Cox12) alpha-helical hairpin structures or loops were

found to be stabilized by disulfide bonds in biochemical and crystallographic

studies. Later on, disulfide bonds were reported in Ccs1, Cox11, Cox17, Erv1,

Mia40, Sco1, Sod1 and the small TIM proteins (Table 1.4.1). Moreover, they

are very likely to be present in proteins which contain similar cysteine motifs as

the proteins with disulfide bonds. Thus, formation of disulfide bonds appears to

be a rather common property of IMS proteins. The cysteine residues forming

disulfide bonds are highly conserved and their oxidized state is crucial for the

function of the proteins. Like with proteins of other compartments, disulfide

bonds are required for the folding and the stabilization of IMS proteins. They

are also important for the activity, e.g. in redox proteins, such as in the sulf-

hydryl oxidase Erv1.24,25 Moreover, redox-active cysteine residues undergo

dynamic changes of their redox status and shuttle between the thiol and the

Table 1.4.1 Proteins with disulfide bonds in the IMS of mitochondria.

Protein
Donor of di-
sulfide bonds Function Ref.

Ccs1 unknown Copper chaperone for Sod1 79,81
Cox11 unknown Cytochrome c oxidase assembly factor 82
Cox12 a unknown Cytochrome c oxidase subunit 12 23
Cox17 Mia40-Erv1 di-

sulfide relay
system

Copper chaperone 26,27

Erv1 FAD c Sulfhydryl oxidase 24,60
Mia40 b Erv1 Protein import receptor 32,44,46
Rieske
FeS a

unknown Subunit of cytochrome bc1 complex 22

Qcr6 a unknown Subunit of cytochrome bc1 complex 21,22
Small Tim
proteins

Mia40-Erv1 dis-
ulfide relay
system

Protein import 31,83,84

Sco1b unknown Cytochrome c oxidase assembly factor 85
Sod1 Ccs1 Superoxide dismutase 79,81

The names of the proteins are in accordance with the yeast nomenclature. Proteins with a twin Cx9C
motif are not listed here, if disulfide bonds have not been experimentally confirmed.
aThese proteins are subunits of respiratory chain complexes of the inner membrane protruding into
the IMS.
bSco1 and Mia40 (in fungi) are anchored to the inner membrane with the disulfide motifs facing the
IMS.
cErv1 forms disulfide bonds by the transfer of electrons to bound FAD. FAD is reoxidized by
transfer of electrons to cytochrome c.
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disulfide state. Thus, they provide molecular redox switches to regulate the

functions and/or properties of the proteins. Such a regulatory function of

cysteine residues appears to occur in Cox17. Reduction of the disulfide bonds

in Cox17 affects its capacity and affinity for copper ions suggesting a redox-

regulation of copper binding and release.26,27 Furthermore, disulfide bonds play

a role in protein transport and assembly processes.5,15,28–31 It has been reported

that oxidative protein folding triggers the import of small proteins into the IMS

and their subsequent assembly into oligomeric complexes.31–33 The studies of

this import process have provided the first and so far only mechanistical insights

into how proteins form disulfide bonds in mitochondria.

1.4.3 Protein Import into the IMS by Oxidative

Protein Folding

Proteins of the IMS which are imported by oxidative protein folding are of

relatively low mass, typically comprise a simple folding unit and lack a clea-

vable mitochondrial targeting signal.5,15,28–30 However, all of them contain

highly conserved cysteine residues. The best-studied examples are the small

TIM proteins and the copper chaperone Cox17, in which the cysteine residues

are organized in a twin Cx3C and a twin Cx9C motif, respectively.34,35 The term

twin Cx3/9C motif is used to indicate further on either a twin Cx3C or a twin

Cx9C motif. The two Cx3/9C segments are juxtaposed in antiparallel a-helices

and linked by two disulfide bonds to form a hairpin-like structure.36,37 Like

almost all mitochondrial proteins these small twin Cx3/9C motif-containing

proteins are encoded in the nucleus and synthesized in the cytosol. They are

then transported across the outer membrane through the pore of the TOM

complex.38 In order to pass the TOM complex the proteins have to be in an

unfolded reduced state.31,38 Subsequently, they form disulfide bonds, thereby

triggering their folding within the IMS.31,32,39 In the folded state, proteins are

trapped in the IMS, as they cannot diffuse back through the TOM complex.

Thus, this folding trap drives unidirectional net translocation of proteins into

the IMS. Recent results indicated that the formation of disulfide bonds in the

imported twin Cx3/9C motif-containing proteins requires a disulfide relay sys-

tem which consists of two essential components, Mia40 and Erv1.32,40,41

1.4.4 The Redox-dependent Import Receptor Mia40

The import receptor Mia40/TIM40 (mitochondrial import and assembly) is

present throughout the eukaryotic domain of life. In fungi, the Mia40 homo-

logs consist of a cleavable N-terminal mitochondrial targeting signal followed

by a hydrophobic segment and a C-terminal hydrophilic domain. In contrast,

homologs in higher eukaryotes are much smaller and lack targeting signals and

hydrophobic segments. While these proteins are soluble in the IMS, the Mia40

proteins in fungi are N-terminally anchored with the hydrophobic segments in

the inner membrane.42–44 This membrane tethering, however, is not crucial for
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the function of Mia40.42 The oligomeric state of native Mia40 and the signifi-

cance of a possible oligomerization is an open question.42,44,45

In all species, the homologs of Mia40 have a highly conserved domain of

about 60 amino acid residues with 6 invariant cysteine residues.42,43,45 The

cysteine residues are arranged in a CPC-Cx9C-Cx9C pattern. Some of these

cysteine residues undergo redox switches because Mia40 can adopt two different

redox states in mitochondria.32,44 In its oxidized state, Mia40 forms three

intramolecular disulfide bonds: the cysteine residues of the CPC motif are

connected by one bond and the Cx9C segments are linked by two disulfide bonds

between the distal and proximal cysteine residues (Figure 1.4.1).46 While the

disulfide bonds in the twin Cx9C motif are stable, the disulfide bond of the CPC

motif is easily accessible to reducing agents.46 This suggests a function of this

cysteine pair in redox processes. The reduced form of Mia40 present in mito-

chondria still forms the two stable disulfide bonds, but the cysteine residues of

the CPC segment are present in the thiol states (Figure 1.4.1). Besides their

function in redox chemistry, the cysteine residues might play a role in metal

binding and thereby in stabilization of the protein, since reduced Mia40 has the

ability to bind zinc and copper ions in vitro.43

In S. cerevisiae and mammalian cells, Mia40 is essential for viability.42–45,47 In

the absence of functional Mia40, mitochondria contain reduced endogenous

levels of the small twin Cx3/9C motif-containing proteins of the IMS, whereas

proteins of other mitochondrial subcompartments and other IMS proteins are

present in wild type amounts. The reduced levels are caused by defects in

the import of these proteins.42,43,45,48 On the other hand, the import rates of the

small twin Cx3/9C motif-containing proteins are increased in mitochondria

containing elevated levels of Mia40.43 Mia40 is directly involved in their trans-

location, because it forms a disulfide intermediate with the incoming substrate

protein during the import process.32,45 Since the import of substrate proteins is

inhibited in the presence of strong reducing agents, the formation of the disulfide

intermediates between Mia40 and incoming substrate proteins plays an essential

role for import.32,45 Thus, Mia40 functions in the IMS as a receptor of small twin

Cx3/9C motif-containing proteins which mediates their import into the IMS.

Figure 1.4.1 Schematic representation of the pattern of disulfide bonds in the oxi-
dized and reduced states of Mia40. Presented is the highly conserved
domain of Mia40. The cysteine residues are labeled according to their
sequence position in Mia40. The residues C3, C4, C5 and C6 form the
twin Cx9C motif.
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1.4.5 The FAD-dependent Sulfhydryl Oxidase Erv1

The sulfhydryl oxidase Erv1, located in the intermembrane space of mitochon-

dria was identified as a protein essential for respiration and vegetative growth in

yeast.49,50 In mammalian cells, the Erv1 homolog is able to promote the liver

regeneration by an unknown mechanism when added as purified protein.51

Therefore, the human protein is termed ALR (augmenter of liver regeneration).

The members of the Erv1 family which are well conserved from fungi to

plants and mammals constitute the class of Erv/ALR thiol oxidases, together

with the Erv2 proteins which are present in the endoplasmic reticulum (ER) of

fungi and Erv1-like sulfhydryl oxidases from viruses.52–56 In order to generate

disulfide bonds the Erv/ALR thiol oxidases shuttle electrons from thiol groups

to the non-thiol electron acceptor flavine adenine dinucleotide (FAD). The

proteins contain a highly conserved catalytic core domain of about 100 amino

acid residues. In this core domain, FAD is non-covalently bound in a four-helix

bundle structure next to a redox-active Cx2C pair.57–60 In addition, the core

domains of Erv1 and Erv2 are stabilized by a structural disulfide-bonded

cysteine pair. With the exception of the viral Erv1-like oxidases, the core

domains of Erv/ALR thiol oxidases are fused to tail segments. These tail seg-

ments contain another pair of cysteine residues and appear to be rather

unstructured and thus highly flexible.24,58,59,61 Interestingly, in S. cerevisiae and

in human Erv1, a Cx2C motif is present in an N-terminal tail, whereas in Erv1

from Arabidopsis thaliana the cysteine residues are located as a Cx4C motif in

the C-terminal tail.62,63 Based on the X-ray structures of Erv1 from A. thaliana

and yeast Erv2 and on mutational analysis of proteins from this family, a model

has been suggested in which a dithiol disulfide exchange reaction between

reduced substrates and the oxidized shuttle disulfide pair in the flexible tail is

used to introduce disulfide bonds into the substrates.24,58,59,61 In this shuttle

mechanism the position of the tail segments with respect to the core domains

and the selective sequence context and spacing of the cysteine residues might

allow the flexible tail to confer substrate specificity to distinct oxidases. The

disulfide bond between the shuttle cysteine residues is regenerated by the

transfer of electrons to the active site cysteine pair that is present in the core

domain in the disulfide state. Subsequently, the active site cysteine pair passes

the electrons on to the adjacent FAD which itself is recovered in its oxidized

form by transfer of electrons to cytochrome c in the case of Erv1/ALR or to

oxygen generating hydrogen peroxide.25,56,64,65 According to crystallographic

studies of Erv1 from A. thaliana and rat, as well as yeast Erv2, amino acid

residues of the core domain mediate the formation of homodimers.58–60 This

allows cooperation of two subunits in the electron transfer process.58,59,61 It has

been suggested that the shuttle cysteine pair interacts in trans with the active site

Cx2C pair of the other subunit via an intermolecular disulfide bond to enable the

transfer of disulfide bonds. Although the tail is located at the N terminus in Erv1

in yeast and mammals, a similar mechanism is likely to be present.24,58

Yeast Erv1 is essential for viability of cells.49 Cells harboring a non-functional

form of Erv1 have a variety of defects, such as loss of the mitochondrial genome,
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impaired respiration, altered mitochondrial morphology and distribution and

defects in the biogenesis of cytosolic FeS cluster-containing proteins, as well as

in the maturation and incorporation of heme into cytochrome c and cytochrome

c peroxidase.49–50,65–67 Similar to the phenotypes of Mia40 conditional mutants,

cells lacking functional Erv1 have decreased amounts of small twin Cx3/9C

motif-containing proteins in the IMS of mitochondria as a consequence of their

impaired import and assembly.32,39–41 Consistent with the observed import

defects, the redox state of the import receptor of these proteins, Mia40, is

affected in the absence of Erv1. Mia40 accumulates predominantly in the

reduced non-functional form.32 Erv1 transiently interacts with Mia40 via

intermolecular disulfide bonds.32,40 Thus, oxidation of Mia40 is driven by Erv1.

Mia40 is the first identified physiological substrate of Erv1. Since a defect in

Mia40 affects various other IMS proteins, the variety of defects observed in the

absence of Erv1 might be largely explained by the effect of Erv1 on Mia40. It is

also likely, however, that Erv1 directly mediates the formation of disulfide

bonds in further substrate proteins in the IMS.

1.4.6 The Mia40-Erv1 Disulfide Relay System

The cooperation of Mia40 and Erv1 in the import of twin Cx3/9C motif-

containing proteins into the IMS of mitochondria is described in the following

model (Figure 1.4.2). After synthesis in the cytosol, small twin Cx3/9C motif-

containing proteins are transported in an unfolded reduced state across the

TOM complex into the IMS, where they interact with the oxidized form of

Mia40 by generation of mixed disulfide intermediates. They are then released

from Mia40 in the oxidized state, thereby triggering their folding. In the folded

state, they cannot diffuse across the TOM complex and are trapped in the IMS.

Thus, protein import into the IMS is driven by the Mia40-dependent oxidative

‘‘folding-trap’’-mechanism. The transfer of disulfide bonds from Mia40 to

imported proteins leaves Mia40 in a reduced non-functional state. To drive

further rounds of import, Mia40 has to be reoxidized. The transfer of disulfide

bonds from the thiol oxidase Erv1 to reduced non-functional Mia40 recovers

Mia40 in its oxidized functional state. Oxidized Erv1 is regenerated by the

transfer of electrons to the respiratory chain via cytochrome c as described

below. In summary, Mia40 and Erv1 form a disulfide relay system which drives

the import of proteins into the IMS by oxidative folding.

Biochemical and structural studies have begun to unravel the molecular

mechanisms of this disulfide relay system in more detail. The disulfide relay

system could be reconstituted with purified proteins.46 Recombinant Mia40 is

sufficient to selectively bind to substrate proteins and is able to oxidize a Mia40

variant which lacks the first two cysteine residues and thus resembles a typical

substrate with a twin Cx9C motif.46,68,69 In the presence of catalytic amounts of

Mia40, Erv1 is necessary and sufficient to oxidize substrate proteins. Erv1 on its

own does not oxidize the substrate proteins.46 This demonstrates transfer of

disulfide bonds from Erv1 via Mia40 to substrate proteins without the need of
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any further components. The first two cysteine residues of Mia40 are essential

to mediate the oxidation of substrate proteins, as well as the interaction with

Erv1 and the reoxidation of Mia40. These residues appear to represent the

catalytically active disulfide bond, whereas the two disulfide bonds in the twin

Cx9C motif seem to structurally stabilize the protein as is the case in the sub-

strate proteins. Although Mia40 and Erv1 constitute a minimal disulfide relay

for protein oxidation in the IMS, the system in the cell may consist of more

components. A more complex system may increase the efficiency of oxidation

and/or have the ability to regulate its efficiency or its substrate specificity.

The mechanisms of disulfide transfer by Mia40 and the nature of its mixed

disulfide intermediates with substrate proteins and with Erv1 is still speculative.

Figure 1.4.2 Model of oxidative protein import and folding by the disulfide relay
system of Mia40 and Erv1. Substrate proteins with twin Cx3C or twin
Cx9C motifs pass the TOM complex in the outer membrane in an
unfolded and reduced state. They interact with the import receptor
Mia40 via a transient intermolecular disulfide bond and are subse-
quently released in an oxidized folded form. In the folded state they are
unable to cross the outer membrane and are trapped in the IMS. The
oxidative folding of substrate proteins leads to a reduced form of Mia40.
To enable further rounds of import reduced Mia40 is reoxidized by the
sulfhydryl oxidase Erv1. Oxidized Erv1 is regenerated by transfer of
electrons to cytochrome c which shuttles the electrons via cytochrome c
oxidase (COX) to the final electron acceptor, oxygen. An alternative
pathway via molecular oxygen and cytochrome c peroxidase appears to
exist to reoxidize Erv1 and cytochrome c (see text).
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For some small TIM proteins with twin Cx3C motifs only the most

amino-terminal cysteine residue is required for binding to Mia40.68,69

A sequence or structural signal which allows selective recognition of this specific

cysteine residue has, however, not been identified so far. In contrast, the other

three cysteine residues of the twin Cx3C motif are crucial for the assembly of the

small TIM proteins into the native complexes and for their release fromMia40 in

their oxidized state, rather than for binding to Mia40. Despite this selectivity of

recognition, it is unknown whether Mia40 forms one or two intermolecular

disulfide bonds with the substrates in the mixed disulfide intermediates. Since the

substrates with twin Cx3/9C motifs are released fully oxidized, two disulfide

bonds have to be generated in the substrates. So far, this process and the release

are not understood at all. Interestingly, recent results support a role of functional

Erv1 in mitochondria in the oxidation and the assembly of small TIM proteins at

a step following the formation of the Mia40-substrate disulfide intermediate.39,40

Moreover, the cysteine-rich protein Hot13 has been described to mediate the

assembly of small TIM proteins into native oligomeric TIM complexes.70 Fur-

ther studies are required to determine whether Hot13 plays a role for the oxi-

dative folding pathway of small TIM proteins.

In addition, the substrate spectrum of the disulfide relay system is not restricted

to proteins with twin Cx3C and Cx9C motifs. The import of the sulfhydryl oxi-

dase Erv1 depends on Mia40, although Erv1 does not contain a typical twin

Cx3/9C motif.48,71 Presumably, the mechanism of Erv1 import differs from those

of substrates with twin Cx3C motifs and Cx9C motifs. Moreover, there are

proteins with disulfide bonds in the IMS, as described, which do not belong to the

class of proteins with twin Cx3/9C motifs. These proteins might still employ the

disulfide relay system for protein oxidation, may be even uncoupled from protein

import or they might use the sulfhydryl oxidase Erv1 directly for oxidation.

1.4.7 Cytochrome c Links the Disulfide Relay System

to the Respiratory Chain of Mitochondria

Following the transfer of disulfide bonds to substrate proteins, Erv1 is reduced

in the disulfide relay system. In order to keep Erv1 catalytically active and to

enable further rounds of oxidation of Mia40, disulfide bonds have to be

introduced into the reduced Erv1 by reoxidation. Molecular oxygen functions as

an electron acceptor for flavin-dependent sulfhydryl oxidases producing

hydrogen peroxide.56 Although such an electron transfer from Erv1 to oxygen

has been observed in vitro, cytochrome c has been proven to be a better electron

acceptor of Erv1/ALR than oxygen.25,64,65 These results suggest that, in vivo,

Erv1 passes electrons to cytochrome c, thereby avoiding the production of

deleterious hydrogen peroxide.25,41 In consistence, Erv1 directly interacts with

cytochrome c in vitro and in mitochondria.65 Moreover, the lack of cytochrome

c or the manipulation of the redox state of cytochrome c in mitochondria affects

the reoxidation of Mia40 and thus the import of proteins into the IMS of

mitochondria.64 In summary, the disulfide relay system shuttles electrons from

Erv1 to oxidized cytochrome c. Since cytochrome c feeds electrons into

75Oxidative Protein Folding in Mitochondria



cytochrome c oxidase of the respiratory chain, thereby generating water from

molecular oxygen, the reduction of cytochrome c by Erv1 links the disulfide

relay system to the respiratory chain. In addition, cytochrome c is also able to

interact with cytochrome c peroxidase, Ccp1, which functions as electron

acceptor and reoxidizes cytochrome c.65 To do so, Ccp1 has to be present in its

oxidized form, which is generated by reduction of hydrogen peroxide to water.72

Hydrogen peroxide, in turn, is produced upon reoxidation of Erv1 by molecular

oxygen. Thus, Ccp1 has the capacity to link the two electron-accepting path-

ways of Erv1. Both pathways depend on the presence of oxygen. Presumably,

another final electron acceptor for Erv1 or cytochrome c exists, at least in yeast,

because these cells are viable under anaerobic conditions.41,65 The use of cyto-

chrome c as the preferred electron acceptor prevents the formation of deleter-

ious hydrogen peroxide and may allow the oxidation of proteins even under low

oxygen conditions. This might be important in particular in higher eukaryotes in

which there are cells with limited oxygen supply under certain conditions.64 On

the other hand, the disulfide relay system may function as a sensor of the

endogenous levels of molecular oxygen. Since oxygen is the final electron

acceptor of the disulfide relay system, the activity of this system and its sub-

strates may correlate with the concentration of oxygen in mitochondria.

1.4.8 Oxidative Protein Folding Drives Import of Sod1

In addition to the Mia40/Erv1 disulfide relay system, the oxidation folding of

another component in the IMS, the copper/zinc superoxide dismutase Sod1,

has been studied. It is a highly conserved antioxidant enzyme that catalyzes the

disproportionation of superoxide to hydrogen peroxide and molecular oxy-

gen.73 The active homodimer consists of 16-kDa monomers which bind one

copper and one zinc ion and are stabilized by an intramolecular disulfide bond.

Stable folding of Sod1 is triggered by Ccs1, the copper chaperone for Sod1.74–76

Ccs1 forms a transient intermolecular disulfide bond with Sod1.77 This inter-

mediate allows Ccs1 to introduce a disulfide bond and a copper ion into Sod1.

While the majority of Sod1 is present in the cytosol, about 1–5% of total Sod1

is located in the IMS of mitochondria in yeast.78 Because of the very small

volume of the IMS compared to the cytosol, the concentration of Sod1 in the

IMS appears to be very high and presumably exceeds the cytosolic concentra-

tion. Its partner Ccs1 is also localized in the cytosol and in the IMS.78 The

import of Sod1 into the IMS follows an oxidative protein folding mechanism. In

order to pass through the outer membrane Sod1 has to be present in an unfolded

reduced form devoid of metal ions.79 In the IMS, the unfolded Sod1 presumably

binds to Ccs1 via a transient intermolecular disulfide bond. Subsequently, Ccs1

transfers the disulfide bond and the copper ion to Sod1, releasing the tightly

folded form of Sod1, which cannot pass across the outer membrane and thus is

trapped in the IMS. In consistence with such a mechanism, the amounts of Sod1

imported are correlated with the amount of Ccs1 present in the IMS.79 More-

over, the cysteine residues involved in the formation of the disulfide bond are
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crucial for the import of Sod1.79 Thus, Ccs1 appears to act in the oxidative

folding pathway of Sod1 as an import receptor similar to Mia40. Following

release of Sod1, Ccs1 is also present in a reduced form and presumably needs to

be reoxidized. Ccs1 may be oxidized by the Mia40/Erv1 disulfide relay system or

by the sulfhydryl oxidase Erv1 directly. Both possibilities would explain why

depletion of Erv1 affects the endogenous levels of Sod1 in the IMS.32 Other

mechanisms, however, such as direct oxidation by molecular oxygen, might exist

as well, since oxidation of Sod1 by Ccs1 also takes place in the cytosol that is

lacking the Mia40/Erv1 disulfide relay system.80

1.4.9 Conclusion and Perspectives

Oxidative protein folding in mitochondria has been discovered recently. The

Mia40/Erv1 disulfide relay system catalyzes oxidative folding of proteins

driving their import into the IMS and their assembly within. However, we are

still beginning to unravel the pathways and mechanisms of this process. Future

studies will elucidate whether this system and/or the thiol oxidase Erv1 alone

mediate directly or indirectly the oxidation of all proteins with disulfide bonds

in the IMS. Additional components might work as shuttle proteins in the

oxidation of specific proteins, such as Ccs1 for Sod1. It cannot be excluded

that, in addition, further protein oxidation systems exist in the IMS which have

not been identified so far. The protein oxidation in the IMS might enable

regulation of protein activities and control of mitochondrial processes by redox

switches. It will be interesting to analyze how the activities of the disulfide relay

system and their substrates are modulated. In addition, it will be revealing to

compare the Mia40/Erv1 relay system with the disulfide relay systems in the

bacteria and the endoplasmic reticulum.
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CHAPTER 1.5

Oxidative Folding
in the Endoplasmic Reticulum

SEEMA CHAKRAVARTHI, CATHERINE E. JESSOP
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1.5.1 Introduction

An essential step during the maturation of many membrane and secretory

proteins in the endoplasmic reticulum (ER) is the formation of native disulfide

bonds. Any two cysteines within a protein have the potential to form a disulfide

bond. Hence, the formation of native disulfide bonds is a complex process and

is the rate-limiting step in the biogenesis of many secreted or membrane pro-

teins. These bonds are often crucial for the stability of the final protein struc-

ture, and the mispairing of cysteine residues can prevent proteins from

attaining their native conformation and lead to misfolding.

Since disulfide bonds are covalent linkages they can dramatically increase the

stability of the three-dimensional protein structure. This is particularly favor-

able for proteins that are exposed to the extracellular environment. Disulfide

bonds maintain the integrity of many extracellular proteins and thus protect

them from damage from factors such as oxidants and proteolytic enzymes. In

addition, many receptors are exposed to a low pH environment when they are

internalized and recycled via the endosome. Under these acidic conditions

receptor integrity is maintained via disulfide bonding. Since disulfide bonds can

have a large impact on the structure of proteins it is therefore unsurprising that
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they are widely employed to regulate the activity of many proteins. Several

transcription factors including Hsp33 are activated by the formation of di-

sulfide bonds,1 whereas a number of other proteins such as integrins are acti-

vated through the breaking of a disulfide bond.2 In addition, the formation of a

disulfide bond is essential for the catalytic activity of some metabolic enzymes

such as ribonucleotide reductases, which are oxidized during their catalytic

cycle and must be reduced again in order to restore activity.3

The formation of native disulfide bonds is also central to the folding process of

many substrates: disulfide bonds may restrict energetically favorable changes that

would otherwise result in a non-native conformation, ensure that the correct parts

of a substrate are positioned to promote further folding or link subunits of a

multimeric protein complex together. In addition, a disulfide-bonded intermediate

has been observed in the folding pathway of a non-disulfide-bonded protein,

suggesting that disulfide bonding could even play an important role in the folding

of some non-disulfide-bonded proteins.4 Thus, disulfide bonds greatly influence

the structure and activity of many proteins and as such play an essential role in the

regulation, catalysis and, most importantly, the folding of many proteins.

1.5.2 Biochemistry of Disulfide-bond Formation

Classic folding experiments by Anfinsen indicated that the primary sequence of

a protein is sufficient to achieve the native conformation.5 Although this is true

for many proteins, the same cannot generally be said for proteins containing

disulfide bonds. Formation of a disulfide bond between the thiol (-SH) groups

of two cysteine residues generates two protons and two electrons. In vitro,

disulfide bonds can be formed spontaneously by the loss of electrons from the

two cysteine thiols, coupled with the gain of electrons by an available acceptor

such as molecular oxygen. However, an intermediary, such as a transition metal

or flavin, is required to overcome this kinetically sluggish reaction.

In vivo, the most common mechanism for the formation of protein disulfide

bonds is a thiol–disulfide exchange reaction of free thiols with an already dis-

ulfide-bonded species. These reactions are catalyzed by cellular enzymes known as

thiol–disulfide oxidoreductases. A thiol exchange reaction involves the sponta-

neous deprotonation of a free thiol to produce a thiolate anion (-S�), which

displaces one sulfur of the disulfide bond in the oxidized species. Thus, a transient

covalent bond is formed between the proteins, then termed ‘‘mixed disulfides’’.

A second exchange follows where the remaining thiolate anion attacks the mixed

disulfide bond and resolves it. The net result is that one pair of cysteines is oxi-

dized and the other reduced, and the intramolecular disulfide bond is effectively

passed from one pair of cysteines to another (Figure 1.5.1). In eukaryotic cells,

disulfide-bond formation proceeds predominantly in the lumen of the ER.

1.5.3 Folding Environment of the ER

The ER contains a rich cocktail of molecular chaperones and folding enzymes

such as BiP, calnexin, calreticulin, peptidyl-proline cis–trans isomerase and
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protein disulfide isomerase (PDI) and thus provides an environment highly

optimized for efficient folding. Reflecting its role as the compartment for

biogenesis of proteins destined for extracellular space, the physiochemical

environment of the ER lumen differs in two main respects from that of the

cytosolic compartment: the differences in calcium (Ca21) concentrations and

redox conditions.

The ER luminal Ca21 concentration is similar to extracellular concentra-

tions.6 Many of the ER resident proteins involved in protein folding such as

BiP, PDI, calnexin and calreticulin have been shown to bind Ca21.7,8 This

elevated Ca21 concentration has been shown to be essential for the correct

folding of a number of proteins in the ER.9,10 Ca21 depletion within the ER

inhibits protein folding and maturation11,12 and facilitates protein degrada-

tion.13 Ca21 can also regulate the formation of chaperone complexes in the ER.

The compartmentalization of the ER away from the cytosol allows the

correct redox conditions for disulfide-bond formation to be established. The

lumen of the ER is more oxidizing than the cytosol, which in turn enables a

distinct set of folding catalysts to facilitate the formation of native disulfide

bonds.14 Glutathione is the major small molecule redox buffer in the ER.14

Reduced glutathione (GSH) is a small tripeptide that can be easily oxidized to

form a dimer linked by a disulfide bridge. This oxidized form is referred to as

glutathione disulfide (GSSG). The ratio of reduced (GSH) to oxidized (GSSG)

glutathione is B100:1 in the cytosol.14 This highly reducing environment dis-

favors disulfide-bond formation. However, in the ER where disulfide-bond

formation can occur, the ratio of GSH:GSSG is much more oxidizing at

B3:1.14 This ratio of the concentration of GSH to GSSG is similar to that

found in redox buffers effective in oxidative folding of proteins in vitro.15 In

order to allow efficient formation of disulfide bonds, the ER must closely

regulate its redox potential. Under strongly reducing conditions, such as those

prevalent in the cytosol, disulfide-bond formation is both kinetically and

thermodynamically disfavored. Likewise, excessively oxidizing conditions

S S S S

H+
H+

Thiolate
anion

SS SHSHSH SH SHS-
SS S-S

Mixed disulfide

Figure 1.5.1 Thiol–disulfide exchange reaction between a CXXC-containing thio-
redoxin-like oxidoreductase and a substrate. A thiolate anion (-S�) is
formed by the deprotonation of a free thiol. It displaces one sulfur of the
disulfide bond in the oxidised species, resulting in a transient mixed
disulfide bond between the two proteins. A second exchange reaction
then follows where the remaining thiolate anion attacks the mixed di-
sulfide bond and resolves it. The net result of thiol disulfide exchange is
that the originally reduced protein is oxidised. This is due to the gain of
electrons from the originally oxidised species, which itself is reduced.
(Adapted from Sevier and Kaiser, 2002).
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result in misfolding due to incorrect intra- and intermolecular disulfide bonds.

Thus there must exist a system that senses the redox state and alters the con-

ditions accordingly.

In addition to maintaining optimum redox conditions, the ER is also abun-

dant in enzymes necessary for efficient disulfide-bond formation. A growing

family of ER oxidoreductases is thought to be responsible for catalyzing the

formation, isomerization and reduction of disulfide bonds.16 These oxido-

reductases contain active sites homologous to the active site found in the

cytosolic reductase thioredoxin, characterized by a pair of cysteine residues

(CXXC) that shuttle between the disulfide and dithiol form.17 The reactions

that these enzymes catalyze require the individual active sites to be maintained

in either the oxidized disulfide form for disulfide-bond formation, or the

reduced dithiol form for isomerization or reduction of disulfide bonds18 (Figure

1.5.2). How the active sites are maintained in either their reduced or oxidized

state and how the ER maintains an environment conducive to disulfide-bond

formation, isomerization and reduction has been the subject of intense spec-

ulation over the past 40 years.
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Enzyme
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Figure 1.5.2 Oxidation, reduction and isomerisation reactions between an oxido-
reductase and a substrate. In order for an oxidoreductase to form a
disulfide bond or oxidise a substrate it must be oxidised. An oxido-
reductase is only capable of accepting the electrons generated by the
oxidation of a substrate when it is in an oxidised form. Conversely, for
an oxidoreductase to reduce a substrate it must be in a reduced form so
that it is able to donate electrons. The isomerisation of a disulfide bond
requires that a bond is broken and then a new one spontaneously
formed. To perform isomerisation or reduction reactions a disulfide
bond in the substrate is broken, for which the oxidoreductase must be in
a reduced form.
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1.5.4 Thiol Disulfide Oxidoreductase Family

The eukaryotic ER oxidoreductase family is extensive with nearly 20 members

being identified in humans alone19 (Figure 1.5.3). In mammalian cells the key

oxidoreductases described to date are protein disulfide isomerase (PDI), ER

oxidase 1 (Ero1), ER protein 57 (ERp57), ERp72 and P5.

The CXXC motif allows the oxidoreductases to catalyze three essential reac-

tions depending on the initial redox state of the enzyme. A disulfide bond may be

formed through the oxidation of a substrate protein requiring the oxidoreductase

to gain two electrons, non-native disulfide bonds may be shuffled or isomerized

with no net exchange of electrons, or incorrect pairings may be broken or

reduced, requiring the oxidoreductase to donate electrons to the substrate. The

redox state of the oxidoreductase determines which reaction(s) it will perform.

Therefore, for an oxidoreductase to be capable of forming a disulfide bond, it

must itself be oxidized to be capable of accepting electrons. Conversely an oxi-

doreductase can only be functional as an isomerase or reductase when it is in a

reduced form, to be capable of donating electrons. After each cycle of reduction
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Figure 1.5.3 The domain structures of human protein disulfide isomerase homo-
logues. The catalytic sites of PDI-like oxidoreductases are situated in
domains homologous to thioredoxin. CXXC indicates the amino acid
sequence of the active site. (Adapted from Ellgaard and Ruddock, 2005).
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or oxidation, the oxidoreductase must be returned back to its original, active

redox state before it can fulfill further catalytic rounds (Figure 1.5.2).

Although the requirement for an oxidase, which introduces disulfide bonds

into newly synthesized proteins, is quite obvious, the function of disulfide-bond

isomerization should not be underestimated. The bacterial, yeast and mam-

malian systems all have efficient oxidative pathways that introduce disulfide

bonds into newly synthesized proteins which have arisen because the likelihood

of bonds forming between incorrect cysteines is significant. In addition, the

frequency of formation of non-native disulfides will increase dramatically as the

number of cysteines within a given protein increases. Thus, there is a require-

ment for isomerases that rearrange incorrect disulfides during protein folding.20

In addition, the role of a reductase is important in the reduction of disulfide

bonds within terminally misfolded proteins prior to their retrotranslocation

into the cytosol for degradation.21,22

1.5.5 Disulfide-bond Oxidation Pathway

Two pathways have been identified so far for the formation of disulfide bonds

within proteins in the eukaryotic ER. The major pathway is composed of the

membrane-associated flavoprotein Ero1 and the soluble thioredoxin-like pro-

tein PDI. More recently a second pathway involving another flavoenzyme,

quiescin sulfhydryl oxidase (QSOX), has been reported (Figure 1.5.4).

1.5.5.1 Protein Disulfide Isomerase (PDI)

The search for enzymatic catalysts of oxidative refolding in vitro led to the

isolation of protein disulfide isomerase (PDI).5 PDI is a 55-kDa folding assis-

tant and chaperone of the eukaryotic ER. It is a member of the thioredoxin

superfamily and was one of the first identified thiol–disulfide oxidoreductases.

PDI is a highly abundant ER luminal protein in yeast and mammalian cells,

with a concentration approaching the millimolar range.23 First isolated from

the liver, it has since been discovered in a variety of tissues and organs, and is

highly conserved between species. For detailed in vivo and in vitro roles of PDI

refer to Chapter 1.7.

PDI of mammalian origin comprises four structural domains, a, b, b0 and a0

plus a 19-amino acid linker region between b0 and a0 domains24 and a stretch of

acidic residues at the C-terminus (Figure 1.5.5).25 The a and the a0 domains

have high sequence similarity to thioredoxin, and each of these domains con-

tains two catalytically active cysteine residues found in a CXXC motif. The b

and b0 domains are thioredoxin-like domains, but lack any reactive cysteines.

PDI is a remarkably versatile enzyme. Depending on the redox environment

and the characteristics of the substrate proteins, PDI can catalyze the forma-

tion, reduction or isomerization of disulfide bonds.26 Detailed biochemical

analysis has shown that the a and the a0 domains of PDI are capable of cata-

lyzing two kinds of disulfide reactions: (a) oxidation reactions in which

86 Chapter 1.5



intramolecular disulfide bonds of the CGHC motif are transferred to a pair of

thiols in a substrate protein and (b) isomerization reactions in which disulfides

are rearranged through the formation of mixed disulfides between the first

cysteine residue of the CGHC motif and the substrate.27 PDI is present in both

the oxidized and reduced forms in vivo, but is more oxidized in yeast28 com-

pared to mammalian cells,29 possibly because the yeast ER is more oxidizing.

This mixture of redox states allows PDI to perform both oxidation and iso-

merization/reduction reactions in cells.

A role for PDI in the catalysis of native disulfide-bond formation in the ER was

first established by mutational analysis in yeast, where the PDI1 gene was shown

to be essential for cell viability and oxidative protein folding.30,31 It was first

thought that it was the isomerase activity of PDI that made it essential, since yeast

Pdi1p with active sites mutated to CXXS is functional as an isomerase but not an

oxidase and is able to complement a PDI-deficient yeast strain.30,32 However, this

mutant also imparts increased sensitivity to the reducing agent dithiothreitol

(DTT),33 suggesting that the role of PDI could lie in the formation of disulfide

bonds. In addition, expression of a single catalytic domain of PDI, which

maintains oxidase activity but only minimal isomerase activity, is also able to

sustain growth when the expression of endogenous PDI is repressed.34

SH
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S S
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O
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Figure 1.5.4 Disulfide bond formation in the eukaryotic ER. Oxidising equivalents
can be introduced into the lumen of the ER by two parallel pathways. In
the first, oxidising equivalents flow via Ero1 to PDI, which directly
oxidises substrate proteins. In the second, QSOX might act similarly to
Ero1 in the oxidation of PDI, although it can oxidise substrate proteins
directly in vitro. Both Ero1 and QSOX can receive electrons ultimately
from molecular oxygen in an FAD-dependent manner. In mammalian
cells two isoforms of Ero1 are known to oxidise PDI.
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The role of PDI as an oxidase is important since it is the only oxidoreductase

of which a significant proportion is oxidized in vivo,28,29 where an oxidized

redox state is a prerequisite for oxidase activity. Evidence that Pdi1p engages

directly in thiol–disulfide exchange with ER proteins came from the detection

of disulfide-linked complexes between Pdi1p and newly synthesized secretory

proteins.28 Oxidation of reduced cysteine pairs within substrate proteins by

CGHC CGHC

S
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e
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e a a’ b’ x  b c

A) PDI domain structure

B)

a domain b domain

Figure 1.5.5 PDI Structure. A) Domain structure of PDI. The a and the a0 domains
contain the CXXC active sites, while the b and the b0 domains lack any
active-site cysteines. The highly acidic c region contains the -KDEL
motif for ER retention, while the x region is a linker of undefined
structure and function. B) Structures of the isolated a and b domains
of human PDI, based on a model suggested by NMR data (Kemmink
et al., 1997; Kemmink et al., 1999). Both domains show characteristic
thioredoxin fold despite a low degree of sequence similarity. Active-site
cysteines of the a domain are shown at the lower right as a ball-and-stick
model.
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PDI render the active site of PDI reduced. For further rounds of oxidation to

proceed, the PDI active site needs to be reoxidized by an electron acceptor.

1.5.5.2 Oxidation by Ero1

Two independent experimental strategies led to the identification of ER

oxidoreductin 1 (Ero1) as the enzyme responsible for oxidation of PDI (See

Chapter 1.6).35,36 Extensive biochemical and structural studies carried out on

purified yeast Ero1p have elucidated a pathway for protein oxidation in the ER.

Ero1p is a FAD-binding protein, which utilizes the oxidative power of mole-

cular oxygen to drive disulfide-bond formation. Thus, components of the

pathway include molecular oxygen as the source of oxidizing equivalents that

are transferred directly by Ero1p via disulfide exchange to PDI, which then in

turn oxidizes substrate proteins.

The Ero1 gene is highly conserved and present in a wide range of eukaryotes.

Two functional homologs of yeast Ero1p, hEro1-La and hEro1-Lb, have been

identified in humans. Both of these can oxidize PDI and can complement the

phenotypic defects associated with the yeast mutant ero1-1 strain.29,37,38 Over-

expression of hEro1-La increases the proportion of PDI that is oxidized in vivo,

and has been shown to increase secretion of various disulfide bonded substrate

proteins such as J-chain subunits of immunoglobulins (JcM),29 tissue plasmi-

nogen activator (tPA)39 and adiponectin.40 This indicates that the introduction

of disulfide bonds is a rate-limiting step in the folding of substrate proteins.

In addition to an N-terminal signal sequence that targets the proteins to the

ER, both hEros have two conserved redox active motifs, a CXXXXCmotif near

the N-terminus and a CXXCXXC motif towards the C-terminus. Studies in

yeast have revealed that the N-terminal active site cysteines are involved in

interactions with PDI and accept electrons from the PDI active sites. The

electrons are then transferred to the C-terminal active sites which in turn pass on

the electrons to molecular oxygen via the bound FAD.41,42 The crystal structure

of the yeast Ero1p core is consistent with the results obtained by site-directed

mutagenesis of the Ero1p cysteines. As discussed in detail in the previous

chapter, the crystal structure revealed that the first cysteine in the CXXCXXC

motif is involved in a long-range intramolecular disulfide bond, while the second

and third cysteines of the CXXCXXC motif are adjacent to the FAD cofactor,

enabling them to be readily oxidized.43 The long-range disulfide is important in

sensing the cellular redox state and regulating the activity of Ero1p.44 While

such detailed analysis of the hEros is eagerly awaited, a comparison of the

cysteine residues between the yeast and human Ero1 proteins indicate that

workings of the hEros might be similar to the yeast protein.

An interesting difference between the yeast Ero1p and its two mammalian

homologs is that the 127-residue tail essential for function and association to

the ER membrane in yeast Ero1p45 is absent from the hEros. Human Ero1s

also lack any known ER retention motifs. Yet, the two oxidoreductases behave

as peripheral membrane proteins when expressed in mammalian cells.37,38,45
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This suggests that a stable interaction with another resident ER protein may be

responsible for the luminal retention of Ero1s. hEro1-La and -b have been

found to form mixed disulfides with ERp44, an ER protein with a C terminal

RDEL motif.46 It has since been shown that interactions with both PDI and

ERp44 contribute to the retention of hEros in the ER.47

While there is a single Ero1 protein in yeast, the presence of two isoforms in

humans can be explained to some extent by taking a closer look at their reg-

ulation and expression profiles. Ero1-La is strongly up-regulated by hypoxia.49

Studies on the secretion of proangiogenesis factor VEGF (vascular endothelial

growth factor) under hypoxic conditions suggests that the expression of Ero1-

La is probably regulated via the HIF pathway and thus belongs to the classic

family of oxygen regulated genes.48 Ero1-Lb, on the other hand, is up-regulated

by ER stress that induces unfolded protein response (UPR).38,49 The expression

of the two Ero1-L isoforms therefore appears to be differently regulated; Ero1-

La expression is mainly controlled by the cellular oxygen tension, whilst Ero1-

Lb is triggered mainly by the UPR.50 Based on the expression patterns of these

two genes, we can propose that Ero1-La is the major enzyme responsible for

disulfide-bond formation in the ER lumen. If the synthetic load of the cell

exceeds the oxidative capacity of Ero1-La, reduced cargo would accumulate in

the ER thereby inducing a compensatory synthesis of Ero1-Lb via the UPR

pathway. The consequence of a prolonged ER stress is also an induction of

Ero1a. CHOP is a transcription factor that is activated at multiple levels during

ER stress and Ero1-La is a direct CHOP target gene.51 It is also interesting to

speculate that Ero1-La and -b might drive oxidative folding in substrate pro-

teins via different PDI homologs present in the mammalian ER. However, to

date Ero1-La and -b have only been shown to interact with PDI.29

Ero1-La and Ero1-Lb transcripts also display differential tissue distribution.38

Ero1-La is abundant in the esophagus, while Ero1-Lb transcripts are abundant

in the stomach, duodenum, pancreas, testis and pituitary glands. A study on

Ero1-Lb has shown that a notable proportion of this protein exists as a

homodimeric pool at steady state.52 In addition, Ero1-La and Ero1-Lb hetero-

dimers were also detected. The physiological role of such dimers is still unclear.

While the availability of purified Ero1p has allowed major advances to be

made in the characterization of this enzyme, there are no structural data

available for either of the human Ero1 proteins. Also, all in vitro enzyme assays

carried out to date have used the yeast enzyme. Purification of the mammalian

Ero1-L proteins will allow a systematic comparison of the FAD-binding

properties and enzyme activities of these proteins with Ero1p.

Alternate electron acceptors for the Ero1 proteins also await identification.

Ero1p is required for viability of yeast under anaerobic growth, indicating that

its activity does not absolutely require oxygen.53 However, Ero1p function

in vivo is compromised under anaerobic conditions suggesting that the alternate

electron acceptors are not as efficient as molecular oxygen in the regeneration of

oxidized Ero1p.41 Protein folding in mammalian cells has not been investigated

under completely anaerobic conditions and hence it is unclear whether mamma-

lian Ero1 can support disulfide-bond formation under these conditions.
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1.5.5.3 Oxidation by QSOX

A second pathway for disulfide-bond formation in the yeast ER was identified

by screening for proteins that could rescue an Ero1p mutant.54 Over-expression

of a luminal ER protein, Erv2p, was able to rescue ero1D yeast strains, leading

to the discovery that Erv2p forms the basis of a disulfide-bond formation

pathway that can function independently of Ero1p.

Erv2p is an FAD-binding thioloxidase and belongs to the ERV/ALR family

of proteins.55–58 Although Erv2p is not conserved in the strict sense between

yeast and man, a family of proteins known as the thiol oxidase (QSOX) family,

which contain an Erv2p homologous domain, have been detected in all mul-

ticellular plants and animals for which complete genome sequences exist.59

Two proteins belonging to the QSOX family exist in humans. The first to be

discovered was a gene that was up-regulated when human fibroblasts reached

quiescence with the elaboration of extracellular matrix,59,60 hence called the

Quiescin Q6 gene, now renamed as hQSOX1. An alternative splicing of the

hQSOX1 gene generates a long (QSOX1a) and a short transcript (QSOX1b).

The long form of the QSOX1 protein potentially retains a transmembrane

segment that could allow the protein to be bound to the membrane. Indeed,

when expressed in mammalian cells, the human QSOX1a protein is a trans-

membrane protein localized primarily in the Golgi apparatus.61 However, in

human-cultured fibroblasts, this long form has been detected in the culture

medium.60 A second gene was identified as sharing a high identity with hQSOX1

and encoding another member of the QSOX family. The corresponding protein,

SOXN or hQSOX2, has been studied in human neuroblastoma cells.62

The overall homology of the QSOX1 and QSOX2 proteins is B40%, the

identity of functional regions such as the TRX-like or the ERV1 domain is as

high as 68%.62 Besides the sequence homology of QSOX1 and QSOX2, the

relationship between the two genes is supported by their common structural

features as both genes contain 12 exons of identical lengths and show a high

GC content in the first exon. The differences in the QSOX1 and QSOX2

expression patterns with two transcripts of QSOX1 in placenta, liver, lung and

heart, but very weak expression levels in pancreas, brain, kidney and skeletal

muscle,63 indicate that the two genes have different functions or the same role in

different tissues.

All members belonging to the QSOX family have fused their C-terminal

Erv2p homologous FAD binding domain to a thioredoxin-like domain at their

N terminal, which is in turn homologous to the a- and a0- domain of PDI

(Figure 1.5.6).59,64 Thus, while the ER oxidation system requires interaction

between an Ero1/Erv2p and PDI, the QSOX enzymes have evolved by a fusion

of these two proteins, providing them with the unique advantage of being able

to introduce disulfide bonds into substrate proteins without the need to interact

with additional proteins.

The FAD-dependent thioloxidases of the QSOX family catalyze the oxidation

of thiols to disulfides by reducing oxygen to hydrogen peroxide following the

reaction 2R–SH+O2-R–S–S–R+H2O2. Detailed enzymatic studies on avian
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QSOX indicate that the preferred substrates of this enzyme are peptides and

proteins, but not small monothiols such as glutathione.65,66 The finding that,

in vitro, mixtures of avian QSOX1 and PDI can catalyze the rapid insertion

of the correct disulfide pairings in reduced RNases leads to the concept that a

major role of QSOXs is in the generation of disulfides in vivo. A recent finding

shows that unlike hEros, which can only complement a temperature-sensitive

yeast mutant ero1-1 strain, hQSOX1a is able to rescue yeast completely depleted

of Ero1p. In this strain the over-expression of hQSOX1 is able to restore disulfide-

bond formation as evaluated by the folding and transport of carboxypeptidase

Y (CPY).61

While the intracellular localization and tissue distribution of the mammalian

QSOX enzymes have been extensively investigated,67 the QSOX proteins have

not been found to be important in the secretion of any particular protein in any

given cell type. Also, no gene knock-down studies of the QSOX family mem-

bers have been published. Whether this reflects that no effects have been

observed or that it is too difficult at present to evaluate the effects of such

experiments is not clear. On the basis of results obtained in yeast it can be

postulated that the Ero1-PDI pathway may be the major pathway for disulfide-

bond formation in the mammalian ER. Thus any effect that the QSOX enzymes

have on protein folding may only be visible in an Ero1 deletion background.

Study of oxidative protein folding in cells in which Ero1-La and Ero1-Lb have

been knocked down will help in investigating the presence of Ero1 independent

pathways in mammalian cells.

1.5.6 Disulfide-bond Reduction Pathway

An investigation into the redox state of several ER oxidases within mammalian

cells has shown that PDI, ERp57, P5, PDIR and ERp72 are all in a pre-

dominantly reduced form at steady state.29,68 After purification, these proteins

100 200 300 400 500 600 700    residue

CXXC CXXC CXXC

S
ig

n
a
l

s
e
q
u
e
n
c
e

Trx 1 Trx 2 Spacer ERV/ALR

N C

Figure 1.5.6 Schematic depiction of the domain structure of avian QSOX. The three
CXXC motifs have been indicated. Trx1 and Trx2 represent the two
thioredoxin-like domains and ERV/ALR represents the ERV1/ALR
FAD-binding domain. The solid box at the right is a single transmem-
brane span with the C-terminus facing the cytoplasm. The domains are
drawn approximately to scale.
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are spontaneously oxidized to form disulfide bonds within their active sites. This

would suggest that a pathway exists to maintain these proteins in a reduced state

within the cell. Hence, there is a requirement for both an oxidative pathway for

disulfide-bond formation and a reductive pathway to allow reduction and iso-

merization of non-native disulfides and for these pathways to co-exist in the

same intracellular compartment.

While there is no net change in the redox state of the enzyme during iso-

merization reactions, following each round of reduction an oxidoreductase

becomes oxidized. In order for it to function in further rounds it must be

returned to the reduced state. Recent work has demonstrated that reduced

glutathione fulfills the role of a general reductant in the ER and is responsible

for maintaining the oxidoreductases in a reduced state.

1.5.6.1 The Role of Glutathione in the ER

Glutathione (GSH) is a tripeptide (L-g-glutamyl-L-cysteinyl-glycine) that is

synthesized in the cytosol from the precursor amino acids glutamate, cysteine

and glycine. The cell contains millimolar concentrations of GSH (up to 10mM)

that are maintained in this reduced form by a cytosolic NADPH-dependent

reaction catalyzed by glutathione reductase. As stated earlier, glutathione is

present in cells as a ratio of reduced (GSH) to oxidized (GSSG) glutathione.

Evidence for the role of GSH as a reductant came from studies in which GSH

synthesis was prevented. In mice, a null mutation in the gene encoding one

subunit of g-GCS (first enzyme involved in GSH synthesis) was found to be

embryonic lethal. However, cell lines isolated from the mutants could grow

indefinitely in a medium supplemented with the reducing agent N-acet-

ylcysteine.98 Similarly, a yeast strain lacking a functional copy of the GSH1 gene

was unable to grow on minimal media unless supplemented with a reducing

agent.99 Since the function of glutathione can be complemented by the addition

of reducing agents, this suggested that the main role for glutathione is to

maintain reducing conditions within cells.

In order to determine whether GSH was directly responsible for maintaining

the ER oxidoreductases in a reduced state in vivo, cells were subjected to strong

oxidizing conditions and recovery of the ER oxidoreductases was studied.68

Recovery of ERp57 from oxidation required the presence of cytosolic GSH.

ERp57 was unable to recover in the presence of various small molecular

reducing agents like NADH, NADPH, cysteamine or cysteine, indicating that,

in mammalian cells at least, GSH specifically, rather than its reducing power, is

responsible for maintaining the ER oxidoreductases in a reduced state. Fur-

thermore, GSH was found to reduce ERp57 rapidly at physiological con-

centrations in vitro, and biotinylated glutathione formed mixed disulfides with

ERp57, confirming earlier work showing that glutathione directly interacts

with ERp57 in intact cells via mixed disulfides.69 Thus GSH is the main

reductant responsible for maintaining the ER oxidoreductases in a reduced
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form, which are in turn necessary for the reduction or isomerization of non-

native disulfide bonds.

Further evidence for the role of glutathione in controlling oxidative folding

in mammalian cells came from two separate experiments. The effect of GSH

depletion on the folding of two substrate proteins, tissue type plasminogen

activator (tPA) and J chain of immunoglobulins (JcM), revealed that when the

levels of total glutathione were diminished, the rate of formation of disulfide

bonds increased.39, 100 However, this increase in oxidation was accompanied by

an increase in non-native disulfide-bond formation. In addition, Molteni et al.

showed the absence or decrease in levels of cytosolic GSH resulted in PDI

becoming more oxidized, limiting the ability of the enzyme to isomerize non-

native disulfide bonds (Molteni et al., 2004). Addition of GSH caused PDI to

become reduced and restored normal disulfide formation rates.

The fact that glutathione can cross the ER membrane either through a

specific transporter70 or simply through pores in the membrane71 suggests that

this low molecular weight thiol could provide the necessary reducing equiva-

lents to facilitate the reduction of folding proteins directly or via reduction of

ER oxidoreductases such as ERp57. The results with ERp57 and PDI seem to

indicate that GSH acts via the ER oxidoreductases. Depletion of GSH causes a

change in the redox state of the ER oxidoreductases, which in turn makes them

unavailable for reduction/isomerization reactions. However, the fact that

GSH/GSSG can directly interact with substrate proteins cannot be completely

ruled out. This is supported by the fact that a large proportion of glutathione in

the ER lumen is found as mixed disulfides with proteins.72 Such mixed di-

sulfides could be formed either during the oxidation of proteins by GSSG or by

the reduction of proteins by GSH. As stated earlier, the ratio of GSH:GSSG in

the ER lumen is similar to those found in redox buffers. Many substrate pro-

teins are able to fold spontaneously in a glutathione buffer in the absence of

oxidoreductases. However, the reaction proceeds too slowly to be physiologi-

cally relevant and the rate of folding is increased dramatically in the presence of

enzymes such as PDI73 or ERp57.74

As the ER has been proposed to contain a relatively higher concentration

of GSSG than the cytosol,14 another theory put forward at this stage was that

GSSG might be responsible for the oxidation of PDI which then in turn

oxidizes the substrate proteins. However, the discovery of Ero1 as a provider

of oxidizing equivalents for the formation of disulfide bonds35,36,54 led

researchers to question the hypothesis that GSSG is solely responsible for the

oxidation of PDI in the ER. In vitro experiments showed that the Ero1-

mediated oxidation of folding substrates is mainly independent from the bulk

redox buffer. Ero1 can efficiently drive the oxidation of RNase A through

PDI in the absence of GSH or GSSG, or even in the presence of excess

GSH,53 indicating that oxidative protein folding proceeds through the direct

transfer of oxidizing equivalents between PDI and Ero1. However, these

results do not rule out a role for GSSG as an alternative source of oxidizing

equivalents for PDI.
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While arguments against the ability of GSH to directly reduce non-native

disulfides within substrate proteins are much weaker, oxidoreductases have a

kinetic advantage over GSH in catalyzing reduction/isomerization reactions.

Two molecules of GSH are required for reduction of each disulfide bond.

The first molecule breaks the disulfide bond within substrate proteins and

glutathionylates one of the cysteine residues; attack by a second molecule

of GSH will result in release of GSSG and a reduced substrate protein.

The reduction of disulfide bonds by a CXXC motif within the active sites

of ER oxidoreductases appears to be a much more efficient and favorable

reaction as the two cysteine residues within the active sites are perfectly posi-

tioned to carry out such reactions. Another advantage that the PDI family

members have over GSH in interacting with substrate proteins is the presence

of high-affinity substrate binding sites in the non-catalytic thioredoxin-like

b0 domains.19

1.5.7 Maintaining the Redox Balance of the ER

The ER is the site for oxidation, isomerization and reduction of disulfide bonds.

Thus, there needs to exist a system within this organelle which keeps the oxi-

doreductases involved in disulfide-bond formation in an oxidized state, while

those involved in reduction or isomerization are maintained in a reduced state.

It is tempting to speculate that such segregation would rely upon limiting the

interactions of the oxidoreductases with Ero1. While PDI in mammalian cells

can be oxidized by Ero1 and catalyzes disulfide-bond formation,29 ERp57 does

not appear to be a substrate for Ero1 as judged by a lack of oxidation of ERp57

in cells over-expressing Ero1.29 ERp57 has instead been shown to act as a

reductase, at least in vitro, to allow the breaking of non-native disulfide bonds

within MHC-class I heavy chain.75 None of the other oxidoreductases dis-

covered so far have been shown to interact with Ero1. Thus it is possible

that PDI may be the only member of the oxidoreductase family capable of

introducing disulfide bonds into proteins, due to its ability to cooperate

with Ero1. All other members of the family may be involved in reduction or

isomerization reactions.

In addition to restricting Ero1 interactions with oxidoreductases, Ero1

activity itself may be subject to feedback regulation as discovered in yeast.44 The

use of molecular oxygen as a terminal electron acceptor by Ero1, Erv2p and

QSOX provides a robust driving force for disulfide formation. However, the

complete four-electron reduction of molecular oxygen to water is kinetically

sluggish, and the reduction of intermediates and by-products such as superoxide

and hydrogen peroxide are highly reactive and damaging macromolecules.

When the levels of such reactive oxygen species (ROS) exceed the cellular

antioxidant capacity, a deleterious condition known as oxidative stress occurs

(see Chapter 1.8). The idea that oxidative stress is associated with protein

secretion has been suggested for Ero1p76,77 and QSOX catalyzed oxidative
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processes.59,78 The activity of these oxidases must therefore be controlled in

order to prevent the ER from becoming over-oxidized.

The redox balance of the ER is crucial for optimal oxidative protein

folding. A number of both internal and external factors can lead to disrup-

tion of the GSH/GSSG balance. Earlier it was described how the ER

oxidoreductases are maintained in a reduced state by glutathione, which is

necessary for them to facilitate disulfide rearrangement and reduction. Thus, to

keep the oxidoreductases in an active, reduced state the ER must maintain

its GSH:GSSG balance. Harmful reactive oxygen species produced during

disulfide-bond formation can be neutralized by oxidizing GSH, thus leading

to an increase in the levels of GSSG. In addition, the reduction of non-native

disulfide bonds would also lead to an increase in the level of GSSG, partic-

ularly if the resulting cysteine residues remain reduced or reform native

disulfide bonds through an Ero1-catalyzed oxidative pathway. Should Ero1

have a significant role in disulfide-bond formation then the net conse-

quence would be an increase in the concentration of GSSG relative to GSH.

However, if GSSG was also to oxidize PDI then the net result would be an

increase in the concentration of GSH relative to GSSG. Therefore, balancing

Ero1 and GSSG oxidation of PDI could theoretically regulate the [GSH]:

[GSSG] ratio.

Another mechanism for preventing the redox environment in the ER

from becoming unfavorably oxidizing is the selective transport of GSH but

not GSSG from the cytosol into the ER lumen.70,79 In contrast, conflicting

studies prior to this suggest that GSSG might be preferentially transported into

the ER lumen.14 Such data must be viewed cautiously in the light that there

are many technical difficulties to overcome when performing such experiments,

such as contamination of ER measured glutathione concentrations with that

from the cytosol and the oxidation or reduction of glutathione following

cellular disruption. However, it is probable that a GSH, or indeed a GSSG

transporter, exists to pump glutathione across the ER membrane in eukaryotes.

In Escherichia coli GSH and cysteine are specifically transported to the peri-

plasm by CydDC, an ATP-binding cassette (ABC)-type transporter.80 ABC

transporters might also function in the transport of glutathione in mammalian

cells; it has already been shown that this bacterial transporter has similarities to

the cystic fibrosis transmembrane conductance regulator (CFTR), which has

been shown to be responsible for GSH flux from mammalian cells.81 In addi-

tion, it is also possible that the ER membrane might be permeable to small

molecules such as GSH, allowing transport to occur simply by diffusion.71 This

would provide an alternative mechanism for the introduction of reducing

equivalents into the lumen of the ER.

It is important to maintain a suitable level of GSH in the lumen of the ER

to buffer against the harmful effects of oxidizing equivalents and maintain

a glutathione buffer that is optimal for protein folding. The fate of any GSSG

that may be produced indirectly through Ero1 activity or any reduction of

ER oxidoreductases by GSH, is unclear. It might be secreted from the cell,

transported to the cytosol for reduction or reduced within the ER by an
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unknown reductase. Although it is clear that the redox environment in the ER

is carefully maintained for optimal protein folding and protection of the cell

against harmful oxidative species, there is currently still much that we do not

know about how this delicate balance is maintained.

1.5.8 Substrate Recognition by PDI and its Homologs

The finding that there is a robust pathway for the reduction of oxidoreductases

and the fact that the majority of the oxidoreductases are in a reduced state

highlight the importance of the reduction and isomerization pathways in the cell.

However, it also raises the question of why so many homologs are needed to

fulfill these functions, a role that at first glance could potentially be fulfilled by

PDI alone. To date, nearly twenty mammalian oxidoreductases have been

identified and there are most likely more that have not yet been discovered. Many

members of the PDI family may be present in any one cell at any time. Com-

parative studies of the in vitro activities of several of these enzymes demonstrate

that they are capable of carrying out similar functions,82 so the question as to

why there are so many family members needs to be addressed. The PDI homo-

logs differ significantly with respect to a number of features, such as size, active

site sequences, levels of expression and by being membrane bound or soluble.

Therefore functional differences between the homologs can be anticipated.

It is most likely that different oxidoreductases catalyze disulfide-bond forma-

tion and rearrangement in different subsets of substrates. Such a picture is cer-

tainly emerging for some of the oxidoreductases such as ERp44, ERp57 and

PDIp. Anelli and colleagues initially identified ERp44 as a resident ER protein

which is a binding partner for hEro1s.83 ERp44 interacts with both Ero1-La and

-b and is responsible for the retention of hEro1s in the ER. ERp44 has also been

implicated in thiol-mediated retention of IgM molecules84 and adiponectin.85

ERp57 is distinct from PDI as it does not appear to be a substrate for Ero1,29 at

least in vivo. It has been shown to act as a reductase in vitro as it specifically

reduces partially folded MHC class I molecules.75 ERp57 binds to lectins cal-

nexin and calreticulin and hence is thought to be specifically involved in disulfide-

bond rearrangements within glycoprotein substrates.86 More recently, ERp57

has been implicated in playing an important role in the uncoating of Simian

Virus 40 (SV40) capsid on entry into cells.87 Upon entering the ER, ERp57

specifically reduces the viral capsid protein VP1, which is linked to a network of

neighbours, which helps to uncoat the virus. This isomerization reaction seems to

be specific to ERp57 as depletion of PDI had no effect on the uncoupling of VP1

pentamers in cells. In addition to acting on different sets of substrates in the same

cell, there are also examples of different tissue distributions for enzymes such as

PDIp. This PDI-like oxidoreductase is expressed most highly in secretory cells

such as the pancreas, where it may be required to assist in the oxidative folding of

the exceptionally high substrate load passing through the secretory pathway.88

In order for an oxidoreductase to catalyze native disulfide-bond formation

it must first bind to the substrate and specificity can be achieved by the
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oxidoreductases recognizing and binding their substrates in different manners.

PDI binds its substrates primarily through a peptide binding site in the b0

domain, which is in a position homologous to that of the CXXC active site in

the catalytic domains.24 The precise peptide has been mapped to a small

hydrophobic binding pocket. An equivalent binding site exists in PDIp which

binds only a single tyrosine or tryptophan with no adjacent negative charge.89

Although the b0 domain peptide binding site is the primary site for substrate

recognition by PDI, contributions from other domains are also necessary for

efficient binding.90 Isolated a and a0 domains can catalyze thiol exchange reac-

tions alone but the addition of the b0 domain is required for isomerization

reactions. Only the full length molecule is fully catalytically active and is capable

of performing disulfide arrangements involving more substantial changes in

structure. Since the b domain of PDI has not been implicated in substrate

binding, nor does it possess catalytic activity, it may have a structural role.

Whereas PDI interacts with its substrates directly through the b0 domain,

ERp57 binds the lectins calnexin and calreticulin which in turn recruit newly

synthesized glycoproteins. ERp57 binding to calnexin or calreticulin occurs

mainly through the b0 domain and, to a lesser extent, the C-terminal positively

charged region.91 The residues in the b0 domain of ERp57 that are required for

this interaction have been mapped to those required for peptide binding in the

b0 domain of PDI. These bind to the acidic tip on an elongated hairpin loop

that forms the P-domain of calreticulin.

Not only can calnexin and calreticulin present ERp57 with a precise subset of

substrates but they also recruit glycoproteins at a precise point in their folding

pathway. Calnexin and calreticulin only bind monoglucosylated glycoproteins

that are formed following the trimming of the furthest two glucose residues of the

oligosaccharide side-chain by glucosidase I.92 Substrates are released following the

trimming of a further glucose residue by glucosidase II but should the glyco-

protein fail to be folded correctly it is reglucosylated by UDP glucose:glycoprotein

glucosyl transferase whereupon it may again bind to calnexin or calreticulin and

ERp57.93,94 While the exact nature of ERp57 binding to substrates via calnexin

and calreticulin is slowly coming to light, recent studies have shown that ERp57 is

also able to interact with substrates independently of calnexin/calreticulin. This

has been shown for substrates such as clusterin95 and SV40.87,95

An analysis of the domain structures of glycoproteins interacting with

ERp57 revealed that the enzyme interacts with a subset of proteins displaying

disulfide-rich, secondary structure-poor domains, for example, the epidermal

growth factor-like (EGF) domain.1,87,95 Where a number of disulfide bonds are

found close together in the primary structure, with no secondary structure to

position the correct disulfides in proximity to each other there exists an

increased potential for the formation of non-native disulfides. Therefore,

ERp57 may be directed to such domains in substrates that are prone to forming

non-native disulfide bonds in order to rearrange them. While the in vivo

activities of some of the PDI homologs such as ERp57,86 PDIp,96 ERp4483 and

ERp7297 are now coming to light (Table 1.5.1), the functions of many others

(for example, TMX, ERp28 and PDIR) are poorly described. Understanding
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the mechanisms of action of the PDI family is critical for our understanding of

native disulfide-bond formation.

1.5.9 Conclusion

Disulfide-bond formation in cells is a highly regulated and carefully controlled

process facilitated by a family of enzymes. These ensure that substrates form

only the correct, native bonds and thus a high yield of correctly folded protein

is achieved. Although many of the basic mechanisms of oxidative folding in

mammalian cells have been elucidated, the individual roles of each of the

components are still debated or unknown. This situation not only inhibits our

understanding of the biogenesis of a range of important proteins and hence

Table 1.5.1 Eukaryotic homologs of PDI.

Protein
Length (amino
acids)

ER-localization
motif

Active site
sequence Specificity

PDI 508 KDEL CGHC, CGHC General peptide
binding domain
in b0 domain

ERp57 505 QEDL CGHC, CGHC b0 domain binds
calnexin and
calreticulin

ERp72 645 KEEL CGHC, CGHC,
CGHC

Calcium binding

P5 440 KDEL CGHC, CGHC Calcium binding

PDIR 519 KEEL CSMC, CGHC,
CPHC

PDIp 525 KEEL CGHC, CTHC Pancreas-specific
expression

ERp46 432 KDEL CGHC, CGHC,
CGHC

ERp44 406 RDEL CRFS ER retention of
proteins

ERdj5 793 KDEL CSHC, CPPC,
CHPC, CGPC

Contains three
CXPC domains
indicative of
reductase
activity

ERp18 172 EDEL CGAC

TMX 280 Unknown CPAC May modify
substrates
required for
developmental
processes

TMX2 296 KKDK SNDC
TMX3 454 KKKD CGHC
TMX4 349 Unknown CPSC
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associated disease states, but also prevents the effective manipulation of the

cellular environment by the biotechnology industry for the efficient production

of therapeutic proteins.
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CHAPTER 1.6

The Ero1 Sulfhydryl Oxidase
and the Oxidizing Potential
of the Endoplasmic Reticulum
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1.6.1 Introduction

As proteins pass through the organelles of the secretory pathway, they undergo a

range of post-translational modifications including glycosylation and disulfide-

bond formation.1 The nature and purpose of carbohydrate additions are varied,2

but disulfide bonding between cysteine side-chains is chemically homogenous and

primarily serves to stabilize protein structures. Stabilization can occur on various

levels. Classically, disulfide bonding is considered to increase the global thermo-

dynamic stability of proteins relative to their denatured states by entropically

restricting, and thereby raising the free energy of, the denatured forms.3,4Disulfide

cross-linking also can improve the resistance of proteins to proteolytic degrada-

tion by limiting the flexibility of folded protein structures5,6 and can covalently

link the subunits of some multi-protein assemblies, such as antibodies, to prevent

subunit dissociation when protein complexes are diluted upon secretion from the

cell. Occasionally disulfides perform regulatory roles,7 allowing for conforma-

tional and corresponding functional changes in proteins in response to alterations

in the concentrations of oxidants or reductants in the cell or environment.
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A range of small molecule oxidants can facilitate formation of disulfide bonds

between cysteines in the test tube, but proteins acquire disulfides via a dedicated

enzymatic cascade in vivo. In eukaryotes, biosynthetic disulfide-bond formation

occurs within the lumen of the endoplasmic reticulum (ER). Within the ER, two

opposing redox cascades ensure the net formation of disulfide bonds in secretory

proteins while preventing the irreversible trapping of mis-paired cysteines. The

presence of the ER-resident sulfhydryl oxidase Ero18,9 distinguishes the ER as an

environment suitable for the formation of disulfide bonds. Specifically, Ero1

oxidizes an active-site di-cysteine motif of Protein Disulfide Isomerase (PDI),11

which in turn oxidizes secretory protein substrates. The activity of Ero1 drives the

thiol/disulfide equilibrium toward disulfides by catalyzing the overall transfer of

electrons from reduced cysteine thiols to molecular oxygen.10 Meanwhile, the

import of reduced glutathione from the cytosol into the ER lumen, as well as the

import of cysteines in nascent protein chains themselves, provides a steady supply

of thiols to participate in reduction and isomerization of disulfides.12 Glutathione

reduces (mis)oxidized substrates directly and also reduces oxidized versions of

PDI and other PDI-like proteins, making them available to catalyze reduction and

rearrangement of disulfides in secretory proteins. The increased ratio of oxidized

glutathione (GSSG) to reduced glutathione (GSH) observed in the ER relative to

the cytosol is thus an outcome, rather than the origin, of the ER oxidizing

potential.13 In addition to accomplishing oxidation of cysteines in newly synthe-

sized proteins in the ER, the ER oxidation cascade provides resistance against

exogenous reducing agents,8,9 whereas components of the reducing pathway

buffer against exogenous and cellular oxidants such as reactive oxygen species.13,14

The coupling of genetic and biochemical studies with the high-resolution

X-ray structures of yeast Ero115 and PDI16 yields a general mechanism for how

disulfide bonds are generated and transferred in the ER. Ero1 has a unique

fold, but it shares certain structural features in common with other sulfhydryl

oxidoreductases identified in bacteria and eukaryotes. A comparison of Ero1

with these non-homologous enzymes catalyzing the same reaction lends insight

into the chemistry of Ero1. However, the finding that Ero1 is exceptional in

being regulated on the protein level17 adds a degree of sophistication to the

basic mechanism. The structural and mechanistic studies on components of the

yeast ER disulfide-bond formation pathway can be mined for their implications

for oxidative protein folding in higher organisms, including humans.

1.6.2 Mechanism for Generation and Transfer

of Disulfides by Ero1

1.6.2.1 A Route for Intramolecular Electron Transfer

Supported by the Ero1 Structure

Ero1 comprises a large, ten-helix domain.15 In addition to the helices, the

domain also contains approximately 120 amino acid residues of polypeptide

poor in secondary structure draped over what is arbitrarily designated the top of
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the domain (Figure 1.6.1). Yeast Ero1 has 14 cysteines in total, ten of which are

paired in disulfide bonds in the non-helical cap or at the junction of this region

and the helical core. Some of these disulfides are ‘‘short-range’’, linking cysteines

close in primary structure, whereas others are ‘‘long-range’’, between cysteines

distant from one another in sequence. Ero1 is a flavoenzyme,18 with one

molecule of flavin adenine dinucleotide (FAD) associated non-covalently. The

isoalloxazine ring system of the FAD, the region of the cofactor active in redox

chemistry, is buried at the mouth of a four-helix bundle within the helical core of

the enzyme (Figure 1.6.1). Three of the disulfide bonds cluster within 12 Å of the

FAD isoalloxazine. Two others are B25 and B35 Å away from the FAD.

Formation of a disulfide bond from two free cysteine thiol groups requires

removal of two electrons, which Ero1 accomplishes by coupling disulfide for-

mation to the reduction of non-thiol species via the bound FAD cofactor. One

of the Ero1 cysteine pairs, present within a Cys–X–X–Cys sequence motif

common to dithiol/disulfide oxidoreductases, is adjacent to the FAD. When

this active-site cysteine motif becomes reduced, a disulfide can be regenerated

by transfer of electrons to the FAD, and in turn to molecular oxygen or to

another electron acceptor.19 This seemingly simple process is actually very

complex chemically, and many questions remain regarding the mechanism of

oxygen reduction by this and other flavin-dependent oxidases.20 It is clear,

however, that the flavin-catalyzed reduction of oxygen to hydrogen peroxide is

sufficiently favorable thermodynamically to make disulfide formation at the

Ero1 active center essentially irreversible. Kinetically, re-oxidation of reduced

Figure 1.6.1 Structure of Ero1. On the left is a ribbon diagram of yeast Ero1 oriented
with the helical core region below and the non-helical cap above.
Cysteine side-chains are shown in ball-and-stick representation, with
yellow sulfur atoms and green Cb carbons. The bound FAD molecule is
orange. The vicinity of the active site is boxed and shown in more detail,
and as viewed from the mouth of the four-helix bundle, in the right
panel. Disulfides in the active-site region are labeled according to
function. The active-site disulfide is a Cys–X–X–Cys motif, the shuttle
disulfide is a Cys–X4–Cys motif and the nearby regulatory disulfide is
formed from cysteines separated by B260 amino acid residues.

107The Ero1 Sulfhydryl Oxidase



Ero1-bound flavin is rapid compared to the rate of the reductive half-reaction,

except at extremely low oxygen tension.19

The active-site disulfide of Ero1 is on a rigid part of the protein and relatively

solvent inaccessible, minimizing direct access by reduced protein substrates.

Instead, substrates (e.g., PDI) undergo dithiol/disulfide exchange with another

Ero1 disulfide, known as the ‘‘shuttle disulfide’’, present on a flexible and

solvent exposed loop in the general vicinity of the active site (Figure 1.6.2). The

reduced Ero1 shuttle disulfide is proposed to reduce the active-site disulfide by

dithiol/disulfide exchange, in effect shuttling electrons from substrate to enzyme

active site.21,22 Indeed, mixed disulfides between shuttle and active-site cysteines

have been detected.22 Both the active-site and shuttle cysteines are typically

required for enzyme activity in vivo, although mutations in Ero1 that allow the

enzyme to bypass the requirement for the shuttle cysteines have been identi-

fied.22 Use of two di-cysteine redox centers by Ero1 to sequentially relay

electrons from substrate to its aromatic cofactor (e.g., FAD) is a mechanism

also observed in other disulfide-forming oxidoreductases, including the pro-

karyotic enzyme DsbB and the Erv flavoprotein family (discussed below).

1.6.2.2 Oxidation of PDI by Ero1

As noted above, Ero1 works in partnership with PDI to oxidize a range of

substrates folding oxidatively in the ER. PDI consists of four domains, each

with the thioredoxin fold, called the a, b, b0 and a0 domains in order from amino

to carboxy terminus. Two of these domains, a and a0, contain the redox-active

Cys–X–X–Cys motif. PDI is the most abundant protein in the ER lumen.23 It

participates in a number of processes required for oxidative protein folding,

including cysteine oxidation, disulfide reduction and isomerization, and general

chaperoning of unfolded or partially folded proteins.24 Individual domains or

Figure 1.6.2 Ero1 shuttle disulfide transfers electrons from substrate to the catalytic
center. The loop containing the shuttle disulfide was observed in dif-
ferent conformations in two crystal forms of Ero1, shown here colored
tan and maroon. The series of two-electron transfer events that result in
generation of a disulfide bond in a substrate protein and production of a
molecule of hydrogen peroxide are summarized on the right. ‘‘Red’’
refers to a reduced di-cysteine motif, whereas ‘‘ox’’ indicates that the
motif is in the oxidized, disulfide form.
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sites within PDI may play particular roles in each of these activities, but there is

some indication that the whole is more than the sum of its parts.25

Focusing on the role of PDI in the oxidation pathway headed by Ero1, we

can appreciate how the kinetics of dithiol/disulfide exchange between Ero1 and

PDI evolved to promote disulfide-bond formation in downstream substrate

proteins. Ero1 has a kinetic preference for oxidation of the themodynamically

less stable a0 domain disulfide of PDI.25,26 According to redox potential alone,

the a domain, at –188mV, should be more readily oxidized than the a0 domain,

at –152mV27 (Figure 1.6.3). The kinetic preference for Ero1 oxidation of the a0

domain confers upon PDI the properties of a strong oxidant, creating an

unstable a0 disulfide that is prone to reduction. The a domain di-cysteine motif,

disfavored for oxidation by Ero1, is biased toward the free thiol form. The

presence of unfolded polypeptides may, by a mechanism not yet understood,

further decrease the rate of PDI a domain oxidation by Ero1.25 With its

comparatively low redox potential, the PDI a domain can readily act as a

nucleophile for reduction or isomerization of relatively unstable, mis-paired

disulfides in substrate proteins.

It is not known how the kinetic preference for oxidation of the thermo-

dynamically less stable PDI disulfide is established, but some insights may be

obtained from the X-ray crystallographic structure.16 In the PDI structure, the

amino terminus of the protein packs against the helix bearing the Cys–X–X–Cys

motif in the a domain, whereas in the a0 domain the helix is exposed from the

comparable direction. Packing of polypeptide against this helix was proposed to

restrict access to the second cysteine of the Cys–X–X–Cys motif,16 which may

Figure 1.6.3 The preference of Ero1 for oxidation of the PDI a0 domain creates a
strong oxidant to further the disulfide-formation cascade. A cartoon of
the PDI structure is shown with cylinders denoting helices and cysteines
in ball-and-stick representation. On the right is a diagram illustrating the
properties of the a and a0 redox-active domains of PDI in relation to Ero1
and downstream protein substrates. Di-cysteine motifs that are oxidized
readily by Ero1 because they have low redox potentials would make poor
oxidants in the next step of the disulfide-bond formation cascade. Good
oxidants must have high redox potential but nevertheless be able to
transfer electrons to Ero1. A mechanism that minimizes electron transfer
from di-cysteine motifs with low redox potential to Ero1 enables these
motifs to participate in reduction/isomerization of downstream proteins.
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hinder either formation or resolution of a mixed disulfide between Ero1 and

PDI. Presumably, the packing of the amino-terminal region against the active-

site helix in the PDI a domain plays less of a role in the kinetics of dithiol/

disulfide exchange with small disulfide-containing oxidants such as oxidized

glutathione, allowing for the low redox potential measured against glutathione

redox buffers. The PDI structure also suggests why the a domain has the lower

redox potential. An acidic residue in the vicinity of the second cysteine of the

PDI a domain Cys–X–X–Cys motif is proposed to facilitate deprotonation of

this cysteine and disulfide-bond formation,16 as does a comparable acidic residue

in thioredoxin.28 In the PDI a0 domain, however, this acidic residue is absent,

and a leucine occupies its place, consistent with the less negative redox potential

of the active site of this domain.

The yeast ER contains four other thioredoxin fold proteins that are poten-

tially active in disulfide-bond formation and rearrangement in this compart-

ment.29–32 The extent to which some of these proteins function as substrates for

Ero1 in vivo has been studied by trapping transient enzyme-substrate complexes.

Trapping is facilitated by mutating the second cysteine in the Cys–X–X–Cys

motif of putative Ero1 targets, preventing resolution of the mixed disulfides in

the Ero1-substrate dithiol/disulfide exchange process. These covalent complexes

can be recovered from whole cells by rapid acidification to protonate free thiols

and prevent disulfide formation or rearrangement during cell lysis. Solubiliza-

tion of cellular proteins at neutral pH in the presence of an alkylating agent then

irreversibly blocks the free thiols. Using this procedure, PDI and Mpd2 were

found in mixed-disulfide complexes with Ero1, but Mpd1 was not.11 The Mpd1

structure determined by X-ray crystallography reveals a stretch of polypeptide

packed against the active-site helix (unpublished data) just as in the a domain of

PDI. The presence of this feature, which putatively diminishes reactivity with

Ero1, may explain why Mpd1 (unpublished data), like the a domain of PDI, is

not a preferred Ero1 substrate. Interestingly, the oxidation rates of both PDI

and Mpd1 in vitro are dramatically accelerated by removal of a putative reg-

ulatory disulfide within Ero1, as described below, suggesting that under certain

conditions even kinetically disfavored substrates become relevant Ero1 targets.

1.6.2.3 Comparison of Ero1 with the DsbB Intramembrane

Sulfhydryl Oxidoreductase of Bacteria

The membrane-embedded sulfhydryl oxidoreductase from bacteria, DsbB, cata-

lyzes disulfide-bond formation in the periplasmic space.33 Despite a lack of

sequence conservation between DsbB and Ero1 and the lipid vs. aqueous

environments in which they function, these two proteins share remarkable

mechanistic and structural similarities. Like Ero1, DsbB has a Cys–X–X–Cys

disulfide bond adjacent to a non-covalently bound cofactor, in this case quinone

rather than FAD. DsbB also has on a periplasmic loop a second disulfide bond,

with a function analogous to that of the Ero1 shuttle disulfide. DsbB catalyzes

oxidation of DsbA, an oxidoreductase functionally comparable to PDI and a
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powerful oxidant of proteins that acquire disulfide bonds while folding in the

periplasm. Interestingly, the redox potentials of both DsbB disulfides, deter-

mined using small molecule thiol buffers, are lower than that of DsbA, sug-

gesting that oxidation of DsbA by DsbB is thermodynamically disfavored.35

DsbB has evolved a remarkable mechanistic strategy to perform the seemingly

thermodynamically ‘‘uphill’’ oxidation of DsbA, and it will be interesting to

explore whether this mechanism has any parallels in Ero1. The structure of a

DsbB/DsbA complex (Figure 1.6.4) suggests that a conformational change

occurs after reduced DsbA attacks the DsbB shuttle disulfide, which distances

the second shuttle cysteine from the intermolecular disulfide35 and prevents

the remaining DsbB shuttle cysteine from attacking the mixed disulfide and

regenerating reduced DsbA and oxidized DsbB. Instead, the mixed disulfide is

Figure 1.6.4 Structure of the DsbA–DsbB complex and mechanism to favor the
productive reaction. DsbA is shown in green with a mesh surface. DsbB
is blue with helices indicated by cylinders. The bound quinone is orange
and labeled ‘‘Q’’. Disulfides are shown in ball-and-stick representation.
The two endpoints of a periplasmic loop that could not be modeled into
the electron-density map obtained by X-ray crystallography are shown
as white squares. This loop contains the partner cysteine to that parti-
cipating in the DsbA–DsbB mixed disulfide. Although the exact struc-
ture of this loop is unknown due to poor electron density, the cysteine
residing on it cannot readily approach the intermolecular disulfide,
which is secluded in a groove in the DsbA structure. The mechanism by
which a conformational change in DsbB minimizes the unproductive
back reaction is shown schematically on the right. Cysteines are shown
as yellow balls; disulfides are indicated by a black line connecting two
yellow balls. The conformational change that brings the DsbB shuttle
cysteine participating in the mixed disulfide into the groove of DsbA
distances it from the second DsbB shuttle cysteine, favoring the pro-
ductive, forward reaction that generates a disulfide in DsbA.
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resolved by attack of the second DsbA cysteine, releasing oxidized DsbA and

reduced DsbB (Figure 1.6.4). DsbB restores its own disulfides by passing elec-

trons to the respiratory chain via the bound quinone. The relative redox

potentials of the active-site and shuttle disulfides of Ero1 are not known, so the

need for such a mechanism in Ero1 is not established. More experiments,

including structural studies of an Ero1/PDI complex, are necessary to address

whether conformational changes upon mixed disulfide formation promote di-

sulfide transfer from Ero1 to PDI.

Another mechanistic question raised in the DsbB system that may be relevant

to Ero1 is whether oxidation of DsbA occurs as a sequential or concerted

electron transfer between the cysteines in DsbA and the two cysteine pairs in

DsbB (Figure 1.6.5). The potential for simultaneous formation of mixed di-

sulfides between substrate and one of the shuttle cysteines and between the

second shuttle cysteine and the active site was raised by a study of two frag-

ments of DsbB that together reconstitute DsbB function when co-expressed.36

Covalent assemblies of DsbA and both DsbB fragments were interpreted

to reflect a coordinated process in which DsbA attacks the DsbB shuttle di-

sulfide to form a mixed disulfide, and the single freed DsbB shuttle cysteine

then attacks the DsbB active-site disulfide before the second DsbA cysteine

resolves the complex (Figure 1.6.5). The alternative to this mechanism is a

separate and complete dithiol/disulfide exchange reaction between DsbA and

the shuttle disulfide, followed by dithiol/disulfide exchange between the shuttle

and the active site (Figure 1.6.5). Although there is no evidence for formation

of simultaneous disulfides between 1) PDI and an Ero1 shuttle cysteine and

2) the second Ero1 shuttle cysteine and the Ero1 active site, intermediates in

the Ero1 reaction cycle have not been analyzed and their structures are thus

unknown.

Figure 1.6.5 Two proposed mechanistic models for oxidation of DsbA by DsbB.
The upper of the DsbB disulfides represents the shuttle disulfide, and
the lower represents the active-site disulfide adjacent to the bound qui-
none (Q). The mechanism for resolving the double mixed disulfide in the
concerted pathway is not shown. The concerted model is supported
by the observation that both fragments of ‘‘split’’ DsbB were found in
covalent association with DsbA.36 The sequential model is proposed to
be the rapid pathway for DsbA oxidation by DsbB.34,35
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1.6.2.4 Comparison of Ero1 to Erv Sulfhydryl Oxidases

To our knowledge, Ero1 has not diversified evolutionarily to catalyze disulfide-

bond formation in any context outside the early secretory pathway. Cysteine

oxidation in compartments of the cell aside from the ER (i.e., mitochondrial

intermembrane space, Golgi, cytoplasm) is accomplished by members of a

second family of eukaryotic sulfhydryl oxidases, which will be called the ‘‘Erv’’

family after a member identified and characterized early on, the protein

‘‘Essential for respiration and viability 1’’ or ‘‘Erv1’’.37

Erv sulfhydryl oxidases are flavoenzymes that share much in common with

Ero1, although a lack of sequence homology suggests these two families may

have evolved convergently.15 A Cys–X–X–Cys motif is adjacent to the FAD in

Erv enzymes as in Ero1.38 The conformations of the bound FAD molecules are

strikingly similar, especially considering that it is a non-standard configuration

for this cofactor.39 Erv enzymes also have a shuttle disulfide on a flexible segment

of polypeptide that can potentially interact alternately with external substrates

and the enzyme active site. However, the Erv sulfhydryl oxidases are typically

dimeric, and the shuttle is positioned to undergo dithiol/disulfide exchange with

the active site of the opposite subunit in the dimer. Erv enzymes have a compact,

5-helix fold in contrast to the large domain of Ero1. Interestingly, Ero1 is

described in the Structural Classification of Proteins (SCOP) database40 as

comprising two four-helix bundles within its ten helices, whereas the Erv sulf-

hydryl oxidases have two four-helix bundles and ten helices per dimer.

Due to the inherent flexibility of the polypeptide segments containing the

shuttle disulfides in Erv and Ero1 enzymes, structures determined by X-ray

crystallography represent just some of a range of possible conformations for

these regions. For the Erv family enzyme Erv2, one of the two conformations

observed crystallographically for the shuttle disulfide region is within disulfide

bonding distance of an active-site cysteine.38 In contrast, both positions for the

shuttle disulfide loop observed in the two Ero1 structures available place the

shuttle cysteines too far from the active site to form the mixed-disulfide inter-

mediate required for direct electron transfer from shuttle to active-site disulfide.

However, a superposition of the Erv2 and Ero1 structures reveals that the space

analogous to that occupied by the Erv2 shuttle disulfide as it approaches the

active site is vacant in Ero1, indicating that the Ero1 shuttle could potentially

occupy this position as well (Figure 1.6.6). The feasibility of the Ero1 shuttle

reaching the active site is consistent with the isolation of a mixed-disulfide

intermediate between the shuttle and active-site cysteines from living cells.22

1.6.3 Destination of Reducing Equivalents Derived

from Cysteine Thiol Oxidation by Ero1

Characterization of an enzyme that catalyzes disulfide-bond formation is

incomplete without an understanding of the physiologically relevant electron

acceptors in the reaction. The product of a direct two-electron reduction of
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oxygen by sulfhydryl oxidases is hydrogen peroxide, and this reaction readily

occurs with recombinant Ero1 in vitro.19 Correspondingly, in vivo experiments

have implicated Ero1 activity in the production of reactive oxygen species in the

ER of both yeast and worms.41,42 It has been demonstrated also that chro-

mophores present in solution or proteins containing metal centers are reduced

by Ero1 supplied with thiol substrates.19 This observation may explain how

Ero1 is required for protein secretion and cell survival under oxygen-depleted

conditions,18 although it does not provide specific information on the relevant

in vivo electron acceptors. The bacterial enzyme DsbB and at least some of the

Erv family proteins do not appear to use oxygen as their direct electron

acceptors in vivo. DsbB transfers electrons derived from cysteine oxidation to

the electron-transport chain,43,44 where they are used to reduce molecular

oxygen completely to water, whereas the mitochondrial Erv-type sulfhydryl

oxidases transfer electrons to cytochrome c, from which they may similarly

enter the electron transport chain.45,46

1.6.4 Regulation of Ero1 and the Maintenance

of Redox Homeostasis in the ER

Initially, mutants of Ero1 were made to determine which of the conserved

cysteines are essential for activity.5 Ero1 activity was found to depend on the

presence of the shuttle and FAD-proximal cysteines, whereas the third con-

served disulfide in the vicinity of the active site (C90–C349) was not required.

Subsequently, mutants were made in cysteines for which the conservation was

less evident, including C150–C295, the disulfide most distant from the active

site. Like C90–C349, the C150–C295 disulfide was found not to be essential for

Ero1 function in vivo. Remarkably, when tested in vitro, the C150A/C295A

mutant of Ero1 oxidized various reduced substrates much faster than did the

Figure 1.6.6 Superposition of Ero1 and Erv2. In the left panel, Ero1 (tan) and the Erv2
dimer (cyan) are superposed according to their active-site disulfides and
bound FAD. ‘‘H’’ indicates superposed helices of the four-helix bundle in
each structure. In the right panels, opaque and semi-transparent surfaces
of Ero1 are shown together with the isolated shuttle disulfide of Erv2 as it
appears in the superposition. The Ero1 shuttle cysteines may occupy a
similar position upon electron transfer to the active-site disulfide.
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wild-type enzyme.17 This result implies that not only is the C150–C295 disulfide

dispensable for Ero1 activity, it actually inhibits the enzyme. An in vitro ana-

lysis of the C90A/C349A Ero1 mutant revealed that loss of the C90–C349

disulfide also has subtle but reproducible effects on enzyme kinetics.

The potential for inhibitory disulfide bonds in Ero1 led to the realization that

wild-type Ero1 must undergo a reductive activation process to obtain maximal

activity. Ero1 activation by reducing substrates is evident from the unusual

shape of its enzyme progress curves,19 which show a slow initial enzyme

turnover prior to reaching the maximal rate for that reaction. Monitoring by

denaturing gel electrophoresis Ero1 blocked with a thiol-alkylating agent at

various stages in the reaction shows that its mobility decreases in two discrete

steps shortly after it encounters the reducing substrate.17 This decrease in

mobility reflects successive reduction of the long-range inhibitory C150–C295

and C90–C349 disulfides and the resulting change in hydrodynamic radius of

the denatured enzyme. The timing of these disulfide reductions correlates with

exit from the kinetic lag phase. Once reduced substrate has been consumed,

these Ero1 disulfides become re-oxidized, and re-oxidation correlates with a

return to the inhibited state. Thus, reduction/oxidation of long-range disulfide

bonds in Ero1 and corresponding changes in Ero1 activity appear to occur in

response to the concentration of thiols in the environment.

The importance of the capacity to regulate Ero1 activity in vivo has been

suggested by the negative impact of a de-regulated mutant (C150A/C295A) on

yeast physiology.17 Over-expression of C150A/C295A causes hyper-oxidation

of yeast cells, which is detrimental to cell growth. This growth inhibition is

alleviated by addition of a counteracting reducing agent in the growth medium.

The negative effects of the de-regulated Ero1 mutant in yeast imply that Ero1

activity is largely dampened by internal disulfide formation under normal

growth conditions.

Disulfide bonds are used as redox sensors or to stabilize specific functional

states of proteins in a variety of biological contexts, but in Ero1 the feedback

loop is particularly tight and allows for rapid changes in enzyme activity. Ero1

appears to directly sense the product of its own activity and respond on the

protein level. Explicitly, disulfide reduction by excess substrate activates Ero1

disulfide generating activity. As the thiol:disulfide ratio decreases, disulfides re-

form in the enzyme, and catalysis of disulfide formation slows. This homeostatic

mechanism complements regulation of Ero1 on the transcriptional level, which

occurs as part of the unfolded protein response. In contrast, most other cases of

redox control involve formation of a disulfide that activates the protein to per-

form a function not directly related to thiol chemistry, such as transcriptional

activation or chaperoning. For example, a complicated series of disulfide-bond

formation events activates the eukaryotic peroxide sensor and transcription

factor Yap1.47 The sugar sensor BglF in bacteria assumes a disulfide-bonded

state upon stimulation with sugar,48 which in turn activates the transcription

antiterminator of the bgl operon. Such sensors transmit information about their

redox states back to genes, and adjustments are made in the proteome via

transcription and translation.
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1.6.5 Ero1 Orthologs

Ero1 is a highly conserved eukaryotic protein, and Ero1 coding sequences

can be found in almost all eukaryotic genomes with public sequence data,

ranging from the minimalist genome of the fungi microsporidia to the expan-

ded genome of the human cell. Notable exceptions are the sequenced genomes

of several anaerobic parasitic protozoans (Enatmoeba histolytica, Trichomonas

vaginalis and Giardia lamblia), which lack an apparent ERO1 (or ERV family)

gene. Intriguingly, Giardia encodes five PDI homologs49,50 and secretes

cysteine-rich disulfide cross-linked cyst wall proteins,51 suggesting that a func-

tional homolog of Ero1 likely exists. Perhaps these divergent protozoans, which

share the ability to colonize human mucosa and persist in low-oxygen condi-

tions, contain an alternative disulfide-generating enzyme that does not favor

oxygen as an electron acceptor. Functional studies of Ero1 have focused on

Saccharomyces cerevisiae and Homo sapiens; characterization of these Ero1

proteins suggests that the mechanism and pathway used by Ero1 to facili-

tate disulfide-bond formation have been preserved throughout eukaryota.

Human and yeast Ero1 both show an activity dependent on two cysteine

pairs11,20 and facilitate disulfide-bond formation in substrate proteins using

PDI as an intermediate.52–54

Despite the overall conservation of Ero1 function, organisms are divergent

in the number of Ero1 proteins encoded within their genomes. For example,

H. sapiens encode two functional Ero1 paralogs (Ero1-La and Ero1-Lb)

whereas S. cerevisiae contain a single Ero1. The significance of two Ero1

proteins encoded in human cells is not clear. No major differences in redox

activities or substrate preference have been described between Ero1-La and

Ero1-Lb. Both human proteins are functional homologs of S. cerevisiae Ero1

and can complement the phenotypic defects of a temperature-sensitive ERO1

mutant yeast strain.55,56 However, neither human Ero1 can complement a yeast

strain with a complete disruption of ERO1, which has been attributed to the

absence of an extended carboxy-terminal region in both human Ero1s that is

present in yeast Ero1 and may mediate ER retention in yeast cells.57 Human

Ero1s appear to be retained in the ER lumen by thiol-mediated retention,

forming a mixed-disulfide bond with the PDI-like ER protein ERp44.58

The human genes do possess unique transcriptional regulatory elements, and

multiple ERO1 genes may allow human cells to modulate the oxidizing

potential of the ER under specific stress conditions.56,59 Ero1 paralogs may also

contribute to tissue specific oxidation pathways, as implied by the distinct tissue

distribution of human Ero1-La and Ero1-Lb.56

In addition to functional questions relating to the presence of Ero1 paralogs

in some organisms, many interesting evolutionary questions remain. Two

ERO1 genes are observed amongst the majority of vertebrate genomes, while a

single ERO1 gene is found in most invertebrates and fungi. However, there are

invertebrates, plants (e.g. reference 58) and fungi (e.g. reference 61) that contain

two Ero1s. With the abundance of genome sequence data continually becoming

available, it will be interesting to determine the stage in evolution when
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duplication of the ERO1 gene occurred in different eukaryotes. Intriguingly, a

comparison of the active-site motifs of Ero1 homologs has indicated that a

‘‘charged’’ b-like (referring to human Ero1-Lb) active-site motif (Cys–Asp/

Glu–Arg/Lys–Cys) is most common among Ero1 proteins. It has been pro-

posed that this charged sequence may reflect an ancestral sequence from which

the vertebrate a-like Ero1 proteins (Cys-Phe-Lys-Cys) diverged.60

1.6.6 Summary

Ero1 is the sulfhydryl oxidase responsible for setting the thiol/disulfide balance

in the ER at a level appropriate for oxidative protein folding. The character-

istically oxidizing conditions of the ER, as quantified by the ratio of oxidized to

reduced glutathione, arise from the net flow of electrons from glutathione and

cysteines in protein nascent chains to oxygen via PDI-like proteins and Ero1.

Studies of yeast Ero1 suggest that Ero1 has the capacity to modulate its activity

in response to changes in the rate of thiol import into the ER and to events or

environmental conditions that alter the levels of available oxidants or reduc-

tants. Ero1 has evolved to directly sense the level of thiol substrates in the ER

by requiring reductive activation of its sulfhydryl oxidase activity, a process

that can be mimicked in part by the mutation of cysteines participating in

regulatory disulfides distant from the enzyme active site. The essence of the

catalytic mechanism, involving electron transfer from PDI to the exposed Ero1

shuttle disulfide, and then to the active-site disulfide and FAD at the catalytic

center, appears to be shared by Ero1 enzymes from different organisms. It will

be important to determine whether the phenomenon of reductive activation is

also shared with orthologs in other species. Ero1 has features in common with

the bacterial disulfide-bond generating enzyme DsbB and the eukaryotic Erv

sulfhydryl oxidase family, such that insights into the structures and mechan-

isms of these other enzymes that catalyze disulfide-bond formation inform our

understanding of Ero1.
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CHAPTER 1.7

Eukaryotic Protein Disulfide-
isomerases and their Potential
in the Production of Disulfide-
bonded Protein Products: What
We Need to Know but Do Not!

ROBERT B. FREEDMAN

Department of Biological Sciences, University of Warwick, Coventry
CV4 7AL, UK

1.7.1 Introduction

This review will focus on what is NOT known about protein disulfide-
isomerases, rather than on what IS known.
This choice is made for two reasons. The first is because a number of excellent

recent reviews have appeared on different aspects of the topic, reflecting recent
progress in many areas. Some address general issues (e.g. reference 1) but many
have a more discrete focus e.g. the role of PDI and its homologs in the context of
protein folding and quality control in the endoplasmic reticulum (ER),2,3 the
role of PDIs in the ER in relation to that organelle’s wider functions in calcium
homeostasis and signalling,4 potential roles of PDIs in other cellular locations,5

the functions of individual PDI domains and the synergies between them,6 post-
genomic elucidation of all the members of the human PDI family and analysis of
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their potential roles,7 structures of both eukaryotic and prokaryotic PDIs and
elucidation of common features and themes,8 analysis of the specificity of PDIs
and their mechanisms of substrate recognition9 and a very recent and challen-
ging review of the relationship of biological role to structural features across the
human PDI family.10

But the second – and more significant – reason for this approach is that a
review of what is not known can highlight unsolved problems and disquieting
gaps in knowledge and hence can provide an explicit agenda for future research.
In this review, I will focus on several frustrating areas of ignorance which limit
our ability to engineer PDI in cells and subcellular systems in ways that reliably
enhance the capability of those systems to produce native disulfide-bonded
proteins.
Human and mammalian extracellular proteins – including antibodies, cyto-

kines and other serum factors – now constitute a major and rapidly growing
sector in the pharmaceuticals industry. Much effort is engaged in attempts to
produce such proteins industrially, in high yields and in an ‘‘authentic’’ state,
where ‘‘authenticity’’ refers to conformation, disulfide bonding and other post-
translational modifications, most notably glycosylation. A full knowledge of
the action of PDI in a cellular context would provide a rational basis for cell
engineering to maximize product protein yield; this can be achieved in some
cases, but not reliably or predictably. It should surely be possible to achieve
that objective on a timescale of no more than a decade. This review highlights
those areas of ignorance that are currently obstacles on the route to that
objective.
In a much earlier review,11 I identified a number of reasons why it was not

generally accepted – at that time – that PDI played a role in vivo in the forma-
tion of native disulfide bonds in secretory proteins. These reasons included:

i) no evidence of changes in the concentration or activity of the enzyme
being correlated with changes in the pattern or amount of protein
synthesis in a tissue, nothing that suggests a definite association with the
synthesis of disulfide-bonded proteins

ii) absence of clear evidence on the subcellular location of the enzyme (other
than its being concentrated in microsomal fractions)

iii) the fact that purified PDI catalyzed multiple related activities (oxido-
reductions, disulfide isomerization) and that cells contained many
enzymes which catalyzed at least some of these partial reactions

iv) inadequate quantitative information on the enzyme’s catalytic capability
and on its substrate range and specificity

v) no definite evidence for a requirement for the enzyme in vivo.

Over the subsequent few years, a considerable body of work was undertaken
that addressed issues i)–iii) with the result that it became clear that PDI is found
in the appropriate cells, at the appropriate time and in the appropriate sub-
cellular location (ER lumen) to play a key role in protein folding and post-
translational modification in the secretory pathway.12,13
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This circumstantial evidence for the cellular role of PDI accumulated at the
precise period (the latter half of the 1980s) when the concept of ‘‘molecular
chaperones’’ was gaining acceptance and so it promoted the view that PDI
should be considered as part of the cellular folding machinery alongside other
‘‘molecular chaperones’’. However there are stringent criteria for confirming
that putative ‘‘molecular chaperones’’ actually play a role in protein folding
and/or assembly in the cell (see reference 14). This required that issue v) above
be addressed by both genetic and cell biological approaches. Convincing evi-
dence to confirm this role was provided over the subsequent few years with the
findings a) that PDI can be cross-linked to nascent secretory proteins both in
intact cells and in in vitro translation/translocation systems, b) that resolution
and reconstitution of in vitro translation/translocation systems demonstrate
that PDI is required for effective disulfide-bond formation in such systems and
finally c) that the PDI1 gene is required for the in vivo production of disulfide-
bonded proteins in S. cerevisiae (reviewed in references 14 and 15).
Hence over the past 30 years, most of the gaps in knowledge of PDI that were

originally identified have been filled in. (Our knowledge of issue iv) – the full
catalytic capability of PDI – is still inadequate, but that is related to wider
issues of mechanism of action that are addressed in Section 1.7.3.4 below). Over
the same period, of course, our knowledge in other areas has advanced to such
an extent that we now ask new and more demanding questions. And these
questions expose just how limited our current knowledge of PDI is in a number
of areas that are crucial to its potential exploitation.

1.7.2 Evidence that PDI is Rate or Yield Limiting

in the Production of High-value Proteins

1.7.2.1 Oxidative Folding in vitro

Although the cellular role of PDI was formally proved by the early 1990s, some
of the most dramatic demonstrations of the significance of PDI have been
provided more recently in studies where supplementation of systems with PDI
has profoundly increased their capability for producing folded proteins with
native disulfide bonds.

1.7.2.1.1 Refolding and Post-translational Folding of

Full-length Proteins

Catalysis of disulfide-linked folding by PDI was first demonstrated in simple
model systems in vitro but has since been confirmed in more complex in vitro

systems or with more demanding substrates. Two examples illustrate this.
Bovine pancreatic trypsin inhibitor (BPTI) is one of the classic small model

proteins whose disulfide-linked folding pathway has been studied extensively.16

At an early stage, it was demonstrated that all the disulfide oxido-reductions
and isomerizations in the folding pathway were catalyzed by PDI17 and
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subsequently the catalytic effects of PDI on the rate-determining isomerization
steps were quantified.18–20 When this reaction was studied in presence of a
complex extract representing the total luminal content of the ER, catalysis of
BPTI folding was observed but quantitatively this could be fully accounted for
by the presence of PDI in the ER extract, suggesting that PDI was an effective
catalyst in these conditions but there was no synergistic effect of other ER
luminal proteins.21 This issue was also explored in studies using a cell-free
translation/translocation system;22 pre-pro-BPTI was translated in a wheat
germ lysate and co-translationally translocated into dog pancreas microsomes
in reducing conditions to generate reduced pro-BPTI within the luminal
compartment of the microsomes. On addition of oxidized glutathione, this
product folded within the luminal environment to give oxidized pro-BPTI, with
a half-time of approximately 2 minutes. Similar kinetics of oxidative folding
were observed when recombinant reduced pro-BPTI was oxidized in the test-
tube in presence of catalytic quantities of purified PDI. So, in this system,
disulfide-linked folding catalyzed by PDI alone mimics the rate observed in the
‘‘quasi-physiological’’ environment of the microsomal lumen.
Antibodies are far more complex proteins than BPTI and their oxidative

folding requires the formation of intramolecular disulfides within each domain,
and also the specific formation of a number of inter-molecular disulfides to
specify the familiar 4-chain structure. In contrast to BPTI, antibodies and their
fragments such as Fabs are classic examples of ‘‘difficult’’ proteins for in vitro

refolding, giving low yields and poor rates of formation of correct product (see
also Chapter 2.2 for reoxidation of proteins in vitro). Nevertheless, even in this
difficult case there is clear evidence of a positive effect of the addition of PDI.
PDI profoundly increased the yield of active Fab molecules after refolding of

recombinant light and heavy chains from the reduced denatured state, gen-
erating recoveries of up to 50% compared to o10% in absence of PDI; work
with truncated Fabs indicated that PDI was involved in formation of both
intramolecular and intermolecular disulfides in this system.23 This activity
appeared to combine impact on thiol:disulfide chemistry with a ‘‘chaperone’’
effect; it required unmodified active-site Cys residues in the PDI but also
required stoichiometric quantities of PDI. The presence of PDI generated high
yields of refolded Fabs over a wide range of Fab concentration and over a wide
range of redox conditions, whereas refolding yield in absence of PDI was
strongly dependent on these two variables. Specifically, in presence of PDI,
optimal recoveries of Fab activity were observed over a range of redox con-
ditions from [GSH]2/[GSSG]¼ 0.1mM to 10mM whereas in absence of PDI
there was negligible recovery of activity in relatively oxidizing conditions where
[GSH]2/[GSSG]o2mM. The presence of PDI was required from the beginning
of the refolding process suggesting that, in its absence, most of the unfolded
Fab chains were rapidly converted to a misfolded state from which they could
not be recovered by subsequent addition of PDI i.e., that there was competition
between misfolding and PDI-dependent refolding.
This competition was analyzed further in work exploring potential synergies

between PDI and the chaperone BiP, a member of the hsp70 chaperone family
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which is known to interact with immunoglobulin heavy chains in the ER lumen
of antibody-synthesizing cells. This work24 showed that there was clear synergy
between PDI and BiP in the ability to enhance the refolding of Fabs. Fur-
thermore, the presence of BiP extended the period over which PDI could exert
its enhancement effect; the ‘‘refoldability’’ of Fabs by PDI decayed with a half-
time of 10–30 s whereas in the presence of BiP this decay had a half-time of
ca. 300 s. This finding confirms a model in which BiP binding to Fab poly-
peptides maintains them in an unfolded but soluble state for a prolonged period
during which PDI is able to facilitate the formation of disulfide bonds and
associated refolding.

1.7.2.1.2 Co-translational Folding

Such work is an example of the ‘‘classical’’ approach to protein folding which
focuses on the refolding of full-length proteins from the unfolded state. It is
instructive, but in many ways it is a poor model for protein folding in the cell,
particularly for multi-domain proteins, where it is likely that completed
N-terminal domains can fold while subsequent domains are still being syn-
thesized. A more realistic model is provided by coupled cell-free transcription/
translation systems. These systems are based on E. coli S30 cell lysates and
conventionally employ strongly reducing conditions, but they have now
been modified and developed into efficient systems in which one can study
co-translational protein folding and disulfide-bond formation; they have been
shown to be capable of producing multi-domain and multi-disulfide-bonded
proteins such as antibody fragments and serum proteases.25–27

Early studies using such a system gave the first indications that they required
modification for production of disulfide-bonded proteins. It was observed that
functional scFv products with antigen-binding activity were obtained only if
disulfide formation and re-arrangement could take place during the translation
process.28 Addition of PDI led to a 3-fold increase in yield over that obtained in
the presence of simple glutathione-based redox system; by contrast addition of
DsbA had no such effect, indicating that isomerization rather than simple
oxidation activity was required. In this system, the amount of functional scFv
produced appeared to be limited entirely by correct disulfide-bond formation.
A more stringent test of the capability of these systems to produce active folded
disulfide-bonded molecules was the recent demonstration of their ability to
generate a functional intact IgG molecule comprising full-length heavy and
light chains.29 This ability was not found in unsupplemented bacterial lysates; it
was absolutely dependent on the addition of protein disulfide-isomerase
activity, either in the form of human PDI or the bacterial periplasmic protein
DsbC, which has protein disulfide-isomerase activity. In presence of either of
these additional components, yields of up to 500 ngml�1 were achieved. It was
interesting that the addition of BiP together with PDI in this system showed no
enhancement of activity over that found with PDI alone (cf. the result quoted
above). However the E. coli lysate used for transcription/translation contains
high levels of the BiP homolog DnaK, so it is probable that this functionally
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fulfills the role that BiP plays in the mammalian cell and in the in vitro refolding
study reported above.24

All this work on the folding of functional antibodies or antibody fragments
in vitro suggests that the formation of correct disulfide bonds is critical to their
productive folding and that the presence of PDI is essential for the efficiency of
this process. Very similar conclusions arise from studies on the production of
disulfide-bonded proteins in intact cells (See Table 1.7.1).

1.7.2.2 Optimizing Production of Disulfide-bonded Proteins

in Escherichia coli

Disulfide-bonded mammalian proteins characteristically form inclusion bodies
when expressed in the bacterial cytoplasm.30–32 While active protein can be
recovered from such inclusions by solubilization and unfolding followed by
controlled refolding, it would be attractive to make such proteins in the native
state in a bacterial host, exploiting the simplicity and convenience of genetic
manipulation and large-scale culture of bacteria. As discussed elsewhere in this
volume (Chapters 1.2 and 1.3), bacteria contain machinery for catalyzing
protein disulfide-bond formation and isomerization located in the periplasmic
compartment. Hence considerable research has examined the capability and
capacity of the disulfide formation machinery of the E. coli periplasm to permit
folding of high-value mammalian proteins.
Few bacterial proteins contain multiple disulfide bonds, but it is nevertheless

clear that bacteria have evolved the ability to perform the functions necessary to
ensure formation of correct disulfides in such proteins. The key bacterial iso-
merase which functionally resembles eukaryotic PDI is DsbC; its role and
properties were confirmed by the observations that isolated DsbC is highly
active in catalyzing in vitro the rate-determining isomerizations in the BPTI
oxidative folding pathway33 and that mutants in the dsbC gene display a specific
defect in vivo in the production of proteins containing multiple disulfide bonds.34

Many attempts have been made to exploit export to the bacterial periplasm as a
strategy for producing high-value disulfide-bonded mammalian proteins and
these have included studies on the ability of mammalian PDI to function effec-
tively in the environment of the periplasm. When provided with a classical bac-
terial signal sequence directing export to the periplasm, human or rat PDI can be
exported to the periplasm and can function there to complement mutants defec-
tive in the bacterial oxidoreductase DsbA.35,36 Mammalian PDI can significantly
increase the yields of active disulfide-bonded proteins exported to the periplasm,
whether these are bacterial proteins – such as alkaline phosphatase or the
degradative enzyme pectate lyase C35 – or mammalian proteins such as BPTI.36

However, it is not clear that co-expression in the periplasm together with
mammalian PDI is a universally successful strategy for optimizing production
of complex mammalian disulfide-bonded proteins. In work on periplasmic
expression of human tPA (tissue plasminogen activator), no enhancement of
yield was observed on co-expression with either rat PDI or yeast (S. cerevisiae)
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Table 1.7.1 Improvements in the yields of recombinant disulfide-bonded proteins as a result of expression in the presence of
enhanced levels of PDI.

Expression system
Added* or co-over-
expressed PDI Target protein a

Maximum yield
(various units)

Maximum yield
enhancement (fold) Ref.

E. coli cell-free Bovine* ScFv 30–48% of total ca. 4-fold 28
E. coli cell-free Human* IgG 500 ngml�1

450-fold 29
E. coli periplasm Human E. carotova pectate lyase C – 45-fold 35
E. coli periplasm Rat Bovine pancreatic trypsin

inhibitor
– 15-fold 36

S. cerevisiae Human Tick antistasin 3mg l�1
44-fold 39

S. cerevisiae S. cerevisiae Tick antistasin 16mg l�1
424-fold 39

S. cerevisiae S. cerevisiae PDGF 1.5mg l�1 10-fold 40
S. cerevisiae S. cerevisiae S. pombe acid phosphatase – 4-fold 40
S. cerevisiae Rat scFv – 2-fold 44
S. cerevisiae Rat PDI+S. cerevisiae

BiP
scFv – 8-fold 44

S. cerevisiae S. cerevisiae Transferrin 3g l�1 15-fold 46
Kluyveromyces lactis K. lactis Serum albumin – 15-fold 45
Mouse hybridoma Rat IgG 150mg l�1

o2-fold 51
Chinese Hamster
Ovary cells

Mouse IgG 23 pg cell�1day�1 +37% 53

Trichoplusia ni
(insect) cells

Mouse IgG – +80% 54

aTarget proteins are human, unless stated otherwise.
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PDI, but there was a striking enhancement of active tPA production by
co-over-expression of DsbC.37 Similarly, it has proved possible to assemble
intact full-length IgG molecules by export of both light and heavy chains to the
E. coli periplasm without any specific manipulation of the enzymes for protein
disulfide formation in the periplasm38 and titres of antibody produced by
fermentation of E. coli can exceed 100mg l�1.

1.7.2.3 Optimizing Production of Disulfide-bonded Proteins

in Saccharomyces cerevisiae

The secretory system in prokaryotes is considerably different from that in
eukaryotes and hence it is possibly not surprising that inconsistent results have
been obtained in studies of the effect of over-expression of mammalian PDIs in
the bacterial periplasm. By contrast, it might be a reasonable assumption that
over-expression of a eukaryotic PDI within the ER of a eukaryotic cell would
increase that host cell’s capacity for production of correctly disulfide-bonded
protein products. This assumption has been tested using mammalian and yeast
PDIs in various yeast species; the results have been generally positive, but only
a limited number of cases have been studied.
In the mid 1990s, two groups demonstrated that enhancing the level of PDI

in the yeast secretory pathway could increase the yield of various target het-
erologous proteins. Schulz et al.39 noted that endogenous yeast PDI levels are
low in Saccharomyces cerevisiae under the conditions in which heterologous
secretory protein production is normally induced, and they therefore tested the
effects of over-expression of either human PDI or S. cerevisiae PDI on the
production of the leech anticoagulant protein antistasin (an inhibitor of factor
Xa). Antistasin is a small highly disulfide-bonded protein – it contains 20 Cys
residues and 10 disulfide bonds in a protein comprising only 119 residues in
total – and hence it provides a stringent test of a cell’s capacity for formation of
native disulfide bonds. The effects depended on a number of factors – whether
the PDI gene was integrated or introduced in a second plasmid, the nature of
the signal sequence used to transfer the PDI into the ER, growth temperature,
culture time etc. – but in all cases the results clearly showed enhancement of
antistasin production with increases in PDI expression. In the best cases, over-
expression of human PDI enhanced antistasin production 3-fold, while over-
expression of S. cerevisiae PDI enhanced it by approximately 20-fold.
In parallel with this work, Robinson et al.40 also approached this issue,

working with cells in which an additional copy of the yeast PDI gene was
chromosomally integrated in tandem with the native gene, but with the addi-
tional copy of the gene under control of the constitutive GAPDH promoter.
This resulted in a 16-fold increase in the level of yeast PDI protein in the cells
and so these cells were used as hosts to test for enhancement of heterologous
secretory protein production. Production of the human platelet-derived growth
factor (PDGF) B dimer was 10-fold enhanced in these cells and production of a
fungal protein (Schizosaccharomyces pombe acid phosphatase) was enhanced
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4-fold. Interestingly, this group noted that attempts to increase further the
levels of PDI through over-expression of PDI from multicopy plasmids could
have detrimental effects on secretion of heterologous disulfide-bonded proteins,
possibly due to saturation of ER membrane translocation sites.
These studies did not show a clear relationship between PDI level and

enhancement of yield of heterologous disulfide-bonded proteins, and yet the
enhancements of yield were striking enough for it to be suggested that this
might be a general strategy.41,42 However, surprisingly little further work has
been reported in this field. Hayano et al.43 showed only a 50% increase in
secretion of human lysozyme from S. cerevisiae cells in which the lysozyme and
either human or yeast PDI genes had been co-integrated from yeast integrating
plasmid vectors with multi-cloning sites, compared to cells containing only
wild-type levels of yeast PDI. Shusta et al.44 took a broader approach and
investigated the secretory capacity of S. cerevisiae for single-chain antibody
fragments (scFv fragments) in the presence of over-expressed yeast BiP (Kar2p)
or rat PDI. Each of these factors separately enhanced maximal production of
scFvs and there was synergy between them so that the combined effect of the
factors together was to produce an 8-fold enhancement in yield of product
(up to 20mgml�1). Significantly these authors studied the effects of BiP
and PDI at a range of scFv expression levels ranging from low copy to ER-
saturating over-expression and observed enhanced yields at every level.
More recently, work of this kind has been extended to another yeast species,

Kluyveromyces lactis. Using strains with a single additional integrated copy of
the host PDI gene, it was demonstrated45 that the increased level of PDI
resulted in a 9-fold enhancement in the secretion of recombinant human serum
albumin (rHSA). Human serum albumin is a multi-domain protein containing
17 disulfide-bonds; it is both a challenging model protein and a high-value
protein product.
Many of the papers above also report negative results, where in specific

circumstances the introduction of one or more additional PDI genes does NOT
significantly increase the production of a specific disulfide-bonded target pro-
tein. It is probable that other cases with negative outcomes have not been
reported in the literature. Inevitably, negative results are rarely followed up and
hence we do not have a full and systematic picture of the circumstances in
which PDI over-expression can and cannot aid the production of heterologous
disulfide-bonded proteins in yeast. Even positive results may not be published
in the conventional journal literature. However recent patents indicate that
productive work is continuing in this field.46,47

1.7.2.4 Optimizing Production of Disulfide-bonded Proteins

in Mammalian and Insect Cells

Given the economic value of hybridoma-derived monoclonal antibodies
(Mabs), it is not surprising that considerable effort has been devoted to iden-
tifying and manipulating factors that might determine the yield of active Mab
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production by hybridomas and related mammalian cells (see reference 48 for a
recent review). Using a systems engineering model of the synthesis and secre-
tion of antibodies in hybridoma cells, as used in Mab production systems,
Bibila and Flickinger49,50 analyzed the sensitivity of production rate to changes
in a number of the model parameters and used the results to propose genetic
manipulation approaches to maximize the specific antibody secretion rate and
the volumetric productivity of large-scale antibody production systems. It was
recognized that the rate- and yield-determining steps for antibody production
might alter with immunoglobulin chain expression level and that at higher rates
of Mab production, the limiting steps were related to assembly and/or trans-
port of the multi-chain antibody and not dependent on the cellular levels of
heavy and light chain proteins or heavy and light chain mRNAs. By modeling
transients in the rates of key processes they showed that the step of antibody
assembly in the ER was a very good candidate for a rate-limiting step in the
antibody production pathway in fast-growing hybridoma cells. In a simulation
of increased PDI levels in the cells, they found that this resulted in proportional
increases in the rate constant for antibody assembly and an increase in the
secretion rate and final yield of Mab by 3- to 5-fold.
Attempts to test this prediction experimentally have produced a puzzling

range of outcomes. In one early study,51 a stable murine hybridoma cell line
which secreted high levels of an IgG was used as host for generating trans-
fectoma clones with inducible over-expression of rat PDI. Induction of PDI
expression led to higher yields of antibody production from these cells, both in
small volume shake-flask cultures and in a 1-l bioreactor. However, these cells
showed only a very small increase in PDI levels and there was no enhancement
of the specific antibody secretion rate. Induced cells showed greater longevity
and appeared to be productive over a longer period, suggesting that the greater
antibody yield was not directly related to the induction of PDI in these cells.
Another study52 produced surprisingly negative outcomes. This study

employed CHO (Chinese hamster ovary) cells which are widely used in the
industry because of their high production rates, human-like glycosylation
machinery and limited requirement for added proteins or serum in the culture
medium. CHO cells secreting an interleukin (IL15) and a TNF receptor:Fc
fusion protein were transformed with a vector encoding human PDI cDNA and
3- to 4-fold over-expression of the PDI was confirmed. In the IL-15 secreting
cells there was little change in the rate or level of production of IL-15, but in the
cells expressing the highly disulfide-bonded TNF receptor fusion protein, its
secretion was decreased. It was established that intracellular levels of this target
protein were considerably increased in the PDI-over-expressing cells, and that
the target protein was co-localized with PDI in the ER. This led to the con-
clusion that the over-expressed PDI was acting to retain the target protein
within the ER, rather than facilitating its folding and exit from the ER.
More recently, evidence that PDI levels in CHO cells are much lower than

those in hybridomas has led to a re-examination of the effect of over-expressing
PDI on the production of human antibodies by CHO cells. Borth et al.53

generated cell lines over-expressing human PDI and BiP (separately and
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together) and showed that increasing the level of BiP led to decreases in the
specific production rate by more than 30%, independent of whether PDI levels
were increased in parallel. However, the cells transformed with PDI cDNA
only showed a clear increase of specific antibody production rate (by 37%)
linked to a 58% increase in PDI content. In parallel with this, Borth et al.53

studied sister clones of CHO cells producing a human monoclonal antibody
which differed in antibody secretion rate despite deriving from the same
transfection; low- and high-secreting cells were obtained by cell sorting and
then amplified independently. It was found that the high-secreting cells (with a
3-fold higher secretion rate than the low-secreting cells) had a PDI content that
was 60–70% greater than that in low-secreting cells.
These studies in mammalian cells differ in many respects (host cell, culture

conditions, target protein, quantitative level of PDI over-expression) but the
contrasting results obtained make it clear that over-production of PDI is not a
simple and general fix that can engineer mammalian cells to increase their
production capacity for disulfide-bonded proteins.
Studies on insect cells expressing high-value proteins through infection with

the baculovirus expression vector system have been more limited, but they lead
to similar conclusions.54When Ig light and heavy chains were expressed in insect
cells using this system, a substantial fraction of these polypeptides were found in
an insoluble fraction, but when heterologous PDI was co-expressed, this led to
greater solubility of the chains and a higher level of secretion of assembled IgG.
Pulse chase studies suggested that the Ig chains initially moved into an insoluble
fraction but that they could be rescued and assembled into antibody in the
presence of enhanced levels of PDI. This is a promising result but it should be
remembered that baculovirus-infected insect cells are not stable; by several days
after infection, when the effects of co-expression of PDI were most apparent,
their internal architecture and host machinery are severely compromised and
their capacity for post-translational processing has deteriorated significantly.55

What emerges from all this work is that a much more sophisticated and
systems-based approach is required in order to produce a general increase in
capacity of cultured cells to produce disulfide-bonded secretory proteins. No
single factor can be identified as rate- or yield-limiting in every case and it is not
helpful to think in terms of expanding capacity at a single ‘‘bottle-neck’’. We
are led to consider a much broader approach by proteomic studies which
compare related cells which differ in secretory capacity. This was first carried
out convincingly in a study that followed B cells after stimulation by bacterial
lipopolysaccharide (LPS) which induces them to differentiate and mature
into antibody-secreting plasma cells.56 Such cells show sequential waves of
up-regulation of different, functionally related classes of proteins as they build
the metabolic machinery, protein synthesis capacity, folding machinery and
secretory capacity that are required in order to function as highly active facto-
ries for antibody production. Most ER folding catalysts and chaperones are up-
regulated in parallel, showing a consistent day-by-day increase and an average
6-fold increase over 4 days of differentiation, whereas cytosolic and mito-
chondrial chaperones are induced significantly by day 1 but then show a
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relative decline. Cytoskeletal proteins show a relative decline throughout the
period, so that by day 4 the relative abundance of ER resident proteins com-
pared to cytoskeletal proteins has increased by 15-fold compared to day 0.
What is not yet clear are the regulatory mechanisms that underlie the coordi-

nated increase in expression of PDI and other ER luminal folding factors during
the differentiation of B lymphocytes to plasma cells. The fact that this up-reg-
ulation occurs earlier in time than the increase in production of the immunoglo-
bulin chains on which these proteins will act strongly suggests that this regulation
is not based on the well-known ‘‘unfolded protein response’’ (UPR, see references
in 4) in which the presence of an excess of unfolded or misfolded proteins in the
ER activates specific signaling pathways that act on transcription factors which
modulate the levels of components of the folding and degradative pathways.
The coordination of changes in level of ER resident proteins similar to those

observed in lymphocyte differentiation has also been observed by comparing
different mouse NS0 cell lines which vary in the production rate for recombi-
nant monoclonal antibodies.57 Four homogeneous NSO cell lines differing in
specific production rate were analyzed, a large number of cellular proteins were
quantitated and it was found that ER resident molecular chaperones known to
interact directly with immunoglobulins during production and assembly, such
as PDI, BiP and endoplasmin all showed a significant increase in abundance
that correlated with increased specific antibody production rate.

1.7.3 What Limits our Ability to Enhance

the Usefulness of PDI in the Production

of High-value Proteins?

This section highlights areas of ignorance that constrain our ability to engineer
PDI itself and to engineer cells by manipulation of PDI content to make them
more effective factories for the production of challenging disulfide-bonded
proteins. These areas of ignorance relate to levels of organization that are
difficult to probe by simple methods; the spatial and temporal organization of
folding factors and other proteins that manipulate partially folded proteins in
the ER, the extent to which the various members of the PDI family in a given
eukaryote have distinct or overlapping activities and specificities, the complete
description of the flow of redox equivalents within the ER (including all the low
molecular weight oxidants and reductants, as well as all the protein redox
carriers and catalysts of electron transfer), and finally the mechanism of PDI
itself in terms of the complete cycle of its actions on a protein substrate.

1.7.3.1 Functional Organization of Chaperones and Folding

Factors in the ER

A number of complex functions relating to protein folding and targeting take
place within the ER lumen and these functions involve a large number of
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components, many of which may have multiple roles. Thus productive protein
processing in the ER lumen includes enzymes and chaperones that constitute
machinery for folding, modification (e.g. N-glycosylation, hydroxylation, sig-
nal sequence removal) and assembly. In addition to this ‘‘production’’
machinery, there is quality assurance (QA) machinery, which retains within the
ER any proteins which are not fully folded and assembled, and there is quality
control machinery which initiates the removal of such defective protein pro-
ducts for destruction (ER-associated degradation, ERAD). Any given newly
synthesized protein functionally interacts with a subset of this total machinery
in the interval between its co-translational insertion across the ER membrane
and its exit from the ER compartment, either productively along the secretory
pathway or en route to its degradation. All these functional components co-
exist together with newly synthesized proteins within an ER luminal environ-
ment that has a high total concentration of protein and hence is very crowded
at the molecular level.2,3

What is not clear is a) the extent to which there is long-term structural
organization underpinning any of these multi-component functional modules,
and b) the extent to which different ER resident proteins can function in more
than one of these functional modules (production/QA/ERAD). In principle, one
could envisage two extreme cases. In one, the ER resident proteins are effectively
immobilized into organized and spatially defined functional chains or networks
to generate a matrix through which the ‘‘substrate’’ proteins pass encountering
the relevant components of the machinery in turn. In the other, all the ER
resident proteins are highly dynamic with no long-term structural interactions,
such that they can each access any potential substrate quickly and efficiently.
There is some evidence in support of both of these contradictory models.

1.7.3.1.1 Association of PDI with Other Luminal Proteins

Cross-linking of cells producing immunoglobulin heavy chains has shown that
the unassembled and incompletely folded chains are associated with up to 10
different ER-resident proteins, all of which are known to function in protein
folding, modification and assembly.58 This set of proteins includes PDI and
other members of the PDI family including ERp72 and P5 (¼CaBP1). Other
evidence suggests that the majority of the identified ER proteins already exist as
part of a complex in the absence of newly synthesized Ig H chain, although the
presence of PDI in this pre-existing complex is less certain.
Evidence in favor of a muchmore dynamic situation in the ER was obtained by

fluorescence studies of the diffusion of GFP-probes within the ER.59 ER-targeted
GFP was freely mobile in the ER lumen of fibroblasts, with an effective diffusion
coefficient of approximately 10micron2 s�1 and this value was not significantly
altered by changes in the functional state of the ER induced by addition of
puromycin, which inhibits release of newly synthesized proteins, or castano-
spermine, which blocks processing of N-glycosylated groups. When GFP was
attached to a soluble ER-located chaperone (calreticulin), this considerably larger
protein was less mobile with an effective diffusion co-efficient of 1.3micron2 s�1,
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but this value was increased by puromycin treatment and decreased by castano-
spermine treatment, implying that the dynamics of the chaperone were altered
by changes in its functional interactions. In all conditions, calreticulin-GFP dif-
fused considerably more freely than OST, the oligosaccharyltransferase which
transfers preformed oligosaccharide to asparagine residues on nascent proteins
and is known to be associated firmly with the translocation machinery. It is not
clear if these measurements of in vivo protein dynamics are inconsistent with the
finding of a pre-existing complex of several other chaperones and there is not
sufficient broad-based evidence on this question to resolve the issues fully.
In the case of PDI itself, we know that it can form long-term associations

with other polypeptides because it is found as a permanent functional com-
ponent in two ER-located proteins, the prolyl-4-hydroxylase and microsomal
triglyceride transfer protein (see references 13 and 14). We also know that PDI
and other chaperones such as BiP and a cyclophilin-type prolyl-peptidyl-
cis/trans-isomerase (PPI) can be found simultaneously in association with some
newly synthesized proteins, such as immunoglobulins, but we do not know
whether these factors are separately bound to the ‘‘substrate’’ protein or if they
bind as a complex. Indeed there is some evidence in yeast, that a pre-existing
complex of PDI and BiP may be dissociated by the presence of newly trans-
located nascent proteins.60

1.7.3.1.2 PDI and the Retro-translocation Machinery

There is also evidence that PDI is a member not just of the ‘‘production’’
machinery, but also of the ‘‘quality control’’ machinery which prepares mis-
folded proteins for ‘‘dislocation’’ through the ER translocon prior to their
degradation in the cytoplasm. A very careful analysis of the sequential events in
the biosynthesis and degradation of BACE457, a pancreas isoform of human
beta-secretase, in human embryonic kidney cells (HEK293 cells) showed that
this protein folds very inefficiently and mapped the states and interactions it
passed through prior to its ‘‘dislocation’’ from the ER.61 Misfolded BACE457
polypeptides dissociate from calnexin and form extensively disulfide-bonded
complexes with PDI and BiP before reduction and dislocation. The data sug-
gest that PDI is involved both in attempts to fold and form native disulfides in
the substrate protein, and also later during reduction of intra- and inter-
molecular disulfides, to prepare misfolded BACE457 for dislocation. The fully
reduced protein is associated with PDI at the final stage before it disappears
from the ER and hence there may be direct transfer of PDI-bound unfolded
protein to the translocation machinery for return to the cytosol both in
mammalian and yeast cells.60,61

This ability of PDI to function in reduction and dislocation events in the ER
is relevant to the mechanism of action of some protein toxins. Ricin is a plant-
derived protein comprising disulfide-linked A and B chains that is highly toxic
to mammalian cells. The B chain directs the holotoxin to cell-surface receptors
and mediates its retrotransport along the secretory pathway to the ER lumen,
from which the A chain is translocated via the ER translocon to the cytosol
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where it exerts its toxic effects on cytosolic ribosomes. In mammalian cells
transfected to synthesize ricin B chain, the presence of an excess of free B chains
in the ER protects these cells from ricin toxicity, implying that the excess B
chains exchange with incoming holotoxin, preventing liberation of free A
chains.62 The newly synthesized B chains are found to be associated with PDI,
and it was observed that in vitro PDI could catalyze exchange between intact
toxin and free B chains. These findings imply that in normally infected cells,
PDI plays the key role of reducing the interchain disulfide bond, liberating the
A chain for subsequent translocation from the ER to the cytosol; this activity of
PDI has been confirmed in vitro.62

Results leading to a similar conclusion were reached in work on the
mechanism of cholera toxin translocation to the cytoplasm. Cholera toxin
comprises an A monomer non-covalently associated with a B chain pentamer;
the A monomer is cleaved after secretion to generate A1 and A2 chains linked
by a disulfide bond. As for ricin, cholera toxin is retrotransported through the
secretory pathway of the target cell to the ER, and the reduction of the inter-A-
chain disulfide in the ER is required to liberate the toxic A1 chain which then
translocates to the cytosol to deliver its toxic effect. The A1–A2 disulfide bond
is relatively unstable so that it can be reduced in the relatively oxidizing redox
environment in the ER and this process is catalyzed by PDI in vitro.63 Fur-
thermore, there is evidence that cholera toxin is a substrate for reduction by
PDI in intact intestinal cells and that this process occurs in the ER.64 In a recent
study,65 it was observed that in cells in which the level of PDI was down-
regulated by RNAi methodology, there was a reduction in transport of A1
chain to the cytosol, implying a role for PDI in this transport in normal cells.
Furthermore, it was shown that over-expression of PDI stimulated the degra-
dation via ERAD of a misfolded form of thyroglobulin. Both these lines of
evidence imply that PDI in the ER is involved in presenting misfolded and
unfolded proteins to the retrotranslocation machinery. In the case of cholera
toxin,65 there is also evidence that PDI-mediated reduction and unfolding of
the protein is a necessary preliminary to retrotranslocation to the cytosol.
Taken together, this evidence suggests that PDI can interact functionally with

a large number of other elements of the ER machinery, both in the productive
pathway and also in the quality control pathway. However there is no evidence
for long-term structural association with other components of this machinery,
except in the well-defined hetero-oligomeric proteins prolyl-4-hydroxylase and
microsomal triglyceride transfer protein.

1.7.3.2 Functional Significance of the Existence of Multiple

Members of the PDI Family

For nearly 20 years it has been apparent that mammalian cells contain not just
a single PDI, but also other proteins closely homologous in sequence to the
‘‘classic’’ enzyme first characterized in the 1960s and 1970s. By 1994, mam-
malian genes and gene products had been identified that represented 4 different
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homologs (PDI, ERp72, ERp60 – now known as ERp57 – and P5; see refer-
ences in ref. 15), whereas 6 different human PDI family members were identified
in a 1999 review.66 This was further expanded by the publication of complete
genome sequences, so that by 2005 a total of 14 human homologs had been
published and a further 3 identified from sequences in public databases.7 The
most recent review10 has added a further two family members (Hag2 and Hag3)
and discusses a family that is now thought to contain 19 distinct human genes.

1.7.3.2.1 Deductions from Protein Sequence

Of these 19, 15 appear to encode soluble proteins that contain ER-signal
sequences and C-terminal sequences that are potential ER-retention motifs,
although some are divergent from the classical –KDEL or –KEEL. The other 4
contain probable membrane-spanning sequences. All are thought to be located
within the ER, although it is possible that some move into more distal com-
partments of the secretory pathway.
Of the total of 19 human proteins, 12 contain 1 or more domains homo-

logous to thioredoxin and with a classic active site dithiol motif ..CxxC..
Within this subset of 12, 4 contain only 1 ..CxxC.. domain (ERp18, TMX,
TMX3 and TMX4), a further 4 contain 2 ..CxxC.. domains (PDI, ERp57,
PDIp and P5), while 3 contain 3 ..CxxC.. domains (ERp72, ERp46 and PDIr)
and 1 contains 4 such domains (ERdj5). The remaining 7 family members that
lack the ..CxxC.. motif include 3 which contain thioredoxin-like domains where
the ‘‘active-site’’ sequence is of the form ..CxxS.. (Hag3, Hag2, ERp44), a
further 2 in which the corresponding sequences are of the form ..SxxC..
(PDILT, TMX2) and a final 2 which lack any such motif and are defined as
family members because of their overall homology to PDI b domains (ERp27,
ERp28/29).
Although the cellular functions of many of these proteins have not yet been

defined, and only a subset has been expressed, purified and characterized in
terms of chemical and enzymological properties, their redox, catalytic and
binding properties will necessarily be constrained by these features of their
amino acid sequence. Thus domains with the classic ..CxxC.. motif can alter-
nate between the dithiol state and the disulfide state and hence proteins with
these domains can act directly as redox components in two-electron-transfer
reactions i.e. they can be net oxidants and reductants as well as acting as cata-
lysts of oxidoreductions and disulfide isomerizations. On the basis of our
knowledge of the mechanism of action of thioredoxins and DsbAs, we know
that steric and electronic factors influence the pK and reactivity of the more
N-terminal Cys residue in the ..CxxC.. motif. Hence we can infer that in
domains of PDIs with the active-site sequence ..CxxS.. the single Cys residue
can act as a nucleophile to break a pre-existing disulfide in a protein or low
molecular weight substrate. Such domains therefore have the potential to act as
catalysts of oxidoreductions in presence of excess of another thiol, dithiol
or disulfide, and also have the potential to act as catalysts of isomerizations in
the absence of any additional component. Properties of active sites with the
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sequence ..SxxC.. are less readily predicted; such sites could form disulfide
bonds with partner proteins, but it is likely that the thiol group in this active site
is less reactive both as an attacking nucleophile and as a leaving group than that
in an active site of the sequence ..CxxS.. Domains that lack any ..CxxC..-like
motif will not be active in thiol–disulfide interchange chemistry and are likely to
function only in non-covalent binding interactions.
Prediction of functional role also requires some understanding of the ligand

binding properties of PDIs. It is known67 that although other domains con-
tribute to substrate binding, the principal binding site in PDI for peptides and
unfolded proteins is provided by the b0 domain, and that this domain is
required for isomerization activity towards protein substrates.68 Thus functions
that require binding of unfolded or misfolded substrates, rather than simple
oxidoreductions, will be dependent on the presence of such a domain, which is
found in ERp27, ERp44, ERp57, PDI, PDIp, PDILT, ERp72 and TMX3.
On the basis of analyses of this kind plus detailed analysis of the structural

determinants of active site reactivity (e.g. reference 69; See section 1.7.3.4),
Ellgaard and Ruddock,7 predicted potential activities of members of the human
PDI family. Extending that analysis to include new information,10 one would
predict a) that PDI, PDIp, ERp57, ERp72 and TMX3, which have canonical
active-sites plus a b0-type domain, will have activity as protein disulfide-
isomerases, b) that P5, ERp46 and possibly TMX would function as effective
oxidants, c) that ERdj5 would act primarily as a reductant and d) that ERp18,
PDIr and TMX4 would be relatively inactive in thiol–disulfide oxidoreductions
because of the lack of certain key residues essential for the catalytic mechanism.

1.7.3.2.2 Evidence for the in vivo Roles of Human PDIs

Very few of these a priori predictions have been tested at the level of identifying
these activities in the intact cell. For a few members of the family, particularly
ERp57 and ERp44, some well-defined interactions with cellular substrates have
been identified. There is also limited information concerning ERp72 and
ERp28/29, but little can be said about most of the other family members. In
most cases it is possible to infer that one particular PDI family member is
‘‘acting on’’ a particular cellular substrate protein, but it is much harder to
identify the nature of that action. The data have been comprehensively
reviewed up to 2007 by Appenzeller-Herzog and Ellgaard.10

The interaction of ERp57 with the glycoprotein-specific chaperones calnexin
and calreticulin is well established,70 and has now been characterized structu-
rally.71–75 This interaction allows this member of the PDI family to bind to
newly synthesized N-glycosylated proteins and this interaction has been clearly
demonstrated in a number of cases. Appenzeller-Herzog and Ellgaard10 list
evidence that, within this complex, ERp57 can act in the oxidative folding of
immunoglobulin domains of MHC class I heavy chains and their homologs,
and of thyroglobulin, Semliki Forest virus glycoprotein p62 and melanocyte
tyrosinase. It is also involved in the multi-component complex required for
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loading peptides onto MHC class I molecules for presentation at the cell sur-
face, in which a stable disulfide bond is formed between the a domain active site
of ERp57 and tapasin, another component of the peptide loading complex.76

Within the complex, ERp57 and also PDI itself are involved in the reduction of
a disulfide bond in one of the domains of the MHC heavy chain,77–79 a process
which is key to the selection of high-affinity peptides. A mutational trap
approach to generate long-lived disulfide-bonded linkages between ERp57 and
substrates, combined with proteomics, has identified a large number of other
potential cellular substrates of Erp57.80 In all, 26 different proteins were
identified, many of which contained small disulfide-rich domains such as the
EGF domain. Mutational trapping of this kind cannot identify proteins on the
productive oxidative folding pathway, only non-productive kinetically trapped
species or proteins that are being reduced by ERp57 or being isomerized by
cycles of reduction and oxidation.7 Nevertheless, this is a useful approach and
generates specific candidate substrates for further study.
A few in vivo substrates for ERp72 have been proposed on the basis of cross-

linking (see references in 10) but interpretation is complicated by the fact that
ERp72 can be cross-linked into the large multi-component chaperone complex
described above (Section 1.7.3.1) and hence specific substrate interactions with
ERp72 cannot be proven. The b0 domain of ERp72 resembles that of ERp57,7

and it does not readily bind model peptides in vitro like PDI,84 but there is no
evidence that ERp72 can interact with calreticulin or calnexin as observed for
ERp57.85 There is some evidence that ERp72 prevents dislocation of misfolded
proteins from the ER to the cytoplasm and that in this respect it has the
opposite action to that of PDI.65

PDI, ERp57 and ERp72 are observed in many cell types, whereas PDIp has a
very restricted tissue-specific expression in the pancreas and brain. Its specificity
for binding peptides is very well defined (see references in ref. 6) and in an in

vitro translation/translocation system containing dog pancreas microsomes,
many nascent proteins can be readily cross-linked to the PDIp present in these
microsomal vesicles.86,87 It is assumed that this tissue-specific PDI plays a role
in the biosynthesis of disulfide-bonded proteins specific to the pancreas such as
digestive enzymes, but there is no direct evidence for this.
The well-defined cellular role of ERp44 is to form long-term disulfide bonds

with nascent and incompletely folded proteins and hence to effect ‘‘thiol-
mediated retention’’ of such proteins in the ER.81–83 The proteins retained by
this mechanism include proteins destined for secretion such as Ig chains
including the J chain, and components of adiponectin; in both these cases,
ERp44 appears to be mediating the assembly of multimeric disulfide-bonded
proteins. But other proteins are retained by binding to ERp44 including Ero-1,
the source of oxidizing equivalents in the ER (see Section 1.7.3.3.2) and this
may be the mechanism by which Ero-1 and possibly other endogenous proteins
are retained within the ER compartment.
ERp28/29 is a family member with no active site thiol or dithiol groups and

has no well-defined function in mammals, but it is homologous to a D. melano-

gaster protein, Wind, which has a well-defined in vivo function in ensuring the
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export from the ER of a key Golgi-located enzyme Pipe.88 Rat ERp29 has been
purified and its structural and functional properties are beginning to be
defined89,90 but – as yet – no in vitro activity relevant to protein maturation in
the ER has been identified. Both rat ERp29 and D. melanogaster Wind com-
prise a b-type PDI domain and a C-terminal all-helical domain that is termed a
D domain, and both dimerize via interactions between b domains.88–90 The
structure of Wind has been determined by X-ray diffraction88 and there is
currently very active work defining potential peptide binding sites in both the b
and D domains.91,92

Erp18 and ERp27 are both relatively recently defined members of the family
for which no function has yet been ascribed, but it is known that ERp18 has
weak isomerase activity,93 while ERp27 has a functional binding site for
unfolded proteins located primarily in its b0 domain.94

1.7.3.2.3 The PDI Family in Other Species

The previous section focused on the roles of the 19 human PDI family mem-
bers, but it is clear that expansion of the PDI family has taken place repeatedly
through evolution. The genome of Saccharomyces cerevisiae contains the one
PDI1 gene that has been discussed previously (see references 39–43) which is
essential for viability;95 the gene product PDI1p is clearly a homolog of
mammalian PDI in terms of the number and order of its domains although
there are a number of significant differences at the sequence level. But S. cer-
evisiae also contains four other non-essential homologs, which are normally
expressed to much lower levels than that of PDI1p, but whose over-expression
can to some extent complement deletion or disruption of the PDI1 gene.96 Of
these, the gene products Mpd1p and Mpd2p each contain a single putative
thioredoxin domain with the active-site sequence ..CxxC.. but neither is
obviously homologous in overall architecture to any member of the human
PDI family. Over-expression of Mpd1p can functionally replace PDI1p and
restores viability to a pdi1-deleted strain in the absence of any of the other
members of the family. Eug1p protein has an overall domain architecture
similar to PDI1p and mammalian PDI but the active-site residues in its a-type
domains have the sequence ..CxHS.. Over-expression of Eug1p can rescue the
viability of a PDI-deleted strain, but only in the presence of wild-type levels of
Mpd1p and Mpd2p. Pdi1p, MPD1p, Mpd2p and Eug1p all contain the
canonical yeast ER-retention signal, namely –HDEL, at the C-terminus. There
is also a further homolog Eps1p; this is a 700-residue protein which contains a
single a-type domain with the active-site sequence ..CPHC.. (identical to that in
bacterial DsbA), and a C-terminal transmembrane sequence. The function of
this protein is not well defined.
There has been some debate over the functions of PDI1p in yeast and the

nature of the function that is essential for viability. This has been explored by
exploiting recombinant PDI mutants and domains whose catalytic properties
can be defined in vitro and testing their ability to complement yeast lacking the
functional pdi1 gene.97–99 Mutants lacking the C-terminal Cys residue in an
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active-site motif are able to restore function implying that the principal role of
yeast PDI is in isomerization reactions,97 specifically the correction of non-
native disulfide bonds which certainly form in yeast.98 However, account needs
to be taken of the capabilities of the other members of the family in yeast;
taking account of this, it has been shown that high levels of oxidoreductase
activity (possibly 50–60% of those in wild-type yeast) are essential for yeast
survival and growth, whereas only 5–6% of wild-type isomerase activity is
essential for growth, although higher levels of isomerase activity are essential
for folding and secretion of some (non-essential) disulfide-bonded proteins.99

The overall evolution of the PDI family has been analyzed100,101 and in
addition to mammals and yeasts, the number of family members has been
established in flowering plants.102 A genome-wide search of the Arabidopsis

thaliana genome identified 104 genes encoding proteins with thioredoxin-like
domains which included 22 PDI-like proteins that are orthologs of known PDIs.
A similar 19-member family was identified in rice (Oryza sativa) and a 22-member
family in maize (Zea mays). Detailed analysis of the sequences of these PDI-like
proteins allowed them to be classified into 10 broad groups of which 5 resemble
the canonical mammalian PDI, with two thioredoxin-like domains, while two
others resembled the simpler Mpd1p and Mpd2p proteins found in yeast.

1.7.3.3 Functional Organization of the Flow of Redox

Equivalents to Newly Synthesized Proteins in the ER:

Linear Electron Transfer Chain or Network?

We have inadequate information on whether there are functionally significant
structural interactions between the multiple components of the protein folding
machinery in the ER (Section 1.7.3.1) and also limited information on the
specific cellular roles of many of the multiple members of the PDI family
(Section 1.7.3.2). These gaps in knowledge present us with an acute problem
when we attempt to give an account of electron transfer within the ER lumen
and of the flow of oxidizing equivalents to form disulfide bonds in newly
synthesized proteins.
The classical electron-transfer chain of the mitochondrial inner membrane

provides an instructive contrast. In that case, a variety of valuable tools was
employed to determine the sequence of electron carriers and their interactions:
i) the electron carriers are mainly membrane-bound, so that the membrane can
be specifically dissociated into functional modules each comprising a series of
carriers corresponding to a sequential set, ii) most of the carriers have intrinsic
redox-state-dependent spectroscopic signals which allow their redox states to
be determined without ‘‘trapping’’ or other external perturbation, iii) a variety
of inhibitors is available that block electron-transfer at specific steps, allowing
the detection of the redox status of carriers upstream and downstream of the
block and iv) a variety of artificial electron donors and acceptors is available
that interact at specific and well-defined intermediate points in the electron-
transfer chain.
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No comparable tools are available currently in relation to redox transfer
within the ER lumen. Furthermore, given the number of components involved,
there are no grounds a priori for expecting the ER system to comprise a simple
linear chain of redox carriers (in which each component interacts with a
maximum of two others); rather, a network of interactions might be anticipated
in which any one component may accept electrons from more than one source
and/or donate them to more than one recipient. In such circumstances, genetic
approaches provide some important information, but the redundancy of
components and the presence of alternative pathways make it difficult to assess
roles and fluxes in the wild-type cell since pathways that are insignificant in
wild-type cells may become significant in the presence of mutations.

1.7.3.3.1 Sources of Reducing Power (Electron Donors)

and Redox Buffering

In cells actively synthesizing and secreting disulfide-bonded proteins, a major
source of reducing power in the ER lumen is the nascent chains themselves;
they contain cysteine (CysSH) residues that are incorporated by the protein
synthesis machinery in the cytoplasm and are translocated across the ER
membrane in this form. While this has been clear for many years, it is now also
apparent that there is a further major source of reducing power delivered to the
ER lumen, namely reduced glutathione (GSH), which is transported across the
ER membrane by a bi-directional saturable transporter that is inhibited by
anion-transport blockers.103 This system does not transport the oxidized form
of glutathione (GSSG) and hence must be regarded as a specific source of
reducing equivalents.
The molecular identity of the ER-located GSH-transporter has not been

established; however, a bacterial glutathione transporter has recently been
identified in E. coli (CydDC) which is a heterodimeric ATP-binding-cassette
transporter similar to the cystic fibrosis transmembrane conductance regulator
(CFTR) in mammalian cells.104 This bacterial transporter was first identified as
a potential transporter of cysteine, but it transports GSH several-fold more
rapidly than cysteine; like the ER membrane system, CydDC does not trans-
port GSSG. It is possible that the ER-located GSH-transporter is also a
member of the ABC-transporter family homologous to CFTR. It also seems
probable that there is a broad analogy between periplasm and ER lumen in that
both the bacterial periplasm and the ER lumen experience a flux of reduced
proteins and GSH from the cytoplasm into the more oxidizing environment of
a secretory compartment.
There is no published information on the status and concentration of forms

of glutathione in the periplasm. However, the nature of the glutathione pool
within the ER was characterized in a classic study that attempted to determine
the GSH:GSSG ratio in the secretory pathway of living cells. Hwang et al.105

used a radiolabeled Cys-containing N-glycosylatable tetrapeptide as an indica-
tor of redox status within the secretory pathway. Cultured cells were incubated
with radiolabeled acetyl-NYTC-amide and were then lysed in conditions that
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preserved the cellular redox state. Only peptide that had been transported to
the ER would have become N-glycosylated and so this glycosylated fraction
was isolated and its redox status analyzed by using HPLC to quantitate the
forms of the labeled glycopeptides. By this approach, Hwang et al., established
both that glutathione is the principal redox buffer in the secretory pathway and
that the ratio of GSH:GSSG was in the range 1:1 to 3:1, a ratio many times
more oxidizing than that of the cytoplasm and corresponding to a redox
potential in the secretory pathway of approximately –170mV.
This work only considered low-molecular-weight thiols and disulfides, did

not measure the total glutathione content of the ER lumen and took no account
of the significance of protein-SSG mixed disulfides as contributors to the pool
of oxidized glutathione and to the overall redox state of the ER lumen.
However, the glutathione pool in the ER is known to comprise GSH, GSSG
and glutathionylated proteins (i.e. protein-SSG mixed disulfides). Early studies
suggested the presence of high levels of glutathionylated protein within
microsomal fractions from mammalian tissues106,107 and this has been con-
firmed more recently in a study108 which reported that the glutathione pool in
the lumen of rat liver ER is at a total concentration in the range 6–10mM and
that the various forms are in the ratios 3 GSH:1 GSSG:5 GSS-protein. This
result is consistent with – but extends – the results of Hwang et al.105 and
emphasizes that protein-bound glutathione must be considered an important
contributor to the overall pool of glutathione in the ER, to its redox buffering
capacity and to its overall oxidizing redox potential.
None of this work addressed the sources of oxidizing equivalents in the ER

lumen nor the pathways by which oxidizing equivalents are delivered to
establish the oxidized redox status of luminal glutathione. Hwang et al.
speculated that there might be preferential transport of GSSG from the cyto-
plasm, but that work predated the characterization of the ER membrane GSH
transporter discussed above. In view of the apparent preferential transport of
GSH over GSSG, it has to be concluded that the oxidized thiol–disulfide redox
state in the ER lumen is the consequence of an oxidative enzyme system
operating in the ER.

1.7.3.3.2 Sources of Oxidizing Equivalents for Protein

Disulfide Formation

It has been clear for many years that PDI (alone) cannot be this oxidative
enzyme system. The basic action of PDI is as a catalyst of thiol–disulfide
interchange; it is an oxidoreductase that effectively transfers redox equivalents
between a disulfide species as donor and a reduced (thiol or dithiol) acceptor.
Depending on the other species present and their concentrations, this oxido-
reductase activity can lead to net protein oxidation (in presence of an oxidant
and a reduced protein), a net protein reduction (in presence of a reductant and
a protein with poorly stable disulfide bonds, such as insulin) or net protein
disulfide isomerization (which may involve distinct oxidation and reduction
steps but may alternatively be a direct isomerization) (Figure 1.7.1).
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Although PDI is an oxidoreductase it is NOT an oxidase i.e. it does not
operate effectively with molecular oxygen as the oxidant. This is a matter of
definition rather than mechanism and the point is succinctly and authoritatively
addressed elsewhere.109 (note, however, that much of the recent literature uses
the term ‘‘oxidase’’ incorrectly to refer either to reactions in which PDI func-
tions as a catalytic oxidoreductase with an oxidant other than molecular oxy-
gen, or to stoichiometric actions in which it functions as a net oxidant. PDI and
members of the PDI family CAN act as stoichiometric oxidants to introduce
disulfide bonds into substrate proteins, but continuous turnover would then
require re-oxidation of the PDI by a distinct oxidant).
Since PDI is NOT an oxidase and cannot transfer electrons to molecular

oxygen, there was much speculation in the early literature about alternative
potential sources of oxidation for nascent proteins in the ER, mostly with the
assumption that molecular oxygen would be the ultimate oxidant, but propo-
sing various candidates (flavins, quinones, low-molecular-weight disulfides,
etc.) as proximate oxidants that would either oxidize the proteins directly (with

Ai HS-T-SH + PDI(SS) → HS-T-SS-PDI-SH → T(SS) + HS-PDI-SH 

Aii E(SS) + HS-PDI-SH → HS-E-SS-PDI-SH → HS-E-SH + PDI(SS)  

Aiii GSSG + HS-PDI-SH → GSH + GSS-PDI-SH → 2 GSH + PDI(SS) 

Bi T (SS) + HS-PDI-SH → HS-T-SS-PDI-SH → HS-T-SH + PDI(SS) 

Bii PDI(SS) + 2 GSH → GSS-PDI-SH + GSH → HS-PDI-SH + GSSG 

C HS*-T(S^S) + HS-PDI-SH→ 
HS*-T(S^H)SS-PDI-SH→ 

                                HS^-T(S*S) + HS-PDI-SH

Figure 1.7.1 All PDI-catalyzed reactions are thiol–disulfide oxidoreductions.
A: Net oxidation of reduced target protein (T) as in biosynthesis of
protein disulfides. Ai Oxidation of target protein dithiol by oxidized
PDI; Aii re-oxidation of reduced PDI by a redox-active disulfide within
an Ero or QSOX protein (E); Aiii re-oxidation of reduced PDI by glu-
tathione disulfide.
B: Net reduction of oxidized target protein (e.g. as in reduction of retro-
translocating toxin proteins, or prior to ERAD of mis-oxidized proteins,
or in reduction step of reduction/oxidation mechanism for correction of
mis-oxidized proteins). Bi Reduction of target protein disulfide by reduced
PDI (reverse of step Ai); Bii reduction of oxidized PDI by glutathione
(reverse of step Aiii).
C: Net disulfide isomerization of target protein; note that one Cys residue,
marked as HS*, is converted from the thiol to disulfide and that another,
marked as �S^, is converted from the disulfide to the thiol state; however
the net redox state of the target protein is unchanged.
Note: thiols are shown as –SH throughout, although the reactive group in
every case is the thiolate anion.
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PDI functioning purely as an isomerase) or re-oxidize PDI that had acted as
immediate oxidant of the nascent protein (for references to earlier literature see
references 105, 110 and 111).
These earlier speculations have been made redundant in the past ten years by

the substantial and convincing bodies of work carried out on intracellular
sulfhydryl oxidases, particularly the Ero family. These enzymes are dealt with
authoritatively elsewhere in this volume (see Chapters 1.5 and 1.6) and so only
key issues and results will be highlighted here.
Genetic and structural work on ero1 from S. cerevisiae and its gene product

Ero1p have established that it is an essential component of the machinery of
protein disulfide formation in the yeast ER and that it can act directly as an
oxidant of PDI. It is therefore proposed that the core system for protein di-
sulfide formation in the yeast ER comprises transfer of oxidizing equivalents
from molecular oxygen via Ero1p to PDI and thence to reduced proteins.
Aspects of the biochemistry of the system can be inferred from the crystal
structure of Ero1p (see Chapter 1.6) but it should be noted that many details of
the mechanism have not been explored in detail because of the lack of a good in

vitro system for the Ero1p-dependent and PDI-dependent oxidation of reduced
proteins. It should also be noted that the action of Ero1p generates stoichio-
metric quantities of hydrogen peroxide,112 which may itself have oxidative roles
via other pathways which have not yet been defined.
Despite these limitations, the structure of Ero1p persuasively suggests that it

functions like other flavin-dependent oxidases in delivering electrons to mole-
cular oxygen via the flavin moiety; in this case, a redox-active dithiol/disulfide
group on a flexible part of the Ero1p molecule acts as an electron acceptor from
a protein dithiol of PDI (becoming itself reduced while oxidizing PDI to the
disulfide state), and then further transfers these electrons to another dithiol/
disulfide group located close to the flavin moiety, which passes the electrons on
to the flavin and thence to molecular oxygen. All the steps in the pathway from
nascent protein are represented here as protein-dithiol/protein-disulfide oxi-
doreductions until the electrons are transferred to flavin within Ero1p itself.
It has also been established genetically that the Ero1 system in yeast can

effect net transfer of oxidizing equivalents to reduced glutathione113 and a
similar conclusion has been drawn from cell biological and biochemical work
on semi-permeabilized Hela cells.114 However the lack of good in vitro assay
systems for reconstituting this pathway makes it difficult to establish at what
points GSH/GSSG interacts with other components of the system. For the
same reason, there is also limited information on the protein substrates that can
be oxidized by Ero1p, although mutational trapping experiments implicate
both Pdi1p and Mdp2 as substrates of Ero1p in S. cerevisiae (see Chapter 1.6).
Similarly, there is no good information as to which members of the mammalian
PDI family can be oxidized directly by the mammalian Eros Ero1a and Ero1b.
If a PDI homolog cannot interact directly to be oxidized by an Ero protein,
then it must either be oxidized by a different member of the PDI family, or
conceivably by another redox component which is itself oxidized by an Ero or a
PDI. Multiple system components imply multiple potential pathways.
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At this point it is clear that in both yeast and mammalian cells, Ero proteins
can provide oxidizing equivalents to the ER lumen ultimately leading to the
formation of protein disulfide bonds, and that GSH is an important source of
reducing equivalents to the ER lumen. But the full pathways involved have not
been established and the complexity of possible redox pathways linking these
net donors and acceptors has been emphasized by Chakravarthi et al.115 and
elsewhere in this volume (see Chapter 1.5).
Furthermore, Ero proteins are not the only plausible sources of oxidizing

equivalents in the ER lumen. Considerable progress has been made in analyzing
the action and role of a distinct family of flavin-dependent sulfhydryl oxidases,
the Erv and QSOX families (see references 109 and 116), which are located in
the secretory pathway and can use molecular oxygen to oxidize dithiol con-
taining substrates including proteins. Erv proteins such as yeast Erv2p contain
a redox-active FAD located close to protein disulfides in an arrangement
similar to that found in Ero1p (although lack of sequence homology suggests
that Erv and Ero proteins are the result of convergent evolution, see Chapter
1.6). Oxidizing equivalents from oxygen are transferred to the flavin of Erv
proteins and then to two cysteines of the Erv protein that can form a disulfide
which is presumed to transfer oxidizing equivalents to exogenous protein
substrates. By contrast, QSOX sulfhydryl oxidases are more complex, con-
taining a redox-active thioredoxin-like domain similar to those found in PDI,
plus a linker domain and an Erv domain. This suggests that QSOX sulfhydryl
oxidases operate analogously to Erv enzymes except that oxidizing equivalents
are finally transferred within the QSOX to the trx domain, which is the ultimate
donor of oxidizing equivalents to reduced protein substrates (see reference 117).
S. cerevisiae and other fungi contain Erv family members but lack the more
complex QSOX enzymes which are found in all metazoans.116

The only question as to whether Erv and QSOX sulfhydryl oxidases can play
a role in the initial oxidative folding of proteins and formation of protein
disulfides concerns their subcellular location. These enzymes are encoded with a
secretory signal sequence but also contain a transmembrane domain with no
recognizable ER-retention motif. The information on their subcellular dis-
tribution is complex and inconclusive; in addition to a putative ER location, it
appears that they can be found extracellularly, at the plasma membrane and in
the Golgi. In a direct approach to this question, Chakravarthi et al.118

expressed the long form of human QSOX1 in semi-permeabilized HT1080 cells
and concluded that the recombinant QSOX was located primarily in the Golgi
compartment.

1.7.3.3.3 Chain or Network?

A number of additional points should be noted.

i) Although there are clear similarities and analogies between the situation
in S. cerevisiae and in mammalian cells, there are also clear differences in
the machinery involved in these systems e.g. in the number of Ero
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proteins, the number and nature of the PDI family members, and in the
presence of QSOX proteins in mammals but not in yeast.

ii) The assumption has been made that the significant product of Ero and Erv
and QSOX action is an oxidized protein disulfide within the enzyme which
can transfer oxidizing equivalents to exogenous proteins. However,
hydrogen peroxide is produced in stoichiometrically equal amounts112 and
the possible oxidative action of this product towards protein disulfides
needs to be examined further.

iii) Members of the PDI family containing trx domains with the active-site
sequence ..CxxS.. are generally considered to be incapable of acting as
net oxidants since they cannot form an intramolecular disulfide and
interconvert between the dithiol and disulfide state. However, given the
high levels of GSSG and protein-SSG within the ER it is likely that these
active sites are glutathionylated to some extent in vivo. In that case, the
Cys-SSG group within such a site can act as a glutathionyl donor and
effect a net oxidation of protein dithiol (HS-P-SH) to disulfide:

Donor-SSGþHS-P-SH ! Donor-SHþGSS-P-SH ! GSHþ PðSSÞ

iv) The relative concentrations of different components need to be taken into
account when considering possible fluxes. Glutathione is present in the
ER lumen at a total concentration of the order of 10mM and PDI
is present at a concentration approaching 1mM in cells that are highly
active in oxidative protein folding. Other components are present in
lower quantities. Glutathione is therefore the quantitatively most sig-
nificant component of the luminal redox system and can act as a true
buffer. Hence the pathways by which electrons will flow through
the network will alter dependent on circumstances. When oxygen is
present and reduced protein substrate is not available, net flow of oxi-
dizing equivalents (presumably via PDI and possibly via other PDI
homologs) will favor conversion of GSH to GSSG and protein-SSG;
when reduced nascent proteins appear, there will then be potential for
net flux of oxidizing equivalents from these species to nascent pro-
tein thiols (either directly or via PDI), in addition to direct flux of oxi-
dizing equivalents from Ero proteins. We must assume that the system
operates as a network rather than a linear electron-transfer chain, but at
present we have few reliable parameters to describe how the network
functions.

1.7.3.4 Dynamic Description of the Action of PDI

on Protein Substrates

The final and most significant gap in our knowledge of PDI concerns its
mechanism of action on protein substrates, which limits our ability to design
‘‘improved’’ PDIs directed towards certain reactions and substrate proteins.
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1.7.3.4.1 Catalysis of Thiol–Disulfide Interchange

Basic aspects of the mechanism of thiol–disulfide oxidoreductions catalyzed by
PDI have been inferred by analogy from studies on thioredoxin and DsbA (see
e.g. reference 15), and these have been amplified by studies on PDI using
peptides as dithiol/disulfide redox substrates119,120 or as substrates for disulfide
isomerization.121 Across the thioredoxin superfamily, the more N-terminal Cys
side-chain in the dithiol form of the conserved active site motif ..CxxC.. is
ionized at around neutral pH and can act as an attacking nucleophile to form a
mixed disulfide with a disulfide-bonded substrate. Involvement of the side-
chain of the other Cys residue of the active site motif can displace the bound
substrate, releasing it in the reduced state with the enzyme now containing an
active-site disulfide. This net reductive action is the main physiological activity
of thioredoxin (which is then recycled to the reduced state by NADPH and
thioredoxin reductase), while the reverse process represents the major oxida-
tive action of DsbA (which is then reoxidized by the bacterial respiratory chain
via DsbB). PDI can catalyze both these reactions, but can also catalyze other
processes in which disulfide bonds within the bound substrate are rearran-
ged. (See Chapter 1.5 for illustrations of the basic mechanisms of thiol–disulfide
oxidoreductions and see Figure 1 of references 121 and 122 for clarification
of the distinction between isomerization pathways and reduction/reoxidation
pathways).
Until recently, there was little clue as to what kinetic and structural features

of PDI might distinguish it from other members of the thioredoxin superfamily
and better equip it for isomerization activity. However, Lappi et al.69 noted the
presence of a highly conserved (490%) Arg residue in a specific loop within the
structure of the a-type domains of the PDI family, which was not rationalized
by known structural or mechanistic requirements and is not present in thio-
redoxins or DsbAs. They showed that the charged side-chain of this residue
could be either distant from or close to the active site (moving from a distance
of 42.0 nm to o0.6 nm) and presented evidence that this movement strongly
perturbed the electronic properties and pK values of the active site Cys resi-
dues. As a result they presented a plausible hypothesis for how the more
C-terminal Cys in the active site could be made more reactive as a result of this
movement of the Arg side-chain and how this could shift the balance between
favoring isomerization processes within the enzyme-bound substrate and
favoring release of the substrate from the enzyme (see reference 69, Figure 8).
Other studies with model substrates have shown up differences in kinetic

properties between PDI domains and glutaredoxin, another member of the
thioredoxin superfamily which specifically catalyzes thiol–disulfide inter-
changes which involve the transfer of a glutathione (GS-) group.123 There has
been limited work of this kind, but such studies do suggest that further
understanding is possible of how the mechanism of thiol–disulfide interchange
differs subtly between different members of the large thioredoxin superfamily
and, in particular, of what are the mechanistically distinctive features of protein
disulfide isomerases.
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1.7.3.4.2 Folding, Unfolding and Chaperone Activities

However, what has been obvious for several years is that PDIs are distinctive in
being able to catalyze disulfide-isomerizations within large and highly struc-
tured protein substrates.18–20 This activity is not shown by individual PDI a

domains, or by thioredoxins or DsbA;68 the multidomain structure of PDI
(illustrated in Chapter 1.5) is essential for this activity because, while the a and
a0 domains are capable of catalyzing simple thiol–disulfide interchange reac-
tions, all the domains contribute to the non-covalent binding of large protein
substrates with the b0 domain comprising the principal binding site.67,124 It is
the synergy between the functions performed by the various domains which
allows PDI to bind complex protein substrates and to perform disulfide iso-
merization reactions that require considerable conformational changes in the
protein substrate.6

The nature of this action of PDI is well illustrated by a study on the oxidative
folding of lysozyme from the reduced unfolded state, followed by a wide range
of physical methods.125 During this process, some spectroscopic properties
change with a time constant of 200 s, but the acquisition of native far UV CD
and NMR signals occurs with a time constant of approximately 1000 s. Some
enzyme activity is regained with a similar time constant (1000 s) but the regain
of enzyme activity is biphasic and some occurs at a much slower rate (time
constant of 15 000 s) implying that some oxidative refolding is via intermediates
that are inactive despite having near-native structure. The major species present
during this late phase is des-[74-94]-lysozyme, which shows extensive native
folded structure but is nevertheless inactive and lacks the 76-94 disulfide bond
which is deeply buried in the hydrophobic core of native lysozyme. In presence
of a conventional GSH/GSSG redox buffer, PDI very effectively catalyzes the
conversion of this intermediate to active fully-oxidized lysozyme. As an alter-
native to PDI, this conversion can be facilitated by quite a high concentration
of urea (up to 4M)! This demonstrates directly that the des-[74-94]-lysozyme
needs to be unfolded significantly in order for the formation of the missing
disulfide bond to take place, and confirms that the action of PDI is both the
chemical formation of the disulfide bond and the promotion of local unfolding
in the substrate protein.
This work, and the classic work on BPTI reviewed earlier, provides us with a

clear sense of how PDI acts. 1) It is able to bind to highly structured and
extensively disulfide-bonded proteins which are not absolutely native in that
they lack one or more of the native disulfides; we do not know what the precise
structural feature is that PDI recognizes in such proteins, but they may contain
limited local regions of non-native tertiary structure, or (more likely?) they may
contain regions which are more dynamic and show greater flexibility than do
native proteins. 2) By interacting initially with such regions, PDI is able to bind
such proteins and facilitate more extensive unfolding which then allows access
of the PDI active site (and possibly low molecular weight reagents) to what
were previously buried cysteine side-chains (in either the thiol or disulfide
state). 3) In this complex, thiol:disulfide interchanges can occur to put in place
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the fully correct set of disulfide bonds so that the protein can fold to its com-
plete native structure and finally dissociate from PDI.
This is a fine and plausible picture but it is one painted with a very broad

brush. We lack the atomic-level structural information on PDI–substrate
complexes that would enable us to paint it more precisely. In particular, this
picture of the action of PDI suggests that its ability to drive unfolding of
extensively folded substrates must involve significant movements within the
PDI–substrate complex. To characterize these will require structural and
dynamic studies not simply on PDI itself but also on complexes between PDI
and substrates that mimic intermediates in the PDI-facilitated unfolding/folding
process.
The fact that non-covalent interactions – and the ability to unfold partially

folded proteins – are key components of the normal action of PDI as a protein
folding catalyst provides important insight to those situations where the action
of PDI is described as that of a chaperone rather than an enzyme. Wang and
colleagues126,127 demonstrated that PDI can act as a classic chaperone by
studying its action in vitro on non-physiological substrates that lack disulfide
bonds and are found in cellular compartments other than the ER (e.g.
rhodanese and glyceraldehyde-3-phosphate dehydrogenase). They demon-
strated that the dithiol/disulfide active sites of PDI were not required for this
‘‘chaperone’’ activity128 and this opened the way to distinguish between
‘‘enzymic’’ and ‘‘chaperone’’ activities of PDI on physiological substrates
whose refolding does involve disulfide-bond formation. Such studies indicate
that PDI assists the refolding of proinsulin129 and phospholipase A2130 both as
a catalyst (in sub-stoichiometric quantities) and as a chaperone (when present
in stoichiometric quantities).

1.7.3.4.3 Lessons from PDI Structures

Mammalian PDIs have been abundantly available as homogeneous proteins since
the early 1980s, but no good crystals that diffract to high resolution have been
reported. The most obvious explanation is that the molecule has some intrinsic
flexibility or conformational heterogeneity that prevents the formation of a well-
ordered crystal lattice. As a result, the high-resolution structural information
available on mammalian PDIs derives from structural studies on individual
domains, rather than full-length molecules, and the majority of these studies have
been by multidimensional NMR. Following the pioneering studies of Creighton
and Darby on the a and b domains of human PDI,131,132 it was confirmed that the
a domain had the classic thioredoxin structure and that the b domain, surpris-
ingly, also had a thioredoxin-type fold. As a result, bearing in mind the internal
sequence homologies, it was inferred that PDI comprised 4 thioredoxin-type
structural domains, a-b-b0-a0. The high-resolution structures of several such
domains have now been solved (see reference 10, Table 1, for pdb codes).
An X-ray structure has now been obtained for the combination of b-b0

domains of human Erp57, which shows the two thioredoxin-fold domains
linked by a short- 3-residue linker and with an extensive inter-domain interface
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(reference 74; pdb 2h81). It is very similar in overall structure to two of the
domains of calsequestrin, the abundant calcium-binding protein found in the
sarcoplasmic reticulum of muscle cells.133 Calsequestrin shows limited sequence
homology to PDIs but its structure (pdb 1A8Y) shows that it comprises three
thioredoxin-fold domains that resemble the b and b0 domains of PDI in lacking
the dithiol active site motif. Although calsequestrin has not been regarded as a
member of the PDI family, it is clear that in structural terms it should be
considered in that light.
In the case of yeast PDI (PDI1p), a high-resolution structure of the full-

length protein is available134 and this has allowed interesting comparisons to be
made at a structural level between eukaryotic PDIs and their bacterial homo-
logs.8,135 The structure (pdb: 2B5E) confirms the presence of four thioredoxin-
fold domains and shows that they are organized in an annular or horseshoe
shape. It also demonstrates features previously inferred from studies on
mammalian PDIs, namely i) that the active site motifs in a and a0 domains are
close to each other in space111 despite being at opposite ends of the polypeptide
sequence, ii) that there is a distinct linker region (x) between the b0 and a0

domains,136,137 which is in an extended conformation in the yeast PDI1p
structure, and iii) that there is a hydrophobic site on the b0 domain which could
function as a protein substrate binding site and forms the core of an extended
binding site with contributions from adjacent domains.6,67,137

In the yeast PDI1p structure, this extended binding site is seen as a well-
defined cleft and a remarkable feature of the crystal structure is that part of a
symmetry-related PDI molecule occupies the binding cleft making extensive
interactions between the two PDI molecules. The angle between the b and b0

domains in the yeast PDI1p structure differs by 15 degrees from that observed
in the mammalian ERp57 bb0 structure and it could be thought that the
insertion of a symmetry-related molecule into the binding cleft of the yeast
PDI1p reflects how a protein substrate might bind, forcing apart the b and b0

domains. It is at least a reasonable working hypothesis at this point that the
yeast structure defines a conformation in which PDI has a protein substrate
bound in its binding cleft. This interaction may have diminished the internal
motion and flexibility that has prevented crystallization of PDIs from other
species, allowing the formation of diffracting crystals in this case.
The overall ‘‘horseshoe’’ shape observed for yeast PDI1p is almost certainly a

general feature of PDIs with a similar domain composition. Small angle X-ray
diffraction studies have been carried out on full-length human PDI138 and
human ERp57;74 the models of PDI generated by this lower resolution method
show an annular arrangement of domains and a very good fit with the yeast
PDI1p structure. At low resolution it is not possible to observe details of
asymmetry, but the X-ray structure shows that the yeast PDI1p ‘‘horseshoe’’ is
clearly asymmetric with the a and a0 domains having different relationships
with the hydrophobic substrate-binding cleft. Indeed, there is evidence that
the active sites of the yeast a and a0 domains have different standard redox
potentials139 and potentially different roles. Studies with a reconstituted
electron-transfer system comprising Ero1p, PDI1p and reduced ribonuclease
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support the hypothesis that the two domains have different functions140 with
the a0 domain acting as an oxidant, transferring a disulfide bond into a bound
protein substrate, while the a domain is in the reduced state capable of sup-
porting isomerase activity.
This is an interesting hypothesis, but there is no current evidence supporting

this model for mammalian PDI. The a and a0 domains of human PDI appear to
have very similar standard redox potentials141 and there appears to be a good
structural rationalization for this: in the a and a0 domains of human PDI and in
the a domain of yeast PDI1p there is a buried ion-pair involving a glutamate side-
chain that is very close to the dithiol/disulfide active site; this residue is known to
be critical in determining the redox properties of the dithiol/disulfide couple. This
ion-pair is absent from the a0 domain of yeast PDI1p where the glutamate is
replaced by a leucine. In this respect the a0 domain of yeast PDI1p is highly
unusual and quite different from the a-type domains of the majority of PDIs.
The yeast PDI1p structure is a very important advance and a crucial step

towards understanding how PDI operates, but it is a static representation of
one functional state. Structural and dynamic studies of several states in the PDI
functional cycle, including those of PDI–substrate complexes, will be required
to give us a full understanding of how PDI operates.
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CHAPTER 1.8

Cellular Responses
to Oxidative Stress

MARIANNE ILBERT, CAROLINE KUMSTA
AND URSULA JAKOB

Department of Molecular, Cellular and Developmental Biology, University

of Michigan, Ann Arbor, MI, USA

1.8.1 Oxidative Stress: An Imbalance in Favor

of Pro-oxidants

1.8.1.1 Reactive Oxygen Species

Oxygen, one of the most abundant chemical elements in the universe, presents

an interesting paradox for all living organisms: while the vast majority of

complex life requires oxygen for its existence, oxygen is also a highly reactive

molecule that can damage living organisms by producing reactive oxygen spe-

cies (ROS).1,2 These dangerous by-products of oxygen are formed during nor-

mal metabolism, mainly due to incomplete electron transfer in the respiratory

chain. ROS are generally very small highly reactive molecules that attack a wide

variety of macromolecules. They include hydrogen peroxide (H2O2), hypo-

chlorous acid (HOCl) and free radicals such as hydroxyl radicals (dOH) and

superoxide anions (O�2 ).
3 To counteract these ROS, all aerobically growing

organisms constitutively express proteins and synthesize small molecules that

have antioxidant properties.4 The glutaredoxin and thioredoxin systems are the

primary redox balancing protein systems in bacteria that remove unwanted
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oxidative thiol modifications in cytosolic proteins.5–7 A redox buffer consisting

of the reduced (i.e., GSH) and oxidized (i.e., GSSG) forms of the cysteine-

containing tripeptide glutathione maintains an overall reducing environment in

the cytosol, with a redox potential of �260mV in many pro- and eukaryotes. In

addition, cells possess multiple constitutively expressed antioxidant proteins

that actively remove ROS. For instance, superoxide anions are destroyed by

superoxide dismutases (SOD), which convert superoxide anions to hydrogen

peroxide. Hydrogen peroxide, in turn, is broken down into non-reactive alco-

hols or water by catalases as well as various peroxidases.2

A variety of environmental stress conditions, including UV or metal stress,

pathogen invasion, herbicide action and oxygen shortage, as well as many phy-

siological or pathological conditions (see below) lead to the cellular accumulation

of reactive oxygen species and generate a condition that is commonly known as

oxidative stress. Oxidative stress is defined as ‘‘an imbalance between pro-oxidants

and anti-oxidants in favor of the pro-oxidants’’.8 It can lead to severe oxidative

damage of cellular biomolecules and often leads to cell death. To counteract this

hazard, organisms have developed very specific response mechanisms that allow

them to quickly sense and respond to accumulating ROS. This chapter gives an

overview of the current knowledge of the bacterial oxidative stress response.

1.8.1.2 The Deleterious Effects of Oxidative Stress

Over the past few years, studying and understanding the effects of oxidative

stress as well as the mechanisms of cellular response and repair systems has

become a major focus in the scientific community.9–12 Oxidative stress has been

implicated in the development of a wide variety of pathologies including chronic

inflammatory processes, atherosclerosis, diabetes mellitus, Alzheimer’s disease

and Parkinson’s disease.13–16 Accumulation of ROS has also been postulated to

be one of the major culprits of the eukaryotic aging process.17–19 At this point, it

is still unclear for most of these processes whether accumulating ROS is the

cause or a consequence. It is undeniable, however, that increased concentrations

of ROS, which have been found to accompany all these conditions, have dele-

terious effects on most cellular macromolecules. Excess levels of ROS have been

shown to lead to DNA damage, oxidation of polydesaturated fatty acids in

lipids, oxidation of amino acids in proteins, and inactivation of enzymes by

oxidation of their cofactors.20,21 Because individual ROS have distinct biolo-

gical properties, they react with different biological targets. Hydroxyl radicals,

for instance, are particularly unstable and react rapidly and non-specifically with

most biomolecules. In contrast, the major targets of superoxide are proteins that

contain iron-sulfur ([4Fe-4S]) clusters, and H2O2 is known to preferentially react

with the thiol groups of cysteine residues in proteins.16,22

1.8.1.3 Cellular Responses to Oxidative Stress

Oxidative stress is a ubiquitous phenomenon encountered by every aerobically

living organism. Pathogenic bacteria, for instance, are exposed to oxidative
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stress conditions during host defense, where activated phagocytes produce

lethal concentrations of H2O2 and HOCl to kill invading pathogens.23,24 More

recently, evidence has been presented that suggests oxidative stress is not

restricted to the innate immune response, but might be used as an effective

strategy to limit bacterial colonization at mucosal barrier epithelia.25

To protect themselves against the harmful effects of ROS, cells have devel-

oped specialized stress response mechanisms in addition to the constitutive

defense strategies described above. The basic principles of oxidative stress

response are universally conserved from bacteria to eukaryotes, although the

exact mechanisms by which they sense ROS vary depending on the type and

severity of stress condition and the organism.

Much of our current knowledge about mechanisms of oxidative stress

response comes from studies in bacteria, particularly Escherichia coli, where

specific stress responses can be easily provoked by the external addition of

chemical oxidants that elevate intracellular ROS levels.26,27 Additionally,

mutant strains are available that are constitutively exposed to oxidative stress

conditions, either due to alterations in their response pathways (i.e., oxyR,

soxR) or in their ability to remove ROS properly (e.g., sod, katG, ahpC).

Exposure of E. coli to oxidative stressors like H2O2 or O
�

2 , for instance, induces

global regulatory responses that lead to the over-expression of proteins involved

in detoxifying the oxidants (e.g., catalase, SOD), restore the redox balance (e.g.,

thioredoxin, glutaredoxin) and repair cellular damage (e.g., Dps, YtfE, UvrA/

B). Sensing of ROS occurs at the posttranslational level, where the respective

transcriptional regulators undergo specific ROS-mediated protein modifications

that alter their DNA binding activity and activate the proteins. Similar post-

translational ROS-sensing mechanisms have also been identified for a number

of non-transcription factor proteins (e.g., Hsp33, RsrA, OhrR), which appar-

ently serve as a first line of defense against oxidative stress conditions.28,29

To illustrate a cell’s response against specific oxidative stress conditions, we

will focus on two E. coli proteins that have been intensely researched over the

past few years: OxyR, the oxidative stress transcription factor of E. coli, which

senses micromolar levels of H2O2 via highly reactive cysteine residue(s) and

induces the expression of a plethora of antioxidant and repair enzymes; and

Hsp33, a highly specialized molecular chaperone, which utilizes two inter-

dependent sensor regions to sense oxidative stress conditions that lead to

protein unfolding. Both proteins are essential to protect E. coli against oxi-

dative stress conditions. In this chapter, we will illustrate the capability of these

proteins to rapidly and fully reversibly sense ROS and, in response, modulate

their protein conformation and activity.

1.8.1.4 Cysteines: The Building Blocks of ROS-sensing

Nano-switches

One central feature that provides OxyR, Hsp33 and a rapidly increasing number

of redox sensing proteins (e.g., RsrA, PDI)28,30 with the ability to sense and

respond to accumulating ROS is the presence of one or more unusually reactive
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cysteine residues.28,31 These cysteine residues, which play either structural or

functional roles in redox-regulated proteins, undergo reversible oxidative

modifications. These, in turn, cause the dramatic changes in conformation and/

or activity that are necessary for the rapid oxidative stress response.31,32

Cysteine residues have been well documented to serve as preferred building

blocks of ROS-sensing molecular nano-switches.28,33 What makes the cysteine

residue so well suited to act as ROS sensor are the unique chemical features of

its thiol group. Thiol oxidation has been shown to lead to the formation of a

variety of different oxidative modifications.34 The sensitivity of a cysteine’s

thiol groups is influenced by neighboring charges, its localization within the

protein and its pKa.
32,35 The type of oxidative thiol modification that is formed

depends on the individual protein as well as on the sort and extent of reactive

oxygen species that the protein is exposed to. Sulfenic acid (-SOH), for instance,

is thought to be the first reaction product of thiols reacting with H2O2.
36,37 It is

a highly reactive intermediate, which is either stabilized by nearby charges (e.g.,

AhpC, Prx-2)35,38 or rapidly condenses with available proximal thiol groups to

form a disulfide bond (e.g., Hsp33, OxyR).39 Alternatively, it can react with

glutathione, leading to S-glutathionylation (-S-GSH)40 or it can be further

oxidized to sulfinic acid (-SO2H) (e.g., Prx-2).41 Most importantly, all of these

oxidative thiol modifications are fully reversible either by enzymes of the redox

balancing systems (i.e., thioredoxin, glutaredoxin)42,43 or by specialized

reductases such as sulfiredoxins.44 This allows proteins to be rapidly switched

off once reducing conditions are restored. It is this unique ability of cysteines to

cycle between different stable redox states, each of which is associated with a

distinct protein conformation and activity, that provides the molecular basis

for redox-regulated proteins such as OxyR and Hsp33.

1.8.2 OxyR: A Redox-regulated Transcription Factor

1.8.2.1 Discovery of an H2O2-response Regulator in E. coli

OxyR, which was first discovered in Salmonella enterica and E. coli, is one of

the main transcription factors responsible for the rapid cellular response of

bacteria to H2O2 treatment.45 The first indication that OxyR is involved in

antioxidant defense came from mutations that rendered OxyR constitutively

active. Expression of these oxyR variants in E. coli substantially increased

resistance against H2O2 stress.46,47 In contrast, strains carrying the oxyR

deletion were found to be hypersensitive to H2O2 and failed to activate the

expression of genes involved in antioxidant defense.46,48

OxyR is a member of the LysR family, which comprises the largest number

of transcriptional regulators in bacterial cells.47,49 LysR family members vary in

size from 30 to 35 kDa and, apart from a few exceptions, function as homo-

tetramers in vitro and in vivo. The conserved N-terminal domain contains a

helix-turn-helix DNA binding motif, whereas the C-terminal part of the protein

is characterized as the regulatory domain.49 LysR transcription factors usually
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bind to DNA regions adjacent to or overlapping with the promoter to posi-

tively regulate the expression of target genes and to negatively regulate their

own expression.

OxyR is a typical LysR family member. It is 34 kDa in size and is composed

of the N-terminal DNA-binding motif and the C-terminal regulatory domain,

which also contains residues important for its tetramerization.47,50,51 Most of

OxyR’s target genes contain the OxyR binding site upstream of the –35 region,

which is the optimal position for recruiting RNA polymerase to the promoter

region.52,53

1.8.2.2 The OxyR Regulon

Once activated by peroxide treatment, OxyR regulates a plethora of genes that

are involved in detoxification of the oxidants, protection against further oxi-

dative damage and repair.53 Specifically, the OxyR regulon comprises genes

encoding (i) enzymes such as catalase (katG) and alkyl hydroperoxide-NADPH

oxido-reductase (ahpCF ), which are involved in the direct degradation of

hydrogen peroxide; (ii) proteins including GSH reductase (gorA), glutaredoxin

(grxA), and thioredoxin reductase (trxC ), which restore the intracellular thiol

disulfide balance; (iii) a repressor of iron transport (fur), which apparently

serves to prevent Fe21-mediated Fenton reactions that would lead to the

additional production of highly reactive and toxic hydroxyl radicals; (iv) pro-

teins involved in DNA protection (dps); (v) the small regulatory RNA oxyS;

and (vi) several other proteins such as biofilm promoting proteins (agn43, fhuF )

that enhance bacterial survival.53,54

Whereas all of these genes are under direct OxyR control, a number of

additional genes are only indirectly controlled by OxyR via its induction of the

small regulatory RNA oxyS. OxyS regulates expression of at least 20 down-

stream targets by affecting their mRNA stability or translation efficiency.55,56

A number of these downstream targets have not yet been characterized. DNA

microarrays and two-dimensional gel experiments performed in E. coli not only

revealed the presence of overlapping regulons, but also demonstrated the

existence of OxyR-independent, alternative stress response pathways that are

activated by peroxide.54 A systematic identification of all genes regulated by

particular transcriptional factors will help us map the complex regulatory

networks involved in the cellular response that allows bacteria such as E. coli to

survive H2O2-mediated oxidative stress.

1.8.2.3 Redox Regulation of OxyR’s Function

Exposure of bacteria to peroxide stress does not change the subcellular loca-

lization of OxyR or alter the levels of OxyR protein. These observations sug-

gested early on that posttranslational modifications of OxyR are likely to be

responsible for the H2O2-mediated induction of the OxyR response.57 Since

then, considerable effort has been applied toward understanding the exact

mechanism of OxyR’s redox-regulation and its sophisticated mode of action.
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1.8.2.3.1 Functional Mechanism of OxyR

OxyR is constitutively bound to DNA sequences that are close to the promoter

region of its target genes. While OxyR functions under non-stress conditions as

repressor of a subset of genes including its own, exposure of cells to micromolar

concentrations of H2O2 rapidly activate OxyR, which in turn leads to the

induction of the OxyR regulon.53,54,58 Central to this rapid response is the

presence of highly conserved cysteine residue(s) in OxyR, which are exquisitely

sensitive to peroxide-mediated oxidation (see below). DNA foot-printing stu-

dies demonstrated that the reduced and oxidized forms of OxyR differ in their

association with DNA. Whereas the reduced inactive form of OxyR binds two

adjacent major grooves separated by one helical turn, the oxidized active form

of OxyR binds four consecutive major grooves.52,57 Oxidation-mediated con-

formational changes in OxyR trigger these profound changes in DNA recog-

nition, which are accompanied by the ability of OxyR to recruit RNA

polymerase to the promoter.52,57,59 Thus far, no evidence for a direct interac-

tion between OxyR and RNA polymerase has been presented. Recently, two

residues at the surface of oxidized OxyR were proposed to serve as contact sites

between oxidized OxyR and RNA polymerase; however, further experiments

are required to test this attractive hypothesis.60

1.8.2.3.2 The Central Role of OxyR’s Cys199

In contrast to most other members of the LysR family whose activity is directly

controlled by the binding of effector molecules to the C-terminal regulatory

domain,49,61 OxyR’s activity is primarily controlled by the redox status of one

exquisitely H2O2-sensitive cysteine (Cys199) in its C-terminal regulatory domain.

Substitution of Cys199, which is conserved among all members of the OxyR

family, completely abolishes OxyR’s activity both in vitro and in vivo.51,62,63

Cys208, an equally conserved cysteine, appears to play a redox-regulatory role in

OxyR as well. This conclusion is also based on mutant studies, which revealed

that OxyR variants harboring Cys208 mutations show low constitutive levels of

transcriptional activity.64 Absence of all four non-conserved cysteine residues,

on the other hand, does not influence the activity of OxyR.

Early mutational studies suggested that Cys199 plays the major role in the

H2O2 sensing of OxyR presumably by forming a highly reactive sulfenic acid.51

Subsequent in vivo studies led to the proposal by Storz and co-workers that

rapid condensation of the sulfenic acid intermediate with nearby Cys208 forms

a transiently stable intramolecular disulfide bond.63 Mass spectrometry and

in vivo labeling assays agree with this conclusion and also suggest the presence

of disulfide-bond formation as a direct consequence of H2O2 sensing.
65 If this is

the case, why do Cys199 and Cys208 mutants differ in their phenotype and

activity? While Cys199 mutants are completely inactive, Cys208 mutants show

low constitutive activity. This result would clearly indicate that the presence of

Cys199 is sufficient for redox sensing and OxyR activity. Interestingly, how-

ever, double mutants lacking both Cys199 and Cys208 are not inactive, as
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expected, but behave very similarly to the single Cys208 mutant protein.65 This

result suggests that the introduced mutations in Cys208 alter the conformation

of the reduced form of OxyR, thereby rendering the protein constitutively

active. This would explain why Cys208 mutants are sensor blind and show

constitutively low activity, without excluding that both cysteines play impor-

tant roles in the redox regulation of OxyR.65

1.8.2.3.3 The Structure of OxyR’s Redox-switch

The crystal structure of OxyR’s regulatory domain, which has been solved in

both the reduced and oxidized forms, provides excellent insight into the

architecture of OxyR’s redox switch.66 In the reduced form, the two critical

cysteine residues are separated by 17 Å. In the oxidized form, on the other

hand, these two cysteines form the expected intramolecular disulfide bond,63

thereby not only bringing the two cysteines into close proximity, but also

introducing substantial overall conformational changes. The observed struc-

tural rearrangements include the conversion of a b-strand into an a-helix, as

well as the formation of a new b-strand. These structural changes affect the

oligomeric interfaces of OxyR and result in a slight rotation of the monomers

relative to each other. These studies agree well with results obtained from a

recently conducted computational modeling study of full-length OxyR.67 Kona

et al. expanded the modeling to include OxyR’s N-terminal DNA-binding

domain (whose structure has not yet been solved) to explain the different DNA

binding patterns observed with the reduced and the oxidized form.67

What is the basis for the high reactivity of Cys199, which is the main player

of OxyR’s redox switch? Analysis of the crystal structure of OxyR in its reduced

form provides insight into the environment of Cys199, an important aspect in

understanding the exquisite sensitivity of these cysteines towards H2O2. Cys199

is flanked by two basic residues H198 and R201. In addition, a third, albeit less

conserved, positively charged amino acid, Arg266, is also in close proximity to

Cys199. This provides a highly positive electrostatic potential, which will likely

lower the pKa of Cys199 and lead to the deprotonation of the cysteine’s sulf-

hydryl group at physiological pH. The resulting thiolate anion is much more

reactive than its uncharged counterpart,35 which would explain its high sensi-

tivity towards H2O2 and other oxidants. Note that it is this preference for

positive or aromatic amino acids in the vicinity that characterizes most redox-

sensitive cysteines characterized to date.28

The crystal structure in combination with modeling studies and recent kinetic

experiments led to a new model, which assumes that sulfenic acid formation

rather than disulfide-bond formation might be the driving force for OxyR’s

conformational changes and activation65–67 (Figure 1.8.1). In this model, sul-

fenic acid formation at position Cys199 increases the size and charge of this

residue. These changes are predicted to destabilize the Cys199 side-chain, which

discharges from the inter-domain pocket and results in the formation of a

flexible loop around the cysteine. This initial conformational change and the

164 Chapter 1.8



flexibility of Cys208 promote the disulfide-bond formation, which then triggers

the reorganization and stabilization of the flexible regions.67

The activation of OxyR must be very fast and the conformational changes

must be sufficiently stable to allow the efficient induction of the stress

responsive genes. In vivo studies revealed that OxyR is indeed fully oxidized

within 30 seconds after the start of the stress treatment. Because the kinetics of

OxyR reduction are slow compared to the oxidation kinetics, OxyR remains

oxidized and active for at least 5 to 10min after the removal of H2O2 from the

growth media.68 Subsequent titration experiments revealed that submicromolar
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Figure 1.8.1 OxyR: Master regulator of the oxidative stress response. OxyR is a
DNA-binding homotetrameric protein, which switches from the reduced
‘‘repressor’’ conformation to the oxidized ‘‘activator’’ conformation
upon exposure to micromolar concentrations of H2O2. Two highly
conserved cysteines Cys199 and Cys208 appear to play the central role in
OxyR’s functional regulation. Presence of H2O2 is first sensed by
Cys199, which is rapidly oxidized to sulfenic acid (SOH). Sulfenic acid
formation is proposed to induce a partial conformational change in
OxyR, which brings Cys199 into close proximity to Cys208. Subsequent
intramolecular disulfide-bond formation between Cys199 and Cys208
causes large structural rearrangements in OxyR, which change OxyR’s
interaction with DNA and are necessary for the recruitment of RNA
polymerase. This leads to the expression of numerous antioxidant genes.
Antioxidant gene expression is turned off by the glutathione/gluta-
redoxin system (Grx1), which reduces OxyR’s oxidative thiol mod-
ifications and returns OxyR into its inactive state.
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concentrations of H2O2 are sufficient to transiently activate OxyR even when

present in a highly reducing redox environment, suggesting that OxyR’s di-

sulfide bond is meta-stable relative to the surrounding GSH/GSSG redox

buffer.68 In vitro and in vivo experiments showed that OxyR is directly reduced

by glutaredoxin reductase 1 (Grx1), a component of the major disulfide-

reductase systems in the cell.63 Importantly, the gene encoding Grx1 belongs to

the OxyR regulon, which nicely illustrates the auto-regulatory capacity of the

OxyR dependent stress response.

1.8.2.3.4 The Capacity of OxyR to Micromanage Stress

Although hydrogen peroxide is clearly the best-characterized activator of

OxyR, other oxidative stressors have also been shown to induce the OxyR

regulon. Stamler and co-workers showed that reactive nitrogen species (e.g.,

S-nitroso-glutathione) lead to the S-nitrosylation of Cys199, whereas treatment

with GSSG causes glutathionylation of OxyR’s active site cysteine.62,69 These

oxidation products are thought to generate conformational changes in OxyR

that are distinct from the conformational changes caused by H2O2 stress.

In vitro studies suggested that these alternative OxyR conformations might

exert different DNA binding patterns, which could in turn lead to different

stress responses.62

The concept that one single redox-active residue is capable of differentially

responding to different oxidants is clearly a very intriguing one. However,

in vivo studies are necessary to elucidate the physiological relevance of these

different OxyR species. DNA microarray technology and complementation

assays to characterize the overall gene expression in response to different stress

conditions would demonstrate whether OxyR can indeed activate distinct stress

responses depending on the detected signals. A recent study of Lu et al.70 using

various genetic ‘‘oxidative stress probes’’ to quantitatively and kinetically

monitor the expression of eight oxidative stress genes at once revealed distinct

response patterns and expression rates under different stress conditions. This

study confirms Stamler and co-workers’ idea of a more complicated gene reg-

ulation upon oxidative stress.

1.8.2.4 Biotechnological Application of OxyR

The high sensitivity of OxyR to very low concentrations of H2O2 makes OxyR’s

regulator domain well suited for biotechnological applications. Recently,

Belousov and co-workers designed a genetically encoded highly sensitive H2O2

biosensor termed HyPer, which works by employing the major conformational

changes that OxyR undergoes upon H2O2 treatment.71 Ingeniously, the authors

inserted non-fluorescent circular permuted yellow fluorescent protein (cpYFP)

into OxyR’s regulatory domain, positioning it between the two active-site

cysteines Cys199 and Cys208. In the absence of H2O2, both cysteines are

reduced and cpYFP is non-fluorescent. Upon disulfide-bond formation,
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however, cpYFP becomes properly folded and fluorescent. In vitro and in vivo

assays demonstrated the high sensitivity and specificity of HyPer towards

H2O2, making this an excellent probe to detect micromolar concentrations of

H2O2 in vivo. It remains to be seen what other biotechnological applications

could make use of the extensive conformational changes that accompany

OxyR’s disulfide-bond formation. Pomposiello and Temple, for instance,

suggested using the redox-switch activity of OxyR as part of a ‘‘chemo-

mechanical micromachine’’, which would allow one to apply the torsional work

done by OxyR on a nano-scale level.72

1.8.3 Hsp33: A Chaperone Specialized for Oxidative

Stress Protection

1.8.3.1 The Redox-regulated Chaperone Holdase Hsp33

Molecular chaperones are present in all living organisms. The main function of

molecular chaperones is to assist folding of nascent polypeptides under non-

stress conditions and to prevent non-specific protein aggregation during stress

conditions.73 It is therefore not surprising that many molecular chaperones

belong to the family of heat shock proteins (Hsp), which are over-expressed

under conditions that lead to protein unfolding and aggregation in the cell.74

Mechanistically, molecular chaperones can be separated into two distinct

groups: chaperone foldases and chaperone holdases. Chaperone foldases, such

as the well-characterized DnaK-(Hsp70) system or the GroEL/ES machinery

(Hsp60/Hsp10),75 use ATP binding and hydrolysis to actively support the

folding of proteins. Chaperone holdases such as the small heat shock proteins

(sHsps)76 or Hsp33,77 on the other hand, function independently of ATP. They

form highly efficient binding platforms for protein folding intermediates and

effectively prevent protein aggregation. Unable to use ATP binding and

hydrolysis to regulate substrate binding and release, Hsps and Hsp33 developed

alternative mechanisms to regulate their substrate affinity.78 Small Hsps use

temperature-induced conformational changes to switch from a low- to a high-

affinity binding state under heat shock conditions.79 Hsp33, on the other hand,

uses a cysteine-containing thiol switch to rapidly sense and respond to oxidative

stress conditions that lead to protein unfolding.80

Hsp33, which is encoded by the gene hslO, was first discovered by Chuang

and Blattner as part of their global analysis of the E. coli heat shock regulon.81

Like most other heat shock-regulated chaperones, Hsp33 (cellular concentra-

tion B1.5 mM) is constitutively expressed under non-stress conditions and up-

regulated about two-fold under conditions that induce the heat shock response

(e.g., elevated temperatures). Sequence analysis of Hsp33 revealed that the

32.8 kDa cytoplasmic protein is highly conserved. Homologs of Hsp33 can be

found in almost all prokaryotic species that have been sequenced so far.

Moreover, Hsp33 appears to be present in the mitochondria of a few eukaryotic

parasites including Chlamydomonas reinhardtii, Dictyostelium discodeum and
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members of the Trypanosomatidae family.82 Sequence alignments revealed an

absolutely conserved C-X-C(27�32)C-X-Y-C motif in the C-terminal part of

Hsp33. These four cysteines constitute the redox-regulated nano-switch in

Hsp33, which is central to its very rapid and highly specific activation under

oxidative stress conditions. Interestingly, two other proteins, protein disulfide

isomerase (PDI) and peroxiredoxin (Prx-2), have recently been shown to

function as redox-regulated chaperones as well.83,84 This makes Hsp33 a

member of a growing group of molecular chaperones that use the redox status

of functionally or structurally important cysteine residues to regulate their

binding affinity for unfolded substrate proteins.

1.8.3.2 Mechanism of Hsp33’s Redox Regulation

Hsp33 is regulated on the transcriptional level by the heat shock response and

on the post-translational level by the redox environment of the cytosol. Thus,

Hsp33’s cellular concentration as well as its chaperone activity are directly

controlled by and tied to cellular stress conditions. This section summarizes

recent advances in our understanding of how Hsp33 senses and responds to

oxidative stress conditions and why cells require such a highly specialized

molecular chaperone.

1.8.3.2.1 A Zinc Center as a Redox Switch

Central to the redox regulation of Hsp33 are the four absolutely conserved

cysteines located within the last 50 amino acids of its C-terminus. That cysteines

play a major part in Hsp33’s regulation became evident very early on. Activity

assays using purified Hsp33 revealed that incubation with oxidants quickly

activated its chaperone function, while incubation with thiol-reducing agents

inactivated the protein.77 Subsequent mechanistic studies demonstrated that

under reducing inactivating conditions, Hsp33’s four conserved cysteines coor-

dinate one zinc(II) ion with high affinity (Ka41017M�1, 25 1C at pH7.5). Oxidi-

zing, activating conditions, on the other hand, lead to the formation of two

intramolecular disulfide bonds and the concomitant release of zinc.39,85 This

finding made Hsp33 one of the first proteins known to use a cysteine-coordinating

zinc center (previously considered as highly stable and redox inert) as a redox-

sensitive functional nano-switch.

The NMR structure of Hsp33’s C-terminus86 as well as the crystal structure

of full-length Hsp33 of Bacillus subtilis87 and Thermotoga maritima88 revealed

the presence of a tetrahedral zinc site in reduced Hsp33. All four cysteines were

found to be the same distance from the zinc ion and from each other. This zinc

coordination appears to play several important roles in the redox regulation of

Hsp33. Zinc coordination protects Hsp33’s redox-sensitive cysteines against

non-specific air oxidation (M. Ilbert and U. Jakob, unpublished results). At the

same time, zinc binding dramatically increases the reactivity of cysteines

towards ROS such as H2O2. As in other known redox-sensitive proteins such as

the antisigma factor RsrA89 and protein kinase C,90 zinc acts as a Lewis acid
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and accepts electron pairs from the cysteine.91 This substantially lowers the pKa

of the thiol group and leads to deprotonation and the formation of the highly

reactive thiolate anion at neutral pH. In addition, the high affinity binding of

zinc provides enormous stabilization energy to Hsp33’s C-terminal domain,

which lacks hydrophobic amino acids and harbors several residues in highly

unfavorable secondary structure motifs.86 Under reducing conditions, zinc

binding enables Hsp33’s C-terminus to form a very compact and stable folding

unit, which is critical for maintaining Hsp33 in its inactive conformation. In

contrast, zinc release in response to oxidative stress-induced thiol modification,

triggers extensive conformational changes and rapidly converts Hsp33’s

C-terminus into a natively unfolded polypeptide. This unfolding, in turn, is

critical for the activation of Hsp33 as a molecular chaperone.80

1.8.3.2.2 Hsp33’s Activation Requires Dual Stress Sensing

Early on, it became evident that Hsp33’s activation is not simply triggered by

the presence of ROS such as H2O2, but also requires elevated temperatures (i.e.,

oxidative heat stress). Incubation in millimolar concentrations of H2O2 did not

lead to significant activation unless temperatures were above 40 1C. In vivo

experiments confirmed this stringent requirement and revealed that Hsp33

protects bacteria against oxidative heat stress but not against peroxide stress at

30 1C or heat stress alone (449 1C).80,92,93 Subsequent mechanistic studies

showed that low concentrations of unfolding reagents (e.g., 1M guanidinium-

hydrochloride) can substitute for the elevated temperature requirement in

Hsp33’s activation process.80 This result suggested that it is not heat shock

temperature per se that is required for the rapid oxidative activation of Hsp33,

but the presence of mildly unfolding conditions. This regulation apparently

prevents Hsp33’s activation under pure H2O2 stress conditions, which do not

lead to protein unfolding and, therefore, do not require the presence of such a

potent chaperone holdase.80

Detailed structural analysis revealed that Hsp33 utilizes two interdependent

stress-sensor regions that must be simultaneously triggered to activate its chaper-

one function80 (Figure 1.8.2). Whereas oxidants are, as previously described,

sensed by the four redox-sensitive cysteines, unfolding conditions are sensed by a

thermolabile linker region that connects the zinc center with the N-terminal

substrate binding site. How does Hsp33 link its activation to the simultaneous

presence of these two stress signals? In our current working model, oxidants such

as H2O2 are first sensed by the two distal cysteines (Cys265 and Cys268) of

Hsp33’s zinc center. These cysteines are then rapidly oxidized to form an intra-

molecular disulfide bond, which is sufficient to trigger zinc release and cause

unfolding of the zinc binding domain.80,94 While this first redox event is necessary

for the activation of Hsp33, it is not sufficient. Hsp33 that has been oxidized with

H2O2 at 30 1C in vitro does not exhibit chaperone activity even though these

cysteines are oxidized and the zinc center is unfolded. To fully activate Hsp33, the

second disulfide bond between Cys232 and Cys234 must be formed.39 This,
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however, can only occur when mild unfolding conditions are present that trigger

the unfolding of an adjacent ‘‘folding sensor’’ present in Hsp33’s linker region.

This region is thermostable in reduced Hsp33 (Tm4 65 1C), but becomes thermo-

labile (TmB 40 1C) once the zinc center is oxidatively unfolded.80 Unfolding of

the folding sensor region either by elevated temperatures or low concentrations of

denaturants is apparently critical to provide access to the two remaining cysteines.

They are subsequently oxidized and form the second intramolecular disulfide

bond in Hsp33. Formation of the second disulfide bond apparently induces

Hsp33’s dimerization and its activation as a molecular chaperone93 (Figure 1.8.2).

In addition, disulfide-bond formation locks both the linker region and the zinc-

binding domain in a natively unfolded conformation and maintains Hsp33 in an
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Figure 1.8.2 Hsp33: A chaperone specialized for oxidative stress protection. Under
non-stress conditions, Hsp33 is monomeric and inactive. All four
invariant cysteines are reduced and bind one zinc ion (red) forming a
compactly folded zinc-center (yellow). Upon exposure to oxidative
heat stress (step I), two intramolecular disulfide bonds form. This
apparently triggers the unfolding of the zinc binding domain and
linker region (green), exposes hydrophobic surfaces on the N-terminal
substrate binding domain of Hsp33 (blue) and causes the formation
of highly active Hsp33 dimers (step II). Cellular redox systems
such as the thioredoxin system (Trx) convert oxidized Hsp33 dimers into
active reduced Hsp33 dimers (step III). Inactivation of Hsp33 and
substrate release requires non-stress conditions and the presence of the
DnaK-system, which supports the refolding of the substrate proteins
(step IV).
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active conformation until reducing non-stress conditions are restored.80 This

model of Hsp33’s activation process, which involves the successive rather than the

simultaneous formation of two disulfide bonds, explains how Hsp33 intimately

links its activation to both oxidizing and protein unfolding conditions. It agrees

with earlier observations showing that disulfide bonds in Hsp33 only occur

between adjacent cysteines39 even though all four cysteines are an equal distance

from each other in the tetrahedral zinc-binding site.86

Oxidative unfolding of Hsp33’s linker region and activation of Hsp33

coincide with the exposure of large hydrophobic patches on the surface of the

molecule.94,95 Because most other well-characterized molecular chaperones

such as DnaK and GroEL have been shown to utilize similar hydrophobic

surfaces to bind partially unfolded substrate proteins,96,97 this result strongly

suggested that linker unfolding might induce the exposure of Hsp33’s substrate

binding site. Although Hsp33’s substrate binding site remains to be identified,

mutational analysis suggests that it is most likely present in the structurally

stable N-terminal domain.98 A cysteine-free variant of Hsp33, for instance,

which contains an unfolded zinc-binding domain, is inactive as a molecular

chaperone at low temperatures. Temperature-induced unfolding of the linker

region, however, activates this Hsp33 variant and exposes the very same

hydrophobic surfaces that characterize activated Hsp33.80 All these experi-

ments indicate that the linker region masks the substrate binding site under

non-stress conditions and exposes the hydrophobic surfaces upon its unfolding.

Hsp33’s crystal structure supports this conclusion and shows that the linker

region is folded on top of the N-terminal domain, where it buries a largely

hydrophobic surface of about 4900 Å2.98,99 However, further experiments are

required to ultimately define Hsp33’s substrate-binding site.

1.8.3.2.3 The Hsp33–DnaK Connection

What triggers substrate release in chaperone holdases? In the case of Hsp33,

an obvious requirement for substrate release is the return to reducing condi-

tions.100 In vivo thiol trapping analysis revealed that the two disulfide

bonds in Hsp33 are rapidly reduced either by the thioredoxin or the gluta-

redoxin system100 (Figure 1.8.2). This presumably leads to the re-incorporation

of zinc and the refolding of Hsp33’s zinc center. Surprisingly, however, this

reduction of Hsp33’s disulfide bonds is not sufficient for substrate protein

release.100 It produces the reduced Hsp33 dimer, a chaperone-active species,

which remains very stably associated with the unfolded substrate proteins.

Formation of this active reduced Hsp33 dimer seems to be necessary for

Hsp33’s interaction with the ATP-dependent chaperone machinery DnaK/

DnaJ/GrpE.100 Substrate proteins are rapidly released from the reduced

Hsp33 dimers only in the presence of the DnaK-system; this in turn leads to

the inactivation of Hsp33. The released substrate proteins are then refolded

either by the DnaK-system alone or in concert with the GroEL/ES system100

(Figure 1.8.2).
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The maintenance of a stable Hsp33-substrate complex even under reducing

conditions makes excellent physiological sense. It prevents Hsp33 from

releasing its substrate proteins into a cellular condition in which the original

redox status may have been restored, but is not yet permissive for protein

folding. Strict dependence of Hsp33’s substrate protein release on the presence

of the active DnaK-system links the dissociation of the highly aggregation-

sensitive substrate proteins to conditions where ATP-dependent chaperones are

available to support their refolding. Interestingly, a similar cooperation

between different chaperone systems has also been observed for sHsps. Similar

to Hsp33, sHsps interact with the eukaryotic DnaK-homolog Hsp70 to induce

substrate release and to support the refolding of their substrate proteins.101,102

As in the case of Hsp33, however, the precise mechanism of communication

between the various players requires further investigation.

1.8.3.3 Hsp33: Central Member of a Multi-chaperone Network

The chaperone function of Hsp33 is rapidly activated by oxidative stress condi-

tions that lead to protein unfolding, while neither oxidative stress conditions alone

(e.g., H2O2) nor heat shock temperatures activate Hsp33.80,92 This specific regu-

lation of Hsp33’s chaperone function properly reflects its in vivo requirement.

Hydrogen peroxide alone does not cause protein unfolding and, therefore, does

not require such a potent chaperone.80 Elevated temperatures, on the other hand,

induce protein unfolding; but protein folding intermediates are effectively pro-

tected against aggregation by the ATP-dependent DnaK-system,75 again appar-

ently precluding the need for Hsp33. In contrast, the chaperone activity of Hsp33

becomes essential for survival of bacteria when peroxide stress is combined with

unfolding conditions or exposure to more potent oxidants that directly cause

cellular protein unfolding (Winter, Graf and Jakob, unpublished observations).

We have demonstrated that Hsp33 as an ATP-independent chaperone compen-

sates for the transient loss of function of the ATP-dependent DnaK-system under

oxidative heat stress conditions.92 The inactivation of the DnaK-system is caused

by the rapid decrease in cellular ATP levels, which is known to accompany oxi-

dative stress conditions in both pro- and eukaryotic cells.92,103 Activated by the

very conditions that inactivate DnaK, Hsp33 now binds to about 80% of all

aggregation-sensitive E. coli proteins.92 Substrate proteins of Hsp33 include

metabolic enzymes as well as proteins involved in transcription and cell division.

Comparison of Hsp33’s substrate specificity under oxidative heat stress condi-

tions with substrate proteins that are protected by the DnaK-system against

heat-induced unfolding revealed a substantial substrate overlap. This overlap in

substrate specificity appears to become particularly important upon return to

reducing non-stress conditions. Hsp33 can now present its substrate proteins to

the re-activated DnaK-system, which in turn induces substrate release and

supports the refolding of the proteins to their native state.100 This makes Hsp33

the central player of a multi-chaperone network that is critical for protecting

proteins against protein aggregation under oxidative stress conditions.
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1.8.4 Oxidative Stress and Redox Regulation:

Turning Lemons into Lemonade

For many years it has been known that increased concentrations of intracel-

lular ROS cause a highly stressful and dangerous condition called oxidative

stress. Oxidative stress has been shown to exert its deleterious effects on pro-

teins, DNA and lipids. Only in the past ten years, however, has it become

evident that a group of proteins are not damaged by ROS, but specifically use

them to quickly regulate their protein activity. In this chapter, we reviewed

current knowledge about two members of this rapidly growing class of redox-

regulated proteins, OxyR and Hsp33. Both proteins use ROS-mediated changes

in the oxidation status of critical cysteines to induce large conformational

changes. These changes are essential for the proteins’ activity and allow them to

play active roles in protecting bacteria against the lethal consequences of oxi-

dative stress. While oxidation of the chaperone Hsp33 unmasks a previously

buried highly hydrophobic binding site for unfolded proteins, oxidation of

OxyR’s critical cysteines exposes an RNA polymerase binding site essential for

inducing antioxidant gene transcription.

Although individual facets of Hsp33’s and OxyR’s regulation can be found in

other redox-regulated proteins, no single common mechanism has been iden-

tified. This makes the characterization of redox-regulated proteins both chal-

lenging and fascinating. Many redox-regulated proteins, including the glyco-

lytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GapA), the oxidative

transcription factor in yeast, Yap1p, as well as other transcription factors such

as p53, are similar to OxyR in that they use one or more reactive cysteine

residues as their redox sensor.104–106 Antisigma factor RsrA and protein kinase

C, on the other hand, are similar to Hsp33 in that they use a redox-sensitive

zinc center that switches from a zinc-bound reduced state to a zinc-free di-

sulfide-bonded state upon exposure to oxidative stress conditions.90,107,108

A very different ROS-sensing mechanism is employed by the transcription

factors SoxR and FNR. Both proteins use an iron-sulfur cluster as a redox-

sensor. Although oxidation reactions occur on the metal rather than on the

sulfur, they lead to equally dramatic conformational rearrangements and

changes in protein function.9,109

Over the past few years, a number of global methods have been developed to

identify proteins with redox-sensitive cysteines.110 A common conclusion of

many of these studies was that surprisingly few cytosolic proteins harbor redox-

sensitive and potentially redox-regulated cysteines. A recently conducted

quantitative redox proteomics approach confirmed these results. These studies

revealed that only a very limited number of E. coli proteins have cysteine

residues that become substantially (440%) oxidatively modified during oxi-

dative stress in vivo. Subsequent functional studies demonstrated that many of

these proteins play important roles in the oxidative stress protection of

E. coli.111 This result confirmed earlier observations, which showed that redox-

regulated proteins are generally involved in protecting cells and organisms

against oxidative stress conditions. The goal will now be to identify and
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characterize redox-regulated proteins. These studies will provide us with the

very real possibility of discovering eukaryotic proteins that protect cells against

the toxic effects of ROS that accumulate during aging and many diseases; they

will also facilitate the discovery of prokaryotic proteins that could serve as

targets for more effective antimicrobial therapies.
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CHAPTER 2

Oxidative Folding of Proteins
in vitro

CHAPTER 2.1

The Role of Disulfide Bonds
in Protein Folding and Stability

MATTHIAS JOHANNES FEIGE AND
JOHANNES BUCHNER

Department Chemie, Technische Universität München, Lichtenbergstrasse 4,

85747 Garching, Germany

2.1.1 Introduction

Disulfide bonds add covalent cross-links to the linear polypeptide chain. It is

therefore intuitive to assume that this posttranslational modification has a

pronounced impact on the folding and stability of proteins. These covalent

linkages are found mostly in extracellular proteins where they contribute sig-

nificantly to the stability of the respective protein. An extension to the intrinsic

stabilization of extracellular proteins by disulfide bridges is the stabilization of

quaternary structure by intermolecular cystine links. This is an effective strat-

egy to prevent dissociation in the extracellular environment which, due to the

often low concentrations, would in many cases be irreversible. However, in the

context of discussing the effects on protein structure and folding, these disul-

fides are set apart from the intra-chain disulfides.
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Interestingly, disulfide bonds in proteins are highly conserved; only Trp

residues are even more conserved.1 The natural selection for disulfide bonds in

secreted proteins seems to be due to the simple and reversible redox chemistry

involved in their formation and breaking and their intrinsic stability. Only at

extreme conditions such as 100 1C and alkaline pH values do they sponta-

neously break or rearrange.2 Disulfide bridges come in different flavors,

reflecting the different purposes they can fulfill in a protein. In addition to their

effect on the global stability of a polypeptide chain, they may have important

effects on the structure, stability and dynamics of local structural elements. This

is especially evident for the so-called cysteine knots, in which disulfide bridges

cross each other and thus determine the local topology3 and for ‘‘allosteric’’

disulfide bonds which serve to regulate protein function.4 In this review we will

focus exclusively on the dissection of the effects of structural, in particular non-

local, disulfide bonds on protein stability and folding.

The effect a disulfide bond will have on a given protein will of course depend on

the position of the disulfide bond in the structure of the protein. The complexity

of the influence of disulfide bonds is reflected by the finding that stabilizing di-

sulfide bonds can be found either in the core of proteins as such or surface-

localized. An important issue in this context is the distance between two Cys

residues in the sequence of a polypeptide chain. As will be pointed out in this

chapter, the stabilizing effect depends to a significant extent on the number of

amino acids spanned between the two residues. In agreement with this notion the

average distance of two Cys residues in proteins was found to be 15 amino acids.1

Disulfide-bonded proteins have been studied early on in the history of pro-

tein folding. Notably, one of the first proteins analyzed extensively, RNase A,

contains several disulfide bridges. In seminal work, Christian Anfinsen showed

that the completely reduced and denatured protein could spontaneously regain

its native structure including the correct disulfide bonds.5 Efforts to analyze the

impact of disulfide bonds on protein folding and stability mechanistically have

contributed enormously to the generation of concepts for these processes.

Furthermore, engineered disulfide bonds have become valuable tools to explore

them in detail. In this chapter we will discuss the basic models resulting from

these studies and we will outline the thermodynamic and kinetic implications

the presence of a disulfide bond has on unfolded, folding and folded proteins.

2.1.2 Stabilization of Proteins by Disulfide Bonds

In the early days of protein science, the native state of a protein was believed to be

one, rather fixed, conformation and the unfolded state to be a random coil.6 An

ideal random coil is devoid of any long-range interactions except excluded volume

effects. It behaves as a freely joined chain of segments of defined length.7 In this

description, the impact of a covalent cross-link between two defined residues of

the polypeptide chain, such as a disulfide bridge, was thought to be exclusively on

the unfolded state. The fixed geometry of the native state should be left essentially

unaltered by a bond between two residues which are in proximity, yet the freedom
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of the random coil polypeptide should be significantly decreased. Restricting the

conformational space of the unfolded state clearly reduces its entropy. Hence, the

entropy change for the reaction to the ordered native state was thought to be less

negative with a net stabilization of the folded protein as a result. A quantitative

description of the phenomenon was developed by Schellman, Flory, Poland and

Scheraga.8–10 The decrease in entropy of the unfolded state is derived from the

probability that two otherwise free elements of the chain are now found in a

defined volume element (v). Mathematically and based on polymer theory, the

problem is described in Equation (2.1.1) (whereR is the gas constant, l the average

length of a statistical segment of the chain composed of N segments; in proteins

l is assumed to be 3.8 Å corresponding to one amino acid):

DS ¼ �R ln½3=ð2pl2NÞ3=2�v ð2:1:1Þ

A major point of discussion has been the adequate choice of v. A value of

57.9 Å3 based on the closest possible approach of two thiols is still mostly in

use.11 Hence, Equation (2.1.1) can be simplified to Equation (2.1.2) where n is

the number of amino acids bridged by the disulfide bond:

DS ¼ �2:1� 3=2 R lnðnÞ ð2:1:2Þ

Based on a study of Ribonuclease T1 with zero, one and two intact disulfide

bonds, Equation (2.1.2) was developed by Pace et al.11 The authors did not only

find a good correlation between n and DDG upon removal of disulfide bonds in

RNase T1, but additionally agreement between experimental data for lyso-

zyme, RNaseA and the antibody CL domain.11

The above equations have two consequences. Conceptually, the stabilization of

a protein is thought to be an entirely entropy-driven process with an impact

exclusively on the random coil unfolded state. Practically, the stabilization

exerted by a disulfide bridge should increase with the number of amino acids

between the two cysteines. This theory treats the unfolded polypeptide chain as a

system devoid of any intra- or intermolecular interactions. However, the water

surrounding a protein is an important factor shaping the free energy landscape of

the polypeptide chain during folding and in the native state.12 Sometimes it can

be regarded as being a part of the native structure.13 The impact of this scenario

with respect to disulfide bonds has been addressed by Doig and Williams in a

widely recognized publication in 1991.14 The authors argued that disulfide bonds

might lead to a significantly decreased solvent accessible surface in the unfolded

state. Hence, hydrophobic residues as well as hydrogen-bond donors and

acceptors might become buried. This is supposed to lead on the one hand to a

larger entropy of the solvent in disulfide-containing proteins due to buried

hydrophobic residues. Consequently, the hydrophobic effect should be less pro-

nounced for these proteins. On the other hand, hydrogen bonding to water in the

more compact unfolded state will be possible to a lesser extent, and hence folding

to the native state will be enthalpically more favorable. According to the authors,

the enthalpic contribution has to be considered as the major stabilizing factor of
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disulfide bridges. The model will therefore be called solvent enthalpy model in the

subsequent paragraphs. As in the chain entropy model, eventually occurring dif-

ferences in the native state such as induced strain or reduced dynamics are also

neglected in this model. Both models are summarized in Figure 2.1.1 where the

reduced conformational freedom of a disulfide-linked polypeptide chain is

visualized as well as hydrophobic clustering in the unfolded state or reduced

solvent-protein interactions which might be present for a disulfide-linked protein.

Figure 2.1.1 Graphical representation of the chain entropy and the solvent enthalpy
model. In the chain entropy model, the major stabilizing factor exerted by
a disulfide bridge is believed to be the conformational restriction of the
unfolded state which renders the folding reaction entropically less unfa-
vorable (A). In the solvent enthalpy model (B), two major effects are
attributed to disulfide bridges. First, hydrophobic interactions are
believed to be more pronounced in unfolded, disulfide-bridged proteins
decreasing the hydrophobic effect for a protein folding reaction. Second,
and numerically more important, disulfide bridges are assumed to inhibit
hydrogen bonding to water in the unfolded state, making the folding
reaction enthalpically more favorable. In both theories, the native state is
believed to be unaffected. To illustrate both models, a hypothetical
12-residue b-hairpin structure with a single disulfide bridge was designed.
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A variety of experimental evidence argues against both theories rendering the

problem much more complex yet more insightful. Site-specific mutagenesis

offered the possibility to introduce artificial disulfide bonds at defined positions

within a protein and allowed to explore the effects of disulfide bonds rigor-

ously.15–18 Many results of these studies were not compatible with predictions

based on the prevailing theories concerning the effects of disulfide bonds on

protein stability. Most discrepancies arose from efforts to stabilize a variety of

proteins by the introduction of new disulfide bridges. In contrast to expectations,

destabilization was the result of a significant proportion of these attempts.19–21

High-resolution structures of the engineered proteins helped to rationalize these

unexpected effects. It turned out that strain was imposed on the native state by

the disulfide cross-links in several cases.22 Two particularly insightful examples

are studies on barnase19,23 and staphylococcal nuclease.21 Clarke and Fersht

introduced three artificial disulfide bonds into barnase. One was found to

destabilize the native state, one stabilized it to an extent predicted by the chain

entropy model and one to a much lesser extent.19 Furthermore, the bridge

connecting fewer residues was found to be more stabilizing than the one

encompassing more residues. For staphylococcal nuclease, no stabilization was

found for all disulfide constructs, but in this case a peptide bond cis/trans

equilibrium was shifted in the native state and the catalytic activity of all

mutants was reduced.21 The NMR H/D exchange analysis of the barnase

mutants revealed an altered dynamics of the native state imposed by the presence

of the covalent cross-links.23 In the study on staphylococcal nuclease, strain on

the native state, as reflected by the alteration of the cis/trans equilibrium, was

evoked to explain the observed unexpected alterations.21 A more general com-

parison between experimental data for disulfide-bridged proteins with native or

engineered disulfide bonds and the chain entropy model, which predicts that

disulfide bonds stabilize proteins in a strictly loop length dependent manner, can

be found in Figure 2.1.2. A clear deviation between experimental data and

predictions is evident from Figure 2.1.2 for the major part of the proteins.

Figure 2.1.2 Comparison of experimental data and theory for the chain entropy model.
Experimental data on the stability of proteins in the reduced and oxidized
state are summarized in the table on the left.11,20,70,75 A comparison to the
predicted stabilization based on Equation (2.1.2) is shown on the right.
The chain entropy model predicts a larger stabilization via disul-
fide bridges at higher temperatures and longer loop lengths.
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One clear conclusion can be drawn from the two mentioned and a variety of

other studies:15,16,18,22,24–29 the native state is not left unaffected by a disulfide

bridge. A major assumption underlying the chain entropy model as well as the

solvent enthalpy model hence does clearly not hold in all cases. Strain is often

found to be imposed on the native state by the presence of covalent cross-links.

This can be reflected in structural changes21,22 or more subtle changes, like

alterations of the dynamics of the native state.30 The important consequence is

that the enthalpy as well as the entropy of the native state are not unlikely to

be altered if two residues in the polypeptide are covalently cross-linked. Fur-

thermore, the alterations in dynamics and structure are not always a global but

sometimes a local context-specific effect. b-sheets and loops are thought to be

more suited to dissipate induced strain than a-helical elements, and more

dynamic parts of the structure are influenced to a greater extent. In addition,

changes in the solvent-exposed hydrophobic surface which have been observed

for disulfide mutants of interleukin-4 have a significant effect on the enthalpy of

the native state.26 Changes in the dynamics, e.g. the vibrational normal modes

of a protein, will also influence the entropy of the native state as has been

shown in a molecular dynamics study by Karplus and co-workers.30 Conse-

quently, a net destabilization due to a loss of native state entropy can be

expected in some cases if disulfide bonds are introduced into a protein.30 In

summary, novel experimental as well as theoretical insights clearly argue

against the simple chain entropy model, at least concerning one side of the

equation, the native state. The same holds for the solvent enthalpy model by

Doig and Williams, which is additionally at odds with thermodynamic para-

meters derived for some disulfide-bridged proteins which showed that disulfide

bridges do not necessarily stabilize the native state enthalpically.26 But what

about the unfolded state? Do the assumptions underlying the theory hold? In

other words, is it correct to assume a random coil almost devoid of any

interactions except for hydrogen bonding to the solvent? Clearly not in all

cases. Residual structure which is believed to be important for folding path-

ways has been detected in a variety of proteins.31–35 In particular, residual

hydrophobic interactions or fluctuating a-helical elements seem to be a rather

general than an exceptional feature of proteins, in particular under mildly

denaturing conditions.32,34,36–38 Importantly, the structural features of the

unfolded state like residual structure, which has been reported for the unfolded

state of barnase,39 or the tendency towards irreversible inactivation have in

some cases been shown to be influenced by the presence or absence of disulfide

bridges.40,41 Hence, disulfide bonds very likely not only influence the con-

formational freedom of the unfolded chain but can also introduce structure

which might also be protective against irreversible aggregation.40 Even

apparently minor structural changes like clustering of some hydrophobic

residues will influence the enthalpy and entropy of the unfolded state.

In addition, as outlined above, dynamic phenomena, strain induced on the

native state and an impact on the native structure are completely omitted in

these theories. Although some proteins could be adequately described by one of

the theories, it comes as no surprise that the chain entropy model as well as the
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solvent enthalpy model fail to describe the major part of experimental data

(Figure 2.1.2).

How can the different findings on the divergent effects disulfide bridges have

on the stability of different proteins be summarized in a comprehensive way?

Hardly by any theory describing the unfolded polypeptide chain as a construct

composed of identical elements and devoid of structural features. The

decreased entropy of an unfolded and cross-linked polypeptide chain has to be

taken into account as developed in the chain entropy model. Furthermore, the

solvent enthalpy model based on the decreased hydrophobic effect and

hydrogen bonding in the unfolded state should be included. And to be added to

these models are interactions eventually present in the unfolded state due to the

disulfide bridge, which may not be localized directly around the bond but can

be present as long-range residual structure.39 This will clearly have an effect on

the enthalpy and entropy balance for the reaction to the native state. The same

holds for decreased dynamics of the native state, locally or globally, as well as

enthalpically unfavorable strain or enthalpically favorable induced proximity

of interacting residues. In summary, the effect of a disulfide bridge on the

stability of a protein can be easily assessed experimentally, yet its molecular

explanation is almost as diverse as the protein under investigation. The key

factors giving rise to the net effect are most likely all known but, as for the

prediction of the native state of a protein, their contribution to the overall effect

are blurred in their sum as well as their mutual influence on each other. It seems

therefore highly rewarding to use a combined empirical and theoretical

approach. Exact stability data, if possible together with structural data on the

native as well as the unfolded state of the protein under investigation, are a

prerequisite for the detailed understanding of the effect of a disulfide bridge.

They should be complemented by theoretical approaches like molecular

dynamics simulations of the native and the unfolded state to obtain a more

complete picture. This might be different in detail for different proteins but in

summary these analyses will most likely reveal general principles.

2.1.3 Disulfide Bonds in Protein Folding Reactions

One of the major questions in biophysical chemistry is how a linear polypeptide

chain specifically adopts its intricate three-dimensional structure in a reasonable

amount of time. A variety of mutational approaches,42–50 high-resolution

structural techniques51–54 and ultrafast perturbation methods55–58 have recently

provided deep insight into this phenomenon of biological self-organization.

Nowadays, proteins are believed to fold with a certain heterogeneity viamultiple

individual pathways to the native state,59 yet distinct features of the protein

dictate the general trajectories of the folding process. In particular, residues

whose interactions define the overall topology of a protein are assumed to be in

contact in the transition state and are believed to be key elements in a protein

folding reaction in general.60–62While there seems to be consensus concerning the

general scheme of events, a variety of details are still under intense debate, like
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the role of residual structure in the unfolded state,35 the role of folding inter-

mediates on the way to the native state63 and the heterogeneity of the transition

states.61 In all these questions, disulfide bridges have played a pronounced role as

factors influencing these processes as well as tools to elucidate them.

Independent of its pathway, every protein begins its folding reaction in the

unfolded state, be it at the ribosome or under denaturing conditions. There-

fore, the nature of the unfolded state of proteins has gained much attention again

recently, in part fuelled by the development of novel experimental techni-

ques.34,64 In this context, deviations from a random coil are regarded as

important elements of protein folding in general. They will not only have an

impact on the net stability balance of a protein, as outlined above, but further-

more likely shape the energy landscape on the way to the native state. Preformed

interactions in the unfolded state might therein have a rather controversial effect

on a folding reaction. If native and not detrimentally influencing the ability of the

remaining polypeptide chain to explore the necessary conformational space, they

might lead to faster and more efficient folding to the native state. Yet if non-

native or too stable, the opposite might hold. Examples for both cases have been

reported for disulfide-bridged proteins, which per se possess preformed correct

tertiary interactions. In the case of RNase T1 (Figure 2.1.3), deceleration of the

folding kinetics was observed which has been attributed to decreased chain

flexibility in the presence of a disulfide bridge.65 In this context it is important to

note than RNase T1 possesses two disulfide bridges, one connecting a small

N-terminal b-turn and one connecting the C-terminus to this N-terminal b-turn

(Figure 2.1.3). Accordingly, the protein will almost be a completely looped

structure in its unfolded state, which will clearly have an effect on the dynamics

of the whole polypeptide chain and might interfere with the establishment of a

folding nucleus, if not in proximity of the disulfide bridges, which is unlikely

due to the solvent exposure of the disulfide bridges in the native state. This has

been confirmed for one of the disulfide bonds connecting residues 2 and 10.

Figure 2.1.3 Structural comparison of RNase T1 and the murine CL domain.
RNaseT1 (A) possesses two solvent-exposed disulfide bridges. The
murine immunoglobulin G CL domain has one disulfide bridge buried in
the hydrophobic core of the protein (B).
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Its deletion led to a stability reduction of RNase T1 but had no impact on the

folding mechanism of the protein.66

For CL, the constant domain of the antibody light chain, on the other hand,

its single intrinsic disulfide bridge accelerated folding up to B100-fold

(Figure 2.1.3).67,68 In the case of this protein, the disulfide bond is found in the

hydrophobic core of the protein and part of the folding nucleus.68 Accelerated

folding due to preformed interactions which facilitate the way to the native

state were hence expected and experimentally observed. For many other pro-

teins, either a deceleration or an acceleration of the respective folding reactions

have been observed in the presence of their natural intrinsic disulfide

bonds.20,69–74 Hence, disulfide bonds are in general far from being inert in

kinetic terms. Very often, different disulfide bridges within the same protein had

different effects on the folding rates. A comprehensive study in this respect has

been carried out for the all-b protein CD2, where thirteen different artificially

introduced disulfide bridges showed a markedly different impact on the folding

behaviour.20 Similar results were obtained for unfolding reactions which were

either left unaffected by disulfide bonds or their rates were reduced.20,75 The

experimental findings are in agreement with simple lattice-based simulations,

where disulfide bonds inside the folding nucleus were found to be accelerating

yet decelerating if outside.76 In some simulations folding has been found to be

influenced by a disulfide bond to a lesser extent than expected, revealing a

larger dynamics of a real polypeptide chain in comparison to a chain moving on

a lattice.76 Despite the heterogeneous effects of a disulfide bridge on protein

folding/unfolding kinetics at first glance, it can be more easily rationalized than

the effect on native state stability. The key lies in the transition state for folding

and unfolding. Acceleration of folding is expected when residues are cross-

linked which have to come into contact early in a protein folding reaction, if not

weighed out by entropy/enthalpy compensation in the transition state. Ana-

logously, deceleration of unfolding is expected when two residues, whose

interactions are broken in the transition state for unfolding are covalently

linked. Both effects can provide structural information about the otherwise

hardly accessible transition state as exemplified for the immunoglobulin pro-

teins CL and CD2 where the transition state for folding could be stabilized

by disulfide bridges20,68 or for barnase, where the transition state for unfolding

could be destabilized by a disulfide bond.75 Often, disulfide-bridged pro-

teins are found to fold less cooperatively.70 This might be caused by the

population of disulfide-stabilized intermediates in agreement with the stabili-

zation of the transition state and subsequent partially folded states. If stabili-

zation of partially folded structures becomes too strong, either by native or

non-native interactions, this can even result in a net deceleration of a protein

folding reaction as has been observed for CD2.71 Attempts to increase the

folding rate by multiple disulfide bonds had the opposite effect: deceleration of

the folding reaction by the over-stabilization of a partially folded state.71 This

highlights the role of cooperativity for efficient protein folding which can be

beneficially or detrimentally influenced by preformed tertiary interactions like

disulfide bridges.
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2.1.4 Conclusions

Disulfide bonds are one of the most widespread structural elements stabilizing

the native state of a protein. Their stabilizing role likely arises from a variety of

effects imposed on the unfolded as well as the native state. A destabilization of

the unfolded state due to the restriction of the conformational freedom as well

as decreased protein-solvent interaction will favor folding to the native state

which, additionally, can be stabilized by induced proximity of energetically

favorable interactions. In most cases, in particular for naturally selected di-

sulfide-bond positions, the stabilizing effects of this covalent bond are more

pronounced than eventually occurring destabilizing effects. These can include a

stabilization of the unfolded state due to residual or non-native structure.

Additionally, strain as well as reduced dynamics imposed on the native state

can significantly decrease the stability of the native state. The sum of all these

factors will be the net stabilizing effect of a disulfide bridge.

Having a closer look at the kinetic impact of disulfide bridges is highly

insightful. By accelerated folding or decelerated unfolding, entropic, enthalpic

and structural conclusions about otherwise almost inaccessible transitions

states can be drawn. Furthermore, how disulfide bonds are positioned in nat-

ural proteins might not only help in the design of proteins with improved

characteristics but also hold a clue for the specific structural features a protein

has been selected for. In this respect, it is particularly revealing to look at

disulfide bridge positions in an evolutionary perspective. For many extra-

cellular proteins which do not have to undergo a large variety of binding

reactions requiring large scale dynamics, loop structures and flexible parts are

often found to be disulfide-linked.77 This, on the one hand, directly reduces

susceptibility to protease digestion and, on the other hand, might generally

reduce unfolding rates by linking parts which are likely to come apart early in

an unfolding reaction. If large flexibility is needed, as e.g. in members of the

immunoglobulin superfamily, which are optimized for molecular recognition

processes, another evolutionary strategy has prevailed. Here, disulfide bridges

are found in the folding nucleus,77 where they seem to accelerate refolding if

unfolding occurs. At the same time this strategy permits flexibility where nee-

ded and also results in a net stabilization of the native state. Positions of

evolutionary selected disulfide bonds might hence not only provide insight into

folding nuclei but additionally provide a basis for the rational stabilization of

homologous proteins.

The elucidation of the versatile effects disulfide bonds have on protein

structure, stability and folding has significantly extended our knowledge about

how proteins fold and function and it paved the path to influence their prop-

erties in desirable ways.
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1559–1563.

33. V. L. Arcus, S. Vuilleumier, S. M. Freund, M. Bycroft and A. R. Fersht,

Proc. Natl. Acad. Sci. USA, 1994, 91, 9412–9416.

34. K. H. Mok, L. T. Kuhn, M. Goez, I. J. Day, J. C. Lin, N. H. Andersen and

P. J. Hore, Nature, 2007, 447, 106–109.

35. E. R. McCarney, J. E. Kohn and K. W. Plaxco, Crit. Rev. Biochem. Mol.

Biol., 2005, 40, 181–189.

36. D. Eliezer, J. Chung, H. J. Dyson and P. E. Wright, Biochemistry, 2000, 39,

2894–2901.

37. J. Yao, J. Chung, D. Eliezer, P. E. Wright and H. J. Dyson, Biochemistry,

2001, 40, 3561–3571.

38. C. S. Le Duff, S. B. Whittaker, S. E. Radford and G. R. Moore, J. Mol.

Biol., 2006, 364, 824–835.

39. J. Clarke, A. M. Hounslow, C. J. Bond, A. R. Fersht and V. Daggett,

Protein Sci., 2000, 9, 2394–2404.

40. L. J. Perry and R. Wetzel, Science, 1984, 226, 555–557.

41. R. Wetzel, L. J. Perry, W. A. Baase and W. J. Becktel, Proc. Natl. Acad.

Sci. USA, 1988, 85, 401–405.

42. A. R. Fersht, A. Matouschek and L. Serrano, J. Mol. Biol., 1992, 224,

771–782.

43. A. Matouschek, L. Serrano, E. M. Meiering, M. Bycroft and A. R. Fersht,

J. Mol. Biol., 1992, 224, 837–845.

44. A. Matouschek, L. Serrano and A. R. Fersht, J. Mol. Biol., 1992, 224,

819–835.

45. A. Matouschek, J. T. Kellis Jr., L. Serrano, M. Bycroft and A. R. Fersht,

Nature, 1990, 346, 440–445.

46. A. Matouschek, J. T. Kellis Jr., L. Serrano and A. R. Fersht, Nature, 1989,

340, 122–126.

47. L. Serrano, J. T. Kellis Jr., P. Cann, A. Matouschek and A. R. Fersht,

J. Mol. Biol., 1992, 224, 783–804.

48. L. Serrano, A. Matouschek and A. R. Fersht, J. Mol. Biol., 1992, 224,

847–859.

49. L. Serrano, A. Matouschek and A. R. Fersht, J. Mol. Biol., 1992, 224,

805–818.

50. D. P. Raleigh and K. W. Plaxco, Protein Pept. Lett., 2005, 12, 117–122.

51. D. M. Korzhnev, X. Salvatella, M. Vendruscolo, A. A. Di Nardo, A. R.

Davidson, C. M. Dobson and L. E. Kay, Nature, 2004, 430, 586–590.

52. T. L. Religa, J. S. Markson, U. Mayor, S. M. V. Freund and A. R. Fersht,

Nature, 2005, 437, 1053–1056.

53. U. Mayor, N. R. Guydosh, C. M. Johnson, J. G. Grossmann, S. Sato,

G. S. Jas, S. M. V. Freund, D. O. V. Alonso, V. Daggett and A. R. Fersht,

Nature, 2003, 421, 863–867.

54. H. Q. Feng, Z. Zhou and Y. W. Bai, Proc. Natl. Acad. Sci. USA, 2005, 102,

5026–5031.

190 Chapter 2.1



55. T. L. Religa, C. M. Johnson, D. M. Vu, S. H. Brewer, R. B. Dyer and A. R.

Fersht, Proc. Natl. Acad. Sci. USA, 2007, 104, 9272–9277.

56. H. Ma, C. Wan and A. H. Zewail, J. Am. Chem. Soc., 2006, 128,

6338–6340.

57. W. A. Eaton, V. Munoz, S. J. Hagen, G. S. Jas, L. J. Lapidus, E. R. Henry

and J. Hofrichter, Annu. Rev. Biophys. Biomol. Struct., 2000, 29, 327–359.

58. J. Kubelka, T. K. Chiu, D. R. Davies, W. A. Eaton and J. Hofrichter,

J. Mol. Biol., 2006, 359, 546–553.

59. K. A. Dill and H. S. Chan, Nat. Struct. Biol., 1997, 4, 10–19.

60. K. Lindorff-Larsen, P. Rogen, E. Paci, M. Vendruscolo and C. M.

Dobson, Trends Biochem. Sci., 2005, 30, 13–19.

61. K. Lindorff-Larsen, M. Vendruscolo, E. Paci and C. M. Dobson, Nat.

Struct. Mol. Biol., 2004, 11, 443–449.

62. M. Vendruscolo, E. Paci, C. M. Dobson and M. Karplus, Nature, 2001,

409, 641–645.

63. D. J. Brockwell and S. E. Radford, Curr. Opin. Struct. Biol., 2007,

17, 30–37.

64. K. Sugase, H. J. Dyson and P. E. Wright, Nature, 2007, 447, 1021–1025.

65. M. Mucke and F. X. Schmid, J. Mol. Biol., 1994, 239, 713–725.

66. L. M. Mayr, D. Willbold, O. Landt and F. X. Schmid, Protein Sci., 1994, 3,

227–239.

67. Y. Goto and K. Hamaguchi, J. Mol. Biol., 1982, 156, 911–926.

68. M. J. Feige, F. Hagn, J. Esser, H. Kessler and J. Buchner, J. Mol. Biol.,

2007, 365, 1232–1244.

69. S. R. K. Ainavarapu, J. Brujic and J. M. Fernandez, Biophys. J., 2007, 92,

225–233.

70. N. Schönbrunner, G. Pappenberger, M. Scharf, J. Engels and T. Kiefhaber,

Biochemistry, 1997, 36, 9057–9065.

71. J. M. Mason, M. J. Cliff, R. B. Sessions and A. R. Clarke, J. Biol. Chem.,

2005, 280, 40494–40499.

72. M. E. Denton, D. M. Rothwarf and H. A. Scheraga, Biochemistry, 1994,

33, 11225–11236.

73. S. H. Lin, Y. Konishi, B. T. Nall and H. A. Scheraga, Biochemistry, 1985,

24, 2680–2686.

74. A. Yokota, K. Izutani, M. Takai, Y. Kubo, Y. Noda, Y. Koumoto,

H. Tachibana and S. Segawa, J. Mol. Biol., 2000, 295, 1275–1288.

75. J. Clarke and A. R. Fersht, Biochemistry, 1993, 32, 4322–4329.

76. V. I. Abkevich and E. I. Shakhnovich, J. Mol. Biol., 2000, 300, 975–985.

77. L. A. Mirny and E. I. Shakhnovich, J. Mol. Biol., 1999, 291, 177–196.

191The Role of Disulfide Bonds in Protein Folding and Stability



CHAPTER 2.2

Strategies for the Oxidative
in vitro Refolding of Disulfide-
bridge-containing Proteins

RAINER RUDOLPH AND CHRISTIAN LANGE

Institut für Biochemie and Biotechnologie, Martin-Luther-Universität

Halle-Wittenberg, Kurt-Mothes-Str. 3, 06120 Halle (Saale), Germany

2.2.1 Introduction

The advent of recombinant DNA technology three decades ago opened the

possibility for the heterologous expression of almost any protein in microbial

host organisms or eukaryotic cell culture systems. This has enabled the pro-

duction even of those proteins that had been almost impossible to obtain from

natural sources, as well as the manipulation of protein sequences for specific

purposes. The engineering, production, and purification of proteins as tools for

research and development, as well as for therapeutic uses, today represent

mature branches of applied technology.1,2

Some important practical issues have to be solved in the development of the

production process for any given new protein. One of these problems, which

requires special attention when working with microbial host systems, concerns

the formation of intraprotein disulfide bonds. Most proteins that are of interest

for medical applications are either natively secreted or exposed to the extra-

cellular space as part of membrane-bound receptor complexes. Examples for

marketable therapeutic products that are derived of extracellular proteins

include antibodies and antibody fragments, peptide hormones like insulin and
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human growth hormone, as well as thrombolytic proteins like tissue-type

plasminogen activator and hirudin. As a consequence, many of these proteins

contain specific disulfide bonds that provide structural stability and are in most

cases a necessary prerequisite for function.3,4 Throughout the present book, the

current state of knowledge on the fascinating aspects of disulfide-bond for-

mation in vivo and the roles that this modification may play for the structure

and function of proteins are highlighted.

The correct formation and preservation of disulfide bonds in the final product

has to be guaranteed by any protein production process. When proteins are

expressed into the cytoplasmic space of microbial hosts, the formation of di-

sulfide bonds is generally not possible due to the reducing environment of the

cytosol.4–6 The concomitantly reduced stability of the native conformation of

naturally disulfide bond-containing proteins aggravates a general problem of

high-yield heterologous expression, namely the formation of insoluble, biolo-

gically inactive aggregates of the produced protein that are deposited in the form

of inclusion bodies7–9 (Figure 2.2.1). The formation of inclusion bodies in vivo

can be explained quite well by models taking into account the kinetic competi-

tion between folding of the over-expressed protein and its aggregation.10

A folding reaction that is impaired by the inability to form stable native disulfide

bonds will consequently direct the protein product into the solid state.

Several workarounds exist for this problem. They include production in dif-

ferent expression systems, e.g., yeast,1,11 animal cell culture12 and plant tissue,13

expression into the bacterial periplasm14 or secretion into the culture medium,15

as well as the engineering of variants of the desired protein product that are

sufficiently stable without internal disulfide bonds.16 Each of these possibilities is

associated with its own specific advantages and drawbacks, as discussed in

Chapters 1.3 and 1.7 of this book.

Inclusion bodies obtained by bacterial over-expression are significantly enri-

ched in recombinant protein, and the sequestered insoluble product is well

protected from the action of intracellular proteases and other degrading

enzymes.17 These facts combined make high-yield expression into inclusion

bodies followed by solubilization and in vitro refolding a straightforward, and in

most cases viable, option for the development of protein production processes.

The generalized protocol for the recovery of active protein from inclusion

body material8,18–21 requires, as a first step, the solubilization of the inclusion

bodies in denaturing agents like urea or guanidinium chloride (GuHCl)i in the

presence of a reducing thiol reagent like, e.g., dithiothreitol (DTT) or

dithioerythritol (DTE). The reducing agent has to be included in this step in

order to break disulfide bonds that may have accidentally formed during cell

breakup and sample handling on air. In general, the reducing agent then needs

iAbbreviations used: BiP, heavy chain-binding protein; BPTI, bovine pancreatic trypsin inhibitor;
DTNB, 5,50-dithio-bis(2-nitrobenzoic acid); DTE, dithioerythritol; DTT, dithiothreitol; E0,
biochemical standard redox potential; EDTA, ethylene diamine tetraacetic acid; GSH, reduced
glutathione; GSSG, oxidized glutathione; GSeH, reduced selenoglutathione; GSeSeG, oxidized
selenoglutathione; GuHCl, guanidinium chloride; PDI, protein disulfide isomerase (EC 5.3.4.1);
RNase, endoribonuclease (EC 3.1.27); Sec, selenocysteine.
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to be removed under conditions where the re-oxidation of the free cysteine thiol

groups is prevented, and oxidative in vitro folding is initiated by transfer of the

reduced-denatured protein into an oxidizing renaturation buffer. This very

general process may be carried out according to a wide variety of strategies.

The conditions for the refolding process have to be carefully chosen and con-

trolled in order to obtain a good yield of correctly folded product. The desired

reaction competes with a number of unproductive side reactions, mainly the

aggregation of non-native species, and the formation of mis-folded species, that

may contain non-native disulfide bonds.10,22

The choice of refolding conditions is dependent on the nature of each indivi-

dual protein. No generally applicable protocols are available, and to date almost

any newly developed in vitro refolding requires a largely empirical optimization.

However, a series of guidelines does exist that aid the researcher in this task, and

protocols are available that may serve as starting points for the development of

an optimized process for any given refolding problem, with a reasonably high

probability of success. One strategy that is commonly applied in this context

involves the rapid dilution of reduced-denatured protein into a buffer system that

contains, on the one hand, additives like, e.g., L-arginine or glycerol that serve the

Figure 2.2.1 Escherichia coli cell filled with inclusion bodies (lower third of cell
volume).
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purpose of preventing unspecific aggregation and enhancing the stability of the

native state, respectively, and, on the other hand a thiol redox system, e.g., a

mixture of reduced and oxidized glutathione (GSH/GSSG), that allows for the

controlled formation of disulfide bridges.21,23 A major issue with this approach is

the need to work at low protein concentrations, due to the already mentioned

aggregation tendency of the unfolded and non-native protein species that are

present after the dilution of the denatured inclusion body material into the

refolding buffer. This might be remedied by applying the pulsed renaturation

method, in which small aliquots of denatured protein are added to the refolding

mixture with sufficient time in between to allow for the renaturation reaction to

proceed beyond the early, aggregation-prone states.23,24 Many more different

ways of performing the task are conceivable, and have been applied.

The purpose of the present chapter is to give an overview of the methods that

have been successfully used for the oxidative in vitro folding of disulfide-

containing proteins. Emphasis will be put on reviewing the various strategies

that have been explored for controlling and optimizing the involved thiol redox

chemistry.

2.2.2 Chemical Systems for the in vitro Formation

of Disulfide Bridges

The sulfur chemistry of proteins has been intensively studied since the early days

of protein biochemistry.25–27 The sulfur centers in cysteine and methionine

residues, and in protein-bound iron–sulfur clusters play an essential role in the

biochemistry of life. Sulfur in cysteines has been found in formal oxidation

numbers between +6 and �2, although not all of them have been identified

within a physiological context. Apart from being involved in the ligation of

transition metal ions, redox catalysis and signaling, the cystine disulfide bridges

in many proteins are critical for the formation and stabilization of protein

tertiary structure. The in vitro refolding of a disulfide bridge-containing protein

from its reduced denatured state requires the formal oxidation of the sulfur

atoms in free cysteines (�2) to disulfides (�1). In vivo, during the processing of

newly synthesized proteins in the endoplasmic reticulum and the periplasm,

respectively, as well as in most of the redox systems discussed in this chapter,

this change in oxidation number is effected by thiol-disulfide exchange reactions.

In principle, the number of possible combinations of free cysteines to form

disulfide bridges in proteins may be huge. While for proteins that contain two

disulfide bonds, like, e.g., single-chain Fv fragments, three combinations are

theoretically conceivable, the number of combinations for tissue-type plasmi-

nogen activator, which contains 17 disulfide bonds and an additional free

cysteine, is 2.2� 1020 (Table 2.2.1). If disulfide pairing were to occur randomly

during oxidative protein folding, the number of possible combinations would

drown out any chance of obtaining native protein. However, it has become

clear that folding proteins do not randomly sample conformational space, but

are directed by forces driving the collapse into the native state along more or
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less clearly defined pathways. While oxidative folding in vivo is supported by the

cellular chaperone and foldase systems, oxidative refolding in vitro has to

depend on the physicochemical driving forces alone. In any case, the native and

correctly disulfide-bridged state is thermodynamically favored under physio-

logical conditions, and if the refolding reaction occurs under thermodynamic

control, the protein molecule should eventually be able to reach it.

The kinetic pathways for the oxidative refolding of proteins containing mul-

tiple native disulfide bonds are often complex and may involve multiple con-

secutive rearrangements. This has been studied extensively for bovine pancreatic

trypsin inhibitor (BPTI),28–30 while the elucidation of the pathways for the

oxidative folding of the natively dimeric human macrophage colony-stimulating

factor b31 and hen egg-white lysozyme32 represent more recent examples. The

complexity of oxidative refolding pathways along with competing unproductive

side reactions like, e.g., aggregation of non-native protein species frequently

leads to oxidative in vitro refolding reactions proceeding under kinetic control.

The choice of the chemical system responsible for the formation of disulfide

bridges may play a critical role in determining the yield of renaturation.

2.2.2.1 Transition Metal-catalyzed Air Oxidation

The most readily available electron sink for the oxidative in vitro refolding of

proteins is atmospheric oxygen. The earliest refolding experiments naturally

Table 2.2.1 Number of possible combina-

tions of 2n cysteines to form n

disulfide bonds.

n Number of combinations a

1 1
2 3
3 15
4 105
5 945
6 10395
7 135135
8 2027025
9 34459425
10 654729075
11 1.374931058�1010

12 3.162341432�1011

13 7.905853581�1012

14 2.134580467�1014

15 6.190283354�1015

16 1.918987840�1017

17 6.332659871�1018

18 2.216430955�1020

. . . . . .
a(2n� 1)�(2n� 3)�(2n� 5)� . . . � 3� 1
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made use of air oxidation. In a series of ground-breaking works performed

during the late 1950s by Anfinsen and others, the hypothesis was firmly

established that for most proteins the three-dimensional structure necessary for

activity is encoded in the primary sequence alone. This body of work relied on

the capability of the molecular oxygen present in air to enable the re-formation

of native disulfide bonds in reduced denatured RNase A.33–35

One of the major drawbacks of using air as the oxidating agent is the slow

kinetics of direct sulfur–oxygen reactions under physiologic conditions. As a

consequence, reaction systems for the oxidative refolding of proteins by air are

dependent on the presence of catalytic amounts of transition metal ions that act

as redox mediators. Cu21 was shown to be the most effective catalytic metal ion

in this respect.36 This limitation had not been apparent in the first studies on air

oxidation due to the presence of trace amounts of Cu21 even in double-distilled

water, but addition of EDTA to a refolding buffer was quickly found to abolish

the oxidative renaturation of proteins by air.

One of the key parameters determining the efficiency of air oxidation is the

transport of oxygen from the gas phase into the solution, which may present

problems of being reproducibly controlled in laboratory scale renaturation.

For large-scale refolding processes, vigorous stirring is required to bring about

the necessary mass transfer of oxygen into the solution. In this case, the induced

interfacial stress may lead to loss of protein to aggregation.37

Although a number of active industrial processes and patents make use of air

as unbeatably inexpensive oxidizing agent, literature reports about improved

methods for in vitro refolding of disulfide-containing proteins by air oxidation

have become few and far between compared to the ever-growing body of lit-

erature on methods for the production of proteins from inclusion body material.

In a recent example, the in vitro refolding of prochymosin from inclusion bodies

by controlled air oxidation was described.38 Under the reported conditions,

renaturation yields by air oxidation were higher than when a standard thiol

exchange redox system consisting of reduced and oxidized glutathione was used.

2.2.2.2 Thiol–Disulfide Exchange Systems

Redox systems for the oxidative refolding of proteins need to enable thermo-

dynamic control of the refolding process, i.e., the disulfide isomerization of

protein species with non-native disulfide bridges, which might have formed early

in the renaturation reaction, must be possible in order to allow the protein to

relax into its thermodynamically preferred, native state. The chemical system that

is used in order to effect the formation of disulfide bridges has to work in a way

that the reaction is reversible. Rapid oxidation of immobilized reduced denatured

trypsin with dehydroascorbate, e.g., with an oxidizing biochemical standard

redox potential, E 00, of 0.06V, led to an inactive species with non-native disulfide

bonds, while oxidation by a redox system consisting of reduced and oxidized

glutathione (GSH/GSSG), with a E 00 of 0.23V, resulted in a good recovery of

active enzyme.39 Glutathione is a naturally occurring tripeptide (g-Glu-Cys-Gly)
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that serves as a cellular redox buffer and was long thought to be essential for

the formation of protein disulfide bridges in vivo. The kind of redox system

represented by GSH/GSSG, consisting of a pair of reduced and oxidized thiol,

is the most straightforward way to control the redox potential for the oxidative

in vitro refolding of disulfide bridge-containing proteins, as the reaction between

redox reagent and protein follows a very simple mechanism (Scheme 2.2.1).

No further compounds acting as redox mediators are necessary, and no free-

radical species are ever involved in the reactions, as electrons are only transferred

pairwise.

Examples for the successful oxidative in vitro refolding of proteins by GSH/

GSSG abound in the research literature. Since their effectiveness as reagents for

the oxidative reactivation of reduced denatured lysozyme was first demon-

strated,40 the pair of reduced and oxidized glutathione have been the most

commonly used oxido-shuffling reagents for protein in vitro refolding, although

other low-molecular-weight thiols such as cystine/cysteine, cystamine/cystea-

mine or bis-b-hydroxyethyl disulfide/2-mercaptoethanol have also been found

to be effective. The in vitro refolding of recombinant hirudin, e.g., was reported

to proceed approx. five times faster in the presence of cysteine/cystine than in

the presence of GSH/GSSG.41

It is generally not possible to predict the optimal composition of the rena-

turation buffer from first principles, so the key parameters of the refolding

reaction, like the concentrations and the ratio of GSSG to GSH, pH and

SH SH

SH S

R

S SR

S S S

R

S S

+

- H+

- RS-

- RS-

- H+

Scheme 2.2.1 Thiol–disulfide exchange.
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temperature, have to be optimized on an empirical basis. GSSG and GSH are

generally employed in molecular ratios between 1:1 and 1:10 in the sub-millimolar

to millimolar concentration range. The redox potential in the renaturation buffer,

which is proportional to log([GSH]2/[GSSG]), is kept slightly reducing in order to

guarantee reversibility of the thiol–disulfide exchange. Under these conditions, the

driving force for the formation of disulfide bridges is largely derived from the

stabilization energy of the native protein,42 which ensures that native disulfide

bonds are favored over non-native random combinations of cysteines. The

empirical optima for the GSH/GSSG ratio in oxidative in vitro refolding have

been found to be quite broad in many cases.43 Complex refolding problems,

however, may be susceptible to small changes in the composition of the redox

buffer and therefore may require careful fine-tuning of the refolding conditions as

demonstrated, e.g., for the case of murine ab T-cell receptor.44

The overall process for protein in vitro refolding may be simplified by

not removing the necessary reducing agent, e.g., DTT or DTE, from the

solubilized inclusion body material before renaturation is initiated. In this

approach, the refolding buffer contains only oxidized dithiol, e.g., GSSG, and

the corresponding reduced free thiol is generated in situ by reaction with the

carried-over reducing agent. This method was demonstrated by the successful

oxidative in vitro refolding of a recombinant Fab antibody fragment.45 A pro-

cess for the production of recombinant human growth differentiation factor-5

was described that made use of a similar strategy.46 In this case, the inclus-

ion body material was solubilized in the presence of 32mM cysteine, followed

by dilution into refolding buffer and oxidative renaturation on air. Although

EDTA was present in the reaction mixture, apparently enough cysteine

was gradually oxidized to cystine over the time-course of the reaction to

form an effective redox environment for the formation of native disulfide

bridges.

As an alternative to the rapid dilution of solubilized inclusion body material

into an oxidizing refolding buffer, in vitro refolding may also be carried out

through dialysis steps. Although dialysis presents technical problems when

upscaling of protein production is desired, it may provide a valuable alternative

option for protein renaturation on the laboratory scale. This strategy has the

distinct advantage that the conditions during the oxidative refolding of a given

protein may be changed in a stepwise, controlled manner. It was applied for

developing a dialysis protocol for the in vitro refolding of antibody frag-

ments from reduced solubilized inclusion body material, in which the con-

centration of the denaturing agent guanidinium chloride was successively

reduced to produce compact folding intermediates, and the oxidative formation

of disulfide bridges was only induced during the last dialysis steps by addition

of GSSG.47,48 The success of this approach may be due to a reduced probability

for the formation of non-native disulfide bonds during the early stages of

refolding.

In any case, the success of the oxidative in vitro refolding of proteins does not

depend on the redox system for disulfide-bond formation alone. As already

mentioned, the suppression of unproductive side reactions, namely unspecific
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aggregation of non-native protein species by additives like L-arginine plays a

critical role. Additionally, for many recombinantly expressed proteins and

peptide hormones that lack their native pro- or pre-pro-peptides, the naturally

favored pathways of folding and even the thermodynamic driving force into the

native conformation may be compromised. The pro-region of BPTI was shown

to facilitate the correct disulfide-bond formation during oxidative refolding in a

GSH/GSSG redox buffer.49 A single cysteine residue in this pro-region was

responsible for directing the protein into the native form along a different, faster

sequence of disulfide exchange reactions with a different set of folding inter-

mediates. Although the small peptide hormone guanylyl cyclase-activating

peptide II (GCAP II) contains only four cysteine residues, the native, correctly

disulfide-bridged form could only be obtained as a minor by-product of oxida-

tive in vitro refolding of the synthetic peptide in a GSH/GSSG redox buffer,

whereas the recombinant pro-protein quantitatively folded into a structure with

the native disulfide bonds in place.50 The peptide hormones of the neurotrophin

family are homodimeric, and their monomer units contain three native disulfide

bridges in a tightly constricted cystine knot topology. The oxidative in vitro

refolding of recombinant human nerve growth factor (NGF), a member of the

neurotrophin family, proceeded significantly faster, and with higher yield, when

the pro-region was present in the recombinant protein.51 This enhancement of

renaturation kinetics and yield was also observed when a fusion protein con-

struct of NGF and the pro-region of the related neurotrophin-3 was expressed

into inclusion bodies and refolded in vitro.52 In an extreme example of ther-

modynamically limited oxidative folding, insulin-like growth factor-I does not

quantitatively form its native disulfide bridges under redox conditions that allow

for reversible thiol disulfide exchange reactions, i.e., the native form is not the

most stable one.53,54 Its oxidative folding in vivo is directed by specific binding

proteins,55 and its recombinant production for therapeutic purposes relies on

fusion protein constructs. In the end, the success of the oxidative in vitro

refolding of recombinant proteins critically depends on sequence-specific prop-

erties, and engineering the expressed protein construct may be required to solve

challenging renaturation problems.

2.2.2.3 Mixed Disulfides

Instead of transferring the reduced denatured protein into an oxidizing redox

buffer in order to effect oxidative refolding, another approach can be chosen, in

which oxidation to a disulfide and isomerization to the native pattern of di-

sulfide bridges do not occur simultaneously. Upon oxidation in the presence of

denaturing agents or under kinetic control,39 proteins may form fully oxidized,

non-native forms with a scrambled disulfide bridge pattern. This has been

mainly exploited for studying disulfide exchange reactions. A very-well-known

example is disulfide-scrambled RNase A,56 which has been serving as a model

for non-native proteins and as substrate for systems that catalyze disulfide-

exchange reactions for a long time.

200 Chapter 2.2



From the point of view of in vitro refolding, however, systems in which the

cysteine residues of reduced denatured proteins from inclusion body material are

quantitatively and reversibly modified have proven more useful. The non-native

protein species, in which the cysteine residues have been modified and thereby

protected against, e.g., further oxidation may be more easily handled than the

reduced denatured protein, and may in some cases be more advantageous

starting materials for the renaturation reaction.

It is possible to reversibly modify the free cysteines of a reduced protein by

reaction with an excess of free low-molecular-weight dithiols. The resulting

mixed disulfide may then be used as starting material for in vitro refolding. In

some cases, this approach offers advantages over direct oxidation. Modification

of the reduced denatured protein with cysteine or glutathione may be expected to

reduce the hydrophobic character of the unfolded polypeptide chain and there-

fore contribute to a decreased tendency towards unspecific aggregation in the

refolding mixture. As quantitatively modified mixed disulfides already represent

fully oxidized protein states, dithiols do not necessarily have to be included in the

refolding reaction mixture. In principle, small amounts of free thiols are sufficient

to catalyze the elimination of the modifying compound under conditions where

renaturation is driven by the thermodynamic stability of the native state. The

feasibility of this method has been demonstrated with a series of model systems.

The examples include the in vitro refolding of lysozyme from its mixed disulfides

with cysteine57 and of RNase T1 from its glutathione-modified form.58 Mixed

disulfides with glutathione were also successfully used as starting materials for

the in vitro refolding of serine proteases.59,60 In this case, the elimination of

GSSG from the mixed disulfides was catalyzed by a cysteine/cystine redox buffer.

In the context of these studies, the renaturation of the two-chain form of neo-

chymotrypsinogen was reported as well,61 which requires the formation of an

interchain disulfide bond to adopt its native state. Interestingly, in a case where

the direct comparison was made, the pH optima for the in vitro refolding from

mixed disulfides were shifted by approx. one log unit into the acidic range

compared to direct oxidative renaturation from reduced denatured protein.62

Another method for reversible modification of cysteines is the S-sulfonation63–65

of proteins with sodium sulfite. This reagent cleaves disulfide bonds to form one

S-sulfonylcysteine residue and one free cysteine residue (Scheme 2.2.2). In the

presence of an oxidizing agent, e.g., air/Cu21,63 or sodium tetrathionate,64 the

oxidative sulfitolysis reaction proceeds to the complete modification of all acces-

sible free cysteines. The reaction is readily reversible, and in the presence of free

thiols, two S-sulfonated cysteines can form a disulfide bridge under elimination of

sulfite from the protein.

The re-synthesis of active insulin from the separate A and B chains under

denaturing conditions represents an early example for the use of S-sulfonated

peptides as model systems for protein renaturation. Reaction of an excess of

reduced A chain with the S-sulfonated B chain gave yields of up to 80% active

renatured protein.66 More recently, several protocols were published for the

production of proinsulin from solubilized inclusion body material that had been

subjected to oxidative sulfitolysis.67–69 The elimination of sulfite from the
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modified denatured proinsulin and its concomitant in vitro refolding were

brought about by partial reduction with b-mercaptoethanol. A rather complex

process was devised for the large-scale production of human calcitonin from a

multimeric fusion protein precursor over-expressed into E. coli inclusion bodies.70

Efficient solubilization of the inclusion bodies required the modification of lysine

residues with citraconic acid and oxidative sulfitolysis of the insoluble fraction.

After cleavage of the fusion protein by trypsin, acid-catalyzed de-citraconilation

and C-terminal clipping and amidation by carboxypeptidase Y, the mature

peptide hormone was finally obtained by de-sulfonation with glutathione.

Larger disulfide-bridged proteins that have served as examples for successful

in vitro refolding from S-sulfonated forms include isoforms of platelet-derived

growth factor,71,72 and prethrombin-2.73 In these cases, the de-sulfonation of

the refolded proteins was achieved by incubation in GSH/GSSG redox buffers.

2.2.2.4 Enzymatic Catalysis of Disulfide-bond Formation in vitro

In vivo, the reshuffling of disulfide bonds in proteins is catalyzed by protein

disulfide isomerases (PDIs). PDI activity was discovered more than 40 years

ago in microsomal preparations of animal tissue.74 The principal form of PDI

in eukaryotes is present in high concentrations in the endoplasmic reticulum.

A large family of homologous PDI-like proteins exists in eukaryotes as well as

in prokaryotes.5,6,75,76 Many of these proteins have been shown to fulfill roles in

maintaining the physiological redox balance and the processing of disulfide

bridge-containing proteins in the endoplasmic reticulum and the periplasm,

respectively, as reviewed elsewhere in this book. All family members contain

one ore more domains that share the fold of the small cytoplasmic redox

protein thioredoxin. The active centers of thioredoxins and PDI-like proteins

contain a special pair of cysteines within a CXXC sequence. One of the

S SO3-SHSH

S SO3-S S

[ox.]

S S + SO3
2-

Scheme 2.2.2 Oxidative sulfitolysis.
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cysteines shows an unusually low thiol pKa value.77 This cysteine alone is

capable of catalyzing disulfide exchange reactions, and single-cysteine mutants

were found to promote the renaturation of disulfide-scrambled RNase A, while

oxidative in vitro refolding of the same protein required the full disulfide

oxidoreductase activity and therefore the presence of both active cysteines in

PDI.78 The biochemical standard redox potential of the disulfide/CXXC couple

in mammalian PDI, e.g., is approx. �0.18V, with a pKa value of 6.7.79 Due

to the low pKa value of the active cysteine, PDI and its homologs retain to

some degree the ability to act as catalysts of oxidative in vitro refolding at

relatively low pH values,80,81 in contrast to low-molecular-weight aliphatic

thiols. Within the scope of this chapter, it was of interest to look for examples

where PDI family members have been employed as active reagents for protein

in vitro refolding.

The effectiveness of PDI as enhancer of the oxidative in vitro refolding for the

production of complex proteins from inclusion bodies was demonstrated using

an Fab fragment as model.82 The maximum yield was obtained in a more

oxidizing redox buffer compared to the optimal conditions in the absence of

PDI. The renaturation yield of a genetically engineered immunotoxin consist-

ing of an F(ab0)2 antibody fragment and a tumor necrosis factor a domain was

also significantly improved by the presence of PDI.83 The oxidative folding of

Ragi bifunctional inhibitor, a protein with a complex pattern of five over-

lapping disulfide bridges, was effectively promoted by the bacterial disulfide

isomerase DsbC.84 Curiously, any disulfide bond-containing protein may have

some residual disulfide oxidoreductase activity. The oxidative disulfide bridge

formation in biological peptides obtained by chemical synthesis, including

several conotoxins and BPTI, was promoted by albumins that had been added

in high concentrations as crowding agents.85

Although PDI from the endoplasmic reticulum acts as chaperone, i.e., as

suppressor of aggregation, along with its role as catalyst of disulfide exchange

reactions, its effect as enhancer of oxidative in vitro refolding may be improved

by the presence of additional folding helper proteins. The PDI-catalyzed oxi-

dative renaturation of an Fab antibody fragment was synergistically enhanced

by the presence of heavy chain-binding protein (BiP), a chaperone protein from

the endoplasmic reticulum.86 The homologous oxidoreductase ERp57 facili-

tated the renaturation of the same Fab fragment in a manner similar to PDI.

However, in this case, no synergistic action with BiP was observed,87 while the

oxidative in vitro refolding of the model proteins a-lactalbumin and RNase B

by yet another PDI-like protein, ER60, was shown to be significantly improved

in the presence of BiP.88

In all examples mentioned so far, PDI or one of its homologs was employed

in stoichiometric amounts. Sub-stoichiometric concentrations of PDI had been

reported earlier to promote the aggregation of denatured protein in vitro by

formation of covalently cross-linked products,89 i.e., adding PDI in insufficient

amounts may be potentially counterproductive for in vitro refolding. A require-

ment for large amounts of active enzyme as an ingredient of the reaction

mixture represents a severe practical limitation for the use of PDI-like proteins
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as catalysts of oxidative in vitro refolding, especially in production-scale

processes. On the other hand, the yield of in vitro refolding of proinsulin in a

GSH/GSSG redox system was found to be significantly enhanced by catalytic

amounts of bovine liver PDI as well as by a single-site mutant of the enzyme,90

while an increase in the rate of refolding could only be observed at molar

PDI/proinsulin ratios approaching unity.

As an aside, it seems that high local concentrations of PDI-like proteins in

the vicinity of a target protein may be most conveniently reached by

co-expression as direct fusion proteins. Using this approach, it has been pos-

sible to avoid the formation of inclusion bodies altogether. P. haemolytica

glycoprotease, e.g., could only be obtained as a soluble product in the cytosol of

E. coli when it was expressed as fusion protein with thioredoxin, from which the

active enzyme was recovered by enterokinase cleavage.91 Apparently the cor-

rect formation of native disulfide bonds in the glycoprotease had been enabled

by the thioredoxin part of the fusion protein.

The in vivo formation of disulfide bonds in the endoplasmic reticulum and the

bacterial periplasm, respectively, has been intensively studied for decades. Two

flavoprotein sulfhydryl oxidases of the endoplasmic reticulum, Ero1p92,93 and

Erv2p,94 were identified in yeast a few years ago, followed by the identification

of their homologs in other eukaryotes, including humans. Both are dependent

on oxidized flavin adenin dinucleotide (FAD) as cofactor and capable of using

molecular oxygen as terminal electron sink. The functional homolog of

Ero1/Erv2 in bacteria, DsbB, is coupled to the respiratory chain.95,96 All three

proteins contain an active cysteine pair that transfers oxidizing equivalents to

PDI and DsbA, respectively, by thiol–disulfide exchange. These in turn are

responsible for the formation of disulfide bridges in the newly expressed pro-

teins being processed in the endoplasmic reticulum and periplasm, respectively.

Along with these discoveries, the long-held belief that glutathione is essential

for the formation of disulfide bonds in vivo was refuted.92 The high con-

centrations of GSH/GSSG present in the endoplasmic reticulum now are

ascribed the role of redox buffer and protectant against oxidative stress.97

A number of chemical species may act as electron sinks for the Ero1 and

DsbB systems, respectively, and an even greater number may be envisaged to

act as oxidizing agents for the in vitro refolding of reduced denatured proteins.

When the full enzyme complement of the endoplasmic reticulum is present, e.g.,

in liver microsome preparations, dehydroascorbate may act as an effective

oxidizing agent for disulfide-bond formation.98

From the point of view of oxidative in vitro folding for protein production,

however, atmospheric oxygen is the most attractive source of oxidizing power.

The sulfhydryl oxidase activities that can be isolated from readily available

sources like skim milk membrane99,100 in the form of a metalloprotein, and

from egg white101 as a flavoprotein, were shown to be able to catalyze the

in vitro formation of disulfide bonds in a number of protein substrates. How-

ever, this reaction is practically irreversible and randomly generates non-native

disulfide bonds. Therefore, oxidative refolding of RNase A to its active, native

form by hen egg white sulfhydryl oxidase on air required the presence of
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catalytic amounts of PDI and of reduced glutathione.102 An additional concern

is the generation of hydrogen peroxide as by-product of the sulfhydryl oxidase

reaction, which might lead to oxidative damage of the refolding protein.

2.2.3 Alternative Approaches to Oxidative

in vitro Folding

2.2.3.1 Dithiols

As mentioned above, the activity of PDI-like proteins is dependent on the

presence of the CXXC sequence motif, and these two cysteines present in the

enzyme’s active center cycle between the reduced thiol and disulfide forms

during the catalyzed thiol exchange reactions. It would obviously be an

advantage for the development of oxidative in vitro refolding methods, if the

action of the enzyme could be effectively mimicked by small-molecule dithiols.

However, the common synthetic dithiols DTT and DTE are usually not able to

act as catalysts of disulfide isomerization reactions in proteins, as their low

standard redox potentials (�0.33V at pH 7103) lead to preferential reduction of

disulfide bridges. Furthermore, the formation of mixed disulfides of these

compounds with proteins as necessary intermediates of oxidative refolding is

strongly disfavored, as the system tends towards ring closure and rapid eli-

mination of the cyclic disulfides (Scheme 2.2.3). Using DTT or DTE to buffer

the redox potential in solution at values conducive to disulfide bridge formation

and isomerization is quite impractical. For the oxidative refolding of reduced

denatured RNase A, a well-behaved and quite stable model protein, a 1700-fold

excess of oxidized over-reduced DTT was necessary.104

The first ‘‘small’’ dithiols, which were reported to promote the oxidative

in vitro refolding of denatured proteins, were peptides derived from the

sequences of naturally occurring proteins. A sequence stretch of human follicle

stimulating hormone contains a CXXC motif and shows high similarity to the

active center of thioredoxine. A series of hexa- to pentadecapeptides derived

from this sequence were shown to catalyze the oxidative refolding of reduced

denatured RNase A,105 with the most active one, hFSH-b-(81-95), being more

efficient than full-length thioredoxine.

The peptide-based approach was taken a step further by the design of cyclic

hexapeptides containing the CXXC motif based on the sequence environment of

S S

OH OH

S S S

OH OH

S+

Scheme 2.2.3 Reaction of DTT with free thiols.
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the cysteine pairs in glutaredoxin, thioredoxin, protein disulfide isomerase (PDI)

and thioredoxin reductase.106 Not surprisingly, two distinct thiol pKa values

could be observed for each of the four peptides. The standard redox potentials of

the cysteine/cystine couple in these peptides were found to range from�0.20V to

�0.13V. The oxidative refolding of reduced denatured RNase A in a GSH/

GSSG redox buffer system proceeded with higher yield when these peptides were

present in sub-stoichiometric amounts. Yield and kinetics of renaturation were

redox potential-dependent, with the least reducing compound, the PDI-derived

cyclic peptide, being the most effective refolding enhancer.

In an alternative approach to mimic the properties of the active center of PDIs,

the synthetic disulfide (�)-trans-1,2-bis(2-mercaptoacetamido)cyclohexane

(Vectrase-P) was developed some years ago as a reagent for in vitro protein

refolding.107 Its chemical structure leads to a biochemical standard redox

potential E 00 of 0.24V and thiol pKa values of 8.3 and 9.9, respectively. In this

respect, Vectrase-P is much more similar to the cysteine pair in the active center

of PDIs than DTT. The addition of Vectrase-P to buffers containing a GSH/

GSSG redox system resulted in a significantly increased rate of renaturation of

disulfide-scrambled RNase A. Since being commercially available, Vectrase-P

has been successfully employed to improve the in vitro refolding of the thera-

peutically relevant protein proinsulin.108

2.2.3.2 Aromatic Thiols

As mentioned above, the use of aliphatic thiol compounds like cysteine or

glutathione as redox buffers limits the pH range over which in vitro refolding

reactions may be carried out. The active species in thiol–disulfide exchange

reactions is the reduced monothiol in its deprotonated form. This thiolate anion

effects the nucleophilic attack at the oxidized sulfur center within a disulfide

bond, at which the substitution takes place (Scheme 2.2.1). The proton acidities

of aliphatic thiols, as expressed by their respective pKa values, lie in the alkaline

range; the pKa value of the thiol proton in reduced glutathione, e.g., is 8.7.109

Consequently, at pH values below 6, the concentration of free thiolate anion,

and the rate of thiol–disulfide exchange, becomes negligible. In some cases, this

may represent a severe limitation. The in vitro refolding of the cystine knot

protein bone morphogenetic protein-2, e.g., proceeds quite slowly at pH 8, and

necessarily at low concentrations,110 due to the limited solubility of the protein

at pH values above 6. The conformational transition that accompanies the

formation of spider silk protein fibers requires acidic conditions in vivo111 and in

vitro.112 These two examples of highly application-relevant proteins demon-

strate that reagents enabling thiol-disulfide exchange reactions at moderately

acidic pH values would be potentially very valuable tools for in vitro refolding.

Due to the electron-withdrawing effect of the more electronegative sp2-

hybridized carbons in unsaturated or aromatic systems, thiol groups attached

to such an aromatic carbon should be more stable in their deprotonated form,

hence their pKa values should be lowered. This effect might be additionally

enhanced by attaching electron-withdrawing substituents ortho or para to
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mercapto groups bound to aromatic systems. Therefore, aromatic thiol com-

pounds should be able to sustain higher free thiolate concentrations at lower

pH values than aliphatic thiols, which might make them potentially useful

reagents for the catalysis of thiol–disulfide exchange reactions under these

conditions.

This idea was first explored in a study where the time constants for the

reduction of 2-pyridinyl dithioethanol and of insulin, respectively, by a series of

mercaptobenzene derivatives were measured and compared with the rates

obtained in presence of glutathione.113 A systematic correlation between the

reaction rates for the thiol–disulfide exchange reactions and the thiol pKa

values was observed. This encouraging observation led the authors of this study

to continually expand the list of mercaptobenzene derivatives over the last five

years, and to test their potential as enhancers of in vitro refolding. In all cases,

the renaturation of disulfide-scrambled RNase A served as the model sys-

tem.114–117 The activity of a PDI-based refolding system for RNase A was also

enhanced by the presence of ortho-substituted mercaptobenzene derivatives.118

The heteroaromatic thiol compounds 2- and 4-mercaptopyridine were first

used in protein biochemistry in their oxidized disulfide forms for titrating the

active cysteine of papain.119 Recently, the potential of some heteroaromatic

compounds as redox catalysts for the in vitro refolding of proteins was inves-

tigated by our group.62 The model protein was a single-chain antibody frag-

ment, which was refolded in vitro from its mixed disulfide with glutathione.

Although the tested compounds increased the refolding yields, an acceleration

of the refolding kinetics was not observed. These observations were tentatively

ascribed to the low nucleophilicity of heteroaromatic thiols due to electron

withdrawing effects of the nitrogen heteroatoms within the aromatic ring

structures. Furthermore, tautomeric structures exist that are considerably more

stable than the thiol/thiolate structures of these compounds, which drastically

reduces the amount of thiolate that is available for the catalysis of renaturation

by thiol–disulfide exchange.

2.2.3.3 Matrix-assisted Oxidative Refolding

Matrix-assisted in vitro refolding of proteins has been successfully used for the

renaturation of a number of disulfide-containing proteins. As early as 1962, the

reversible reduction and on-column air oxidation of immobilized RNase and

trypsin was demonstrated in one of Anfinsen’s ground-breaking contributions

to the field of protein folding.120 Early systematic studies on the influence of

different redox systems on oxidative refolding were carried out with agarose-

immobilized trypsin and trypsinogen.39 These works demonstrated that, under

the right conditions, denatured proteins bound to a chromatography matrix

generally retain their ability to form the correct pattern of disulfide bonds and

to fold into the native state. Matrix-assisted refolding of proteins that were

reversibly bound to an ion-exchange resin and could therefore be recovered

after renaturation was first demonstrated more than two decades ago.121

In another early example, denaturant removal by high-pressure hydrophobic
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interaction chromatography was explored as a means of protein refolding.122

Denatured a-glucosidase that had been reversibly bound to an ion-exchange

matrix was successfully refolded on the column and could be recovered in

soluble, active form in high yield.123 However, the model systems for protein

refolding used in these early studies did not require the formation of disulfide

bonds. Recent advances enabling the oxidative matrix-assisted refolding of

disulfide bridge-containing proteins include the development of a system for the

continuous renaturation of the model protein a-lactalbumin,124 and the con-

trolled oxidative refolding of BSA in high concentrations125 on an ion-exchange

column. In the latter case, stringent control of the redox conditions was

emphasized.

In all examples mentioned so far, a chromatography matrix was used to bind

the denatured protein during the renaturation process in order to suppress the

aggregation of unfolded and intermediate protein species, while disulfide-bond

formation was effected by soluble redox systems. In the context of this chapter

on strategies for the oxidative in vitro refolding of disulfide bridge-containing

proteins, it is of interest to review those matrix-assisted methods where the

matrix plays an active role in the redox chemistry of the renaturation reaction.

In a first step towards creating a redox-active chromatographic matrix for

in vitro refolding, PDI was immobilized on agarose. The feasibility of the

oxidative refolding in the presence of a glutathione redox buffer of RNase A

and of lysozyme on this material was demonstrated more than a decade ago.126

The renaturation of lysozyme could be performed with reasonable yields of

more than 60% at high concentrations of up to 1.6mgml�1 protein. Matrix-

immobilized PDI-like proteins, in particular the bacterial disulfide isomerases

DsbA and DsbC, have also been combined with stepwise dialysis systems for

oxidative in vitro refolding.127 A considerable advantage of this approach is the

ease with which the folding helper proteins can be separated from the refolded

product and recycled.

A sophisticated system for oxidative refolding chromatography, consisting of

the mini-chaperone GroEL, peptidyl prolyl isomerase, and DsbA co-immobilized

on agarose beads was used for the successful oxidative refolding of the two highly

challenging target proteins scorpion toxin Cn5128 and human CD1d-glycolipid

tetramer.129 The production of the active transmembrane complex of CD1d and

b-microglobulin from inclusion body material in the latter example represents a

major achievement. Still, given the cost and effort that has to be invested in the

production and purification of the chaperones and PDI-like proteins for the

matrix, oxidative refolding chromatography using immobilized folding helper

enzymes will probably stay reserved for the production of disulfide-bridged

proteins with high value for research that cannot be obtained by simpler means.

In an effort to develop simpler matrix-assisted systems for the oxidative

refolding of proteins, thiol-modified polymer microspheres were introduced

some years ago.130 In this work, DTT was tethered to the surface of poly-

(styrene/glycidyl methacrylate) microspheres. The resulting polymer latex sus-

pension was shown to promote the renaturation of disulfide-scrambled RNase

A, when applied in batch mode. Microspheres with an intermediate surface
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concentration of thiol groups of approx 0.2 nm�2 were found to be the most

effective catalysts of disulfide-bond isomerization. The same system was later

used for the oxidative in vitro refolding of reduced denatured RNase A.131 In

this case, however, microspheres with a lower surface concentration of thiol

residues were the more effective refolding enhancers. The report on this study

does not mention the source for the oxidizing power for the renaturation of

reduced RNase, so it can only be assumed that a significant portion of the

immobilized DTT was present on the microsphere surface in its oxidized, di-

sulfide form under the aerobic conditions of the experiment. In another

approach to develop redox-active materials for the matrix-assisted oxidative

refolding of proteins, the trithiol tris(2-mercaptoacetamidoethyl)amine was

coupled to bromine-activated Tentagelt resin via one of its free thiol groups.132

The resulting Tentagelt-immobilized dithiol exhibited an apparent redox

potential of �0.21V, close to the value for PDI, and readily reacted in disulfide

exchange reactions with, e.g., DTNB. However, this material was a relatively

poor catalyst for the renaturation of disulfide-scrambled RNase A, possibly

due to sterical hindrance of the reaction of the unfolded protein within the

matrix. When functionalized poly(styrene/glycidyl methacrylate) microspheres

were used as support for immobilizing the trithiol instead of the Tentagelt

resin, the resulting material was found to be a relatively effective refolding

enhancer. The yields of renaturation of disulfide-scrambled RNase were

increased by approx. 50% compared to an experiment in which the protein was

refolded in the presence of DTT-modified microspheres.

2.2.3.4 Other Oxidizing Compounds

The chemistry of the chalcogens sulfur and selenium is relatively similar, as

expected from their positions in the periodic system of elements. Both elements

have been recruited by living systems and are incorporated into proteins.133–134,150

Selenocysteine is a rare, naturally occurring amino acid that is essential to a

number of intracellular redox processes in nearly all kingdoms of life. It was

recognized early that selenium is required for certain enzymatic activities,135 and

selenocysteine was discovered in proteins more than three decades ago.136 Only

recently, the potential of selenium compounds for the oxidative in vitro refolding

of proteins has been explored for the first time. Selenoglutathione (g-Glu-Sec-Gly)

was shown to be an effective reagent for the renaturation of reduced denatured

RNase A and BPTI,137 in spite of its very reducing standard redox potential E 00

of �0.41V. Apparently, in these cases the free energy of protein folding was

sufficiently large to overcome the unfavorable energy balance of the diselenide to

disulfide exchange reaction (Scheme 2.2.4). The oxidative refolding of RNase A in

the presence of oxidized selenoglutathione proceeded two times faster than when

GSSG was used as oxidizing agent, which represents a significant advantage.

Reactive oxygen species are naturally occurring by-products of cellular redox

processes. These species are generally quite unspecific oxidants and tend to be

pernicious for living cells, when their concentration becomes too high. Inter alia,

the formation of disulfide bridge-cross-linked protein aggregates has been
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reported.138 Cells dispose of a number of defense mechanisms against oxidative

damage.139,140 In this context, the Zn21-dependent direct oxidation of specific

cysteine residues to disulfide bridges by hydrogen peroxide has been shown

for the specialized E. coli heat shock chaperone Hsp33.141 This shows that it

is possible to use hydrogen peroxide as a selective oxidizing reagent for pro-

tein disulfide-bond formation, at least in principle, and it might be of interest

to observe whether oxidative in vitro refolding methods will become avail-

able that harness the potential of this easily and economically available reagent

in the future.

2.2.3.5 Electrochemical Oxidation

Reversible electrochemistry of glutathione and of thioredoxins on a lipid-

coated gold electrode was demonstrated more than 15 years ago.142 Direct

electrochemical conversion of reduced proteins, or the electrochemical recyc-

ling of spent reduced thiols that may act as redox mediators, could potentially

enable substantial improvements for oxidative in vitro refolding processes.

However, to our knowledge no practical renaturation process making use of

electrochemical oxidation has been developed so far.

Improved electrodes for the direct electrochemical oxidation of cysteine were

reported recently. One of these was a fluorosurfactant-coated gold electrode;143

while the other one consisted of a mixture of graphite with the ionic liquid

octylpyridinum hexafluorophosphate.144 The latter approach may prove

interesting in the future, in light of recent progresses in the use of ionic liquids

as enhancers of in vitro refolding145,146 and as stabilizing solvents for native

proteins.147–149 These developments might open avenues for viable in vitro

refolding methods based on the electrochemical oxidation of reduced denatured

proteins.
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Scheme 2.2.4 Thiol–diselenide exchange between glutathione and selenoglutathione.
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2.2.4 Chemical Modification of Cysteine

Residues in vitro

Cysteine-specific labeling of proteins with, e.g., fluorophores or spin labels is a

well-established and frequently employed technique for biophysical studies.

The targeted cysteines are generally present in their free thiol form and located

on the surface of the studied proteins. Native chemical ligation and expressed

protein ligation as established methods for protein modification and semi-

synthesis also make use of a thiol/thioester coupling chemistry.150,151 An

extensive review of these methods, however, is beyond the scope of this chapter.

In the following, a technologically relevant in vitro protein modification method

that specifically targets disulfide bridges will be briefly discussed.

Modification of proteins with polyethylenglycol, or pegylation, has been

shown to be beneficial for the stability, immunogenicity and pharmacokinetics

of therapeutically relevant proteins,152–154 and has become an important com-

mercial process. Pegylation is often performed by random coupling to surface

lysines. The modification of cysteine residues has emerged as a more specific

alternative. For example, the Fab
0 fragment of a humanized antibody was site-

specifically pegylated at a free hinge cysteine by reaction with N-pegylated

maleimide derivatives.155 The modifications led to prolonged serum half-lives,

while the antigen binding affinity of the parent IgG was retained. In a similar

system, the coupling efficiency for the pegylation of Fab
0 fragments could be

increased by employing harsher reaction conditions that guaranteed the full

availability of the target cysteine in its reduced form for the reaction with the

maleimide group.156 These conditions, however, led to the disruption of the

interchain disulfide bond in the antibody fragment. Despite this harsh treat-

ment, the Fab
0 fragments used in this study retained their structural stability and

their antigen binding ability. Another strategy for the site-directed pegylation of

disulfide bond-containing proteins was presented recently. In this approach,

native disulfide bonds in the protein are reduced and then replaced with a

pegylated three-carbon dithiol bridge.157,158 The coupling proceeds by the

addition of the free thiols to a conjugated double bond system in the coupling

reagent (Scheme 2.2.5). Examples for proteins modified by disulfide-bridging
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Scheme 2.2.5 Disulfide-bridging pegylation.160
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pegylation include interferon a2 and an anti-CD41 Fab antibody fragment.159

Antiviral activity and target binding, respectively, were retained after the modifi-

cation in both cases. Breaking a disulfide bond naturally compromises the

stability of the modified protein, and the preservation of the stability of the

native state has to be kept in view during the modification process that is

somewhat analogous to reductive denaturation followed by a special case of

oxidative in vitro renaturation. Recently, an algorithm for the identification of

solvent-exposed disulfide bonds that are accessible for the disulfide bridge

modification, and for the prediction of the structural consequences of this

modification, was presented.160

The developedmethods for the site-specific modification of proteins at disulfide

bridges are in principle not restricted to the introduction of polyethylenglycol

moieties, and it will be interesting to observe which novel therapeutic molecules

will be created in the future using this or a similar approach.

2.2.5 Cell-free Expression Systems

The following section will not directly deal with the in vitro refolding of inclu-

sion body proteins, but with an alternative in vitromethod for the production of

active proteins. The expression of proteins in cell-free systems represents an

option when the production of a given protein in its active form from micro-

organisms or cell culture has failed. As mentioned before, most therapeutically

relevant proteins are extracellular or secreted and potentially contain specific

disulfide bonds. This fact makes control of the thiol redox chemistry an

important aspect of the setup of cell-free expression systems. In principle,

insoluble expression in cell-free systems followed by in vitro refolding is con-

ceivable. This case is not very much different from bacterial over-expression into

inclusion bodies. On the other hand, the stringent control over the expression

parameters possible in an in vitro system should allow for the direct expression

of correctly folded, active protein with the desired disulfide-bridge pattern.

In the first successful examples for the production of disulfide bridge-containing

proteins in cell-free expression systems, single-chain antibody Fv fragments could

be obtained in final concentrations in the order of 10�2mgml�1.161,162 The best

results were obtained when disulfide-bond formation was promoted by the pre-

sence of bovine liver PDI and glutathione redox buffers.

Cell-free expression systems derived from E. coli cells contain disulfide

reductase activity, which obviously presents a major problem for the production

of disulfide bridge-containing proteins. However, after pre-treatment of the cell

extracts with iodoacetamide, the expression of the serine protease domain of

urokinase163 and of recombinant plasminogen activator164 in their native forms

and in significant yields in the order of 10�1mgml�1 became possible, again

only when bacterial disulfide isomerase DsbC and a glutathione redox buffer

were added to the reaction mixture. This requirement for a PDI-like protein

confirmed the observations made with the earlier example of single-chain

antibody fragments. Similarly, the challenging cell-free expression of soluble
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and functional intact IgG molecules165 in detectable concentrations was only

possible in the presence of human PDI and DsbC, respectively, along with the

addition of specific chaperones and a careful optimization of the redox buffer.

As mentioned above, the inactivation of free thiol groups by irreversible

modification with iodoacetamide abolishes disulfide reductase activity in the

cell-free extracts and allows for significantly improved yields of expression.

On the downside, this treatment is rather harsh and also suppresses desirable

enzymatic activities like, e.g., glyceraldehyde 3-phosphate dehydrogenase, which

is necessary when glucose is to be used as the energy source for the protein

synthesis instead of more expensive compounds like phosphoenol pyruvate or

acetyl phosphate. This problem was recently overcome by a cell-free expression

system based on extracts of the extensively genetically modified E. coli strain

KGK10.166 This strain was derived from the KC6 cell extract source strain by

deletion of the glutathione reductase-mediated disulfide reductase gene, and by

modification of the thioredoxin reductase gene with a hemagglutinin affinity tag.

However, removal of the thioredoxin reductase by affinity chromatography was

not sufficient to abolish all disulfide reductase activity in the E. coli cell extracts,

and a treatment with a 20-fold reduced concentration of iodoacetamide was still

necessary. This relatively mild treatment left the glycolytic pathway intact and

enabled the cell-free expression of the complex disulfide bridge-containing

proteins urokinase and murine granulocyte macrophage-colony stimulating

factor, respectively, in glucose-driven reactions.

2.2.6 Conclusions

A range of well-established methods for the oxidative in vitro refolding of

disulfide bridge-containing proteins exists. Several recent developments hold

perspectives for future improvements. In this chapter, we have focused on a

review of the available chemical systems for the formation of disulfide bridges

in vitro, which naturally only represents one aspect of the art of recombinant

protein production. For any given recombinant protein that is to be obtained

by oxidative in vitro refolding from inclusion body material, success will be

dependent on the total process design that has to balance and integrate the

protein engineering, expression in the microbial host organism, isolation of the

inclusion body material, solubilization, renaturation, purification and for-

mulation of the protein product.
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CHAPTER 3

Redox Potentials of Cysteine
Residues in Peptides and
Proteins: Methods for their
Determination

DALLAS L. RABENSTEIN

Department of Chemistry, University of California, Riverside,

California 92521, USA

3.1 Introduction

Formation, reduction and isomerization of disulfide bonds takes place in

biology in such diverse processes as the oxidative folding of proteins,1–4 enzyme

activation5 and regulation of gene activity.6,7 In the oxidative folding of pro-

teins, disulfide bonds are formed by multistep, reversible thiol–disulfide

exchange reactions, in which disulfide bonds are transferred from a disulfide

donor to the protein.

3.2 Formation of Disulfide Bonds
by Thiol-disulfide Exchange

The overall reaction for transfer of an intermolecular disulfide bond, e.g. the

disulfide bond of oxidized glutathione (GSSG), to a protein by thiol–disulfide
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exchange:

PSH
SH þGSSG $ PS

S þ 2GSH ð3:1Þ

takes place in two steps:

PSH
SH þGSSG $ ½PSSG

SH þ PSH
SSG� þGSH ð3:2Þ

½PSSG
SH þ PSH

SSG� $ PS
S þGSH ð3:3Þ

PSH
SH and PS

S represent a peptide or protein with two cysteines in the reduced

(dithiol) and oxidized (disulfide) forms. In the first step, a thiol group of PSHSH
reacts with the disulfide bond of GSSG to form one of the two possible mixed

disulfide intermediates, which undergo an intramolecular thiol–disulfide exchange

reaction to form the peptide or protein disulfide bond in the second step.

The overall reaction for transfer of an intramolecular disulfide bond, e.g.

from one protein to another, also takes place in two steps via mixed disulfide

intermediates:

PSH
SH þRS

S $ ½PSSRSH
SH þ PSH

SSRSH� $ PS
S þRSH

SH ð3:4Þ

Thiol–disulfide exchange reactions are nucleophilic displacement reactions

that result in oxidation of the thiol groups of one thiol/disulfide pair and

reduction of the disulfide group of another. Each thiol/disulfide pair is formally

a redox couple that can be represented as:

PSH
SH $ PS

S þ 2Hþ þ 2e� ð3:5Þ

for a peptide or protein that forms an intramolecular disulfide bond. The stan-

dard electrode, or redox, potential for the redox couple, Eo
peptide or E

o
protein, is a

measure of the tendency of the thiol and disulfide groups to react as electron

donors and acceptors. The more positive the redox potential, the greater the

tendency of the disulfide bond to be an electron acceptor (to transfer a disulfide

bond) in a thiol–disulfide exchange reaction; the more negative the redox

potential, the greater the tendency of the thiol group to be an electron donor

(to reduce a disulfide bond) in a thiol-disulfide exchange reaction. The reduction

potential of a thiol-disulfide redox couple in solution, E, and thus its tendency to

be an electron donor or electron acceptor, is concentration dependent according

to the Nernst equation:

E ¼ Eo
peptide=protein �

RT

nF
ln

½PSH
SH�

½PS
S�½H

þ�2

 !

ð3:6Þ

where R is the gas constant, T the temperature, n the number of electrons

transferred and F the Faraday constant. Redox potentials for peptides and

proteins are measured in buffer solutions, generally at neutral pH, and are
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expressed as conditional (apparent) redox potentials, Eo0
peptide or Eo0

protein,

which incorporate [H1]. The Nernst equation, expressed in terms of Eo0
peptide or

Eo0
protein, is:

E ¼ Eo0

peptide=protein �
RT

nF
ln

½PSH
SH�

½PS
S�

 !

ð3:7Þ

The thiolate anion is the reactive species in thiol-disulfide exchange reactions.

Mechanistically, thiol–disulfide exchange takes place by an SN2 displacement

reaction in which a thiolate anion approaches the disulfide bond along its S-S

axis, forming a new bond with one sulfur atom and displacing the other.8–11

The reaction goes through a transition state in which the thiolate negative

charge is partially centered on each of the three sulfur atoms. The rate of the

reaction depends on the Brønsted basicity of the incoming thiolate, the central

sulfur in the transition state and the leaving thiolate.8–11

Redox potentials for peptide and protein cysteines are determined indirectly

from equilibrium constants for thiol–disulfide exchange reactions with refer-

ence thiol/disulfide redox couples of known redox potential, including the

GSH/GSSG redox couple (Equation (3.1)) and proteins that transfer an

intramolecular disulfide bond (Equation (3.4)).

3.3 Redox Potentials of Mixed Disulfide Bonds

Mixed disulfides are formed as intermediates in the transfer of disulfide bonds

to peptides and proteins (Equations (3.2) and (3.4)).12–16 Mixed disulfides can

also be formed by peptides and proteins that contain a single cysteine or more

than one cysteine but not located in sufficiently close proximity to form an

intramolecular disulfide bond.17 The equilibrium constant for formation of a

mixed disulfide with GSH is defined as:

Kmix ¼
½PSSG�½GSH�

½PSH�½GSSG�
ð3:8Þ

where [GSH] and [PSH] represent the total concentrations of GSH and PSH.

The conditional redox potential for the mixed disulfide can be obtained from

Kmix and Eo0 of the reference redox couple, in this case Eo0
GSH, with the equation:

Eo0

PSSG ¼ Eo0

GSH �
RT

nF
lnðKmixÞ ð3:9Þ

Kmix and Eo0
PSSG for several amino acids, peptides and proteins are listed in

Table 3.1. The Eo0 values in Table 3.1, and in the following tables, are relative

to Eo0
GSH. A range of values has been reported for Eo0

GSH (Section 3.7). To

facilitate comparison with majority of the literature, a value of Eo0
GSH¼

�0.240V was used for calculating the apparent redox potentials.18 Several of
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the values reported in Tables 3.1–3.4 were recalculated using reported values

for Kmix or Kox and Eo0
GSH¼ �0.240V. Reference redox couples are discussed in

Sections 3.6 and 3.7.

3.4 Redox Potentials of Intramolecular
Disulfide Bonds

Equilibrium constants for the formation of intramolecular peptide and protein

disulfide bonds by the thiol–disulfide exchange reactions in Equations (3.1) and

(3.4) are defined by Equations (3.10) and (3.11):

Kox ¼
½PS

S�½GSH�2

½PSH
SH�½GSSG�

ð3:10Þ

Kox ¼
½PS

S�½R
SH
SH�

½PSH
SH�½R

S
S�

ð3:11Þ

Eo0
peptide and Eo0

protein can be calculated with the Nernst equation:

Eo0

peptide=protein ¼ Eo0

reference thiol �
RT

nF
lnðKoxÞ ð3:12Þ

Representative values of Kox and Eo0 are listed in Tables 3.2 and 3.3 for selected

peptides and proteins, respectively.

Octapeptides 1, 3, 5 and 7 in Table 3.2 are active-site containing segments of

the thiol/disulfide oxidoreductases thioredoxin (Trx), glutaredoxin (Grx),

Table 3.1 Equilibrium constants and redox potentials for mixed disulfides

with glutathione.a

Amino acid, peptide or protein Kmix Eo0
PSSG, V Reference

Cysteine 1.11 –0.241 11
Homocysteine 2.46 –0.252 11
Penicillamine 2.95 –0.254 11
Arginine Vasopressinb 4.17 –0.258 13
Oxytocinb 3.85 –0.257 13
Somatostatin (Cys3)c 2.86 –0.253 14
Somatostatin (Cys14)c 2.04 –0.249 14
Thioredoxin (Cys32) 1.95d –0.240d 19
DsbA (Cys30) 6.1� 10�3 –0.175 16,20
DsbC (Cys98) 4.1� 10�3 –0.171 20
aEo0

PSSG values calculated using Eo0

GSH ¼ �0.240V
bKmix is the sum of Kmix for formation of the mixed disulfides with Cys1 and Cys6
cKmix for the mixed disulfide with the indicated cysteine residue
dKmix for the mixed disulfide with b-mercaptoethanol (RSH). Eo0

PSSG calculated using
Eo0

mercaptoethanol ¼ �0.231V.
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thioredoxin reductase (Trr) and protein disulfide isomerase (PDI).12 Hexa-

peptides 2, 4, 6 and 8 contain the same Cys-Xaa-Yaa-Cys sequences, respec-

tively, but are conformationally constrained by backbone cyclization, which

causes the disulfide bonds to become significantly more oxidizing.21 The cyclic

peptides are effective adjuvants in the refolding of reduced RNase A, with the

yield and rate increasing with the oxidizing power of the hexapeptide.21 Pep-

tides 9–11 are peptide hormones that contain 20- (peptides 9 and 10) and 38-

membered (peptide 11) disulfide-bridged rings.13,14

The proteins listed in Table 3.3 are all thiol-disulfide oxidoreductases (pro-

teins 1, 14–16, 21, 22), or variants thereof (proteins 2–13, 17–20), that are

involved in the formation, reduction or isomerization of disulfide bonds during

the oxidative folding of proteins.1–4 As discussed below, the data reported for

the variants of DsbA and Trx illustrate how Eo0
protein can be tuned over a wide

range by substitution of the Xaa-Yaa dipeptide between the two active-site

cysteine residues. The engineered DsbA and Trx variants are useful as reference

redox couples for determination of Eo0
protein for other proteins by direct protein-

protein equilibration.

3.5 Measurement of Equilibrium Constants
for Thiol-disulfide Exchange

Redox potentials of cysteine residues in peptides and proteins are determined

by reaction of the peptide or protein with a reference thiol/disulfide redox

couple. The equilibrium constant for the thiol–disulfide exchange reaction is

obtained from the equilibrium concentrations of the thiol and disulfide species,

and the redox potential is then calculated using Equation (3.9) or (3.12).

Table 3.2 Equilibrium constants and redox potentials for intramolecular

disulfide bonds in peptides.a,b

Peptide Kox, M Eo0
peptide(SS), V Reference

1 Ac-WCGPCKHI-NH2
c 0.016 –0.190 12

2 c[WCGPCK-] 4.2� 10�3d –0.152 21
3 Ac-GCPYCVRA-NH2 0.123 –0.213 12
4 c[GCPYCV-] 9.4� 10�3 –0.179 21
5 Ac-ACATCDGF-NH2 0.142 –0.215 12
6 c[ACATCD-] 5.2� 10�2 –0.201 21
7 Ac-WCGHCKAL-NH2 0.079 –0.205 12
8 c[WCGHCK-] 8.0� 10�4d –0.130 21
9 Arginine-Vasopressin (Cys1-Cys6) 6.9� 10�2 –0.206 13
10 Oxytocin (Cys1-Cys6) 2.8� 10�2 –0.194 13
11 Somatostatin (Cys3-Cys14) 4.0� 10�2 –0.199 14
aKox for oxidation of dithiol form of the peptide by GSSG.
bEo0

peptide(SS) calculated using Eo0

GSH ¼ –0.240 V.
cMet35 of thioredoxin was replaced by His.
dRelative to the cysteine/cystine redox couple, Eo0

cysteine/cystine ¼ �0.223V, adapted from the value of
Eo0

cysteine/cystine in reference 11 using Eo0

GSH ¼�0.240V.
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Experimental variables include the reference redox couple and its con-

centration, pH, temperature, equilibration time, the method used to quench the

reaction and the analytical method used to determine the concentrations of

PSH
SH, P

S
S and the oxidized and reduced forms of the reference redox couple.

Reference redox couples are discussed in Sections 3.6 and 3.7.

Equilibrium constants for thiol-disulfide exchange reactions are generally

measured in pH7–8 phosphate buffer at temperatures in the range 20 1C–40 1C.

The fraction of thiol in the reactive thiolate form depends on pH, and thus Kmix

and Kox will depend on pH and the pKas of the two thiols if their pKas are

different.8,11,29 The pH and temperature should be the same as those at which

Eo0 of the reference redox couple was measured.

Table 3.3 Equilibrium constants and redox potentials for intramolecular

disulfide bonds in proteins.a,b

Protein Kox, M Eo0
protein(ss), V Reference

Wild Type DsbA
1 (Cys30-Pro-His-Cys33) 8.1� 10�5 –0.120 16

1.2� 10�4 –0.122 24
1.31� 10�4 –0.125 22

2 DsbA(Gly-His)c 7.3� 10�4 –0.147 24
3 DsbA(Ala-Thr)c 1.4� 10�3 –0.156 24
4 DsbA(Pro-Tyr)c 1.8� 10�3 –0.159 24
5 DsbA(Gly-Pro)c 1.4� 10�1 –0.215 24
6 DsbA(Pro-Gly)c 5.9� 10�4 –0.145 24
7 DsbA(Ser-Val)c 9.0� 10�4 –0.150 27
8 DsbA(Ser-Phe)c 1.2� 10�3 –0.154 27
9 DsbA(Pro-Leu)c 1.6� 10�3 –0.158 27
10 DsbA(Leu-Thr)c 3.9� 10�3 –0.169 27
11 DsbA(Thr-Arg)c 6.8� 10�3 –0.176 27
12 DsbA(Pro-Pro)c 2.0� 10�1 –0.190 27
13 DsbA(F26L) 4.3� 10�5 –0.111 22
14 DsbB

(Cys41-Val-Leu-Cys44) 1.7� 10�6 –0.069 23
(Cys104-Cys130) –0.186 23

15 DsbC
(Cys98-Gly-Tyr-Cys101) 1.95 � 10�4 –0.130 28

16 Wild Type Trx
(Cys32-Gly-Pro-Cys35) 11.3, 10 –0.271, –0.270 40,41

17 Trx(Ala-Thr)c 0.243 –0.222 40
18 Trx(Gly-His)c 0.228 –0.221 40
19 Trx(Pro-His)c 0.061 –0.204 40
20 Trx(Pro-Tyr)c 0.0273 –0.194 40
21 Grx1

(Cys-Pro-Tyr-Cys) –0.233 15
22 Grx3

(Cys-Pro-Tyr-Cys) –0.198 15
aKox for reaction of the dithiol form of the protein with GSSG.
bRelative to Eo0

GSH ¼ �0.240V.
cThe indicated dipeptide sequence was substituted for the dipeptide between the two active-site
cysteines of wild-type DsbA or Trx.

225Redox Potentials of Cysteine Residues in Peptides and Proteins



To exclude air oxidation, solutions should be deoxygenated, e.g. by bubbling

with oxygen-scrubbed argon or nitrogen, the reaction should be run under an

oxygen-free atmosphere and EDTA can be added to sequester metals that

catalyze oxidation of thiols by dissolved oxygen. The length of time required

for the system to reach equilibrium will depend on pH, temperature, the pKas of

the thiols and the concentrations and reactivities of the thiols and disulfides.

The reaction mixture should be analyzed at several time intervals and equili-

brium should be approached from both directions to ensure that a true equi-

librium has been reached.30

Analytical methods used to determine the concentrations of thiols and disul-

fides in exchange reaction mixtures include HPLC, NMR, fluorescence spec-

troscopy and radioactive labeling. HPLC with UV detection is the most widely

used method; the components of the reaction mixture are separated on the

HPLC column and the concentration of each component is determined from its

peak area.30 Because some thiol–disulfide exchange reactions are relatively fast,

e.g. intramolecular thiol–disulfide exchange reactions of protein mixed disulfide

intermediates (Equation (3.3)), reaction mixtures must be quenched to ensure

that equilibrium does not shift during the separation.15,30 Reaction mixtures

can be quenched by alkylation of thiol groups with iodoacetamide or iodo-

acetate.30 To avoid a shift of the equilibrium during the alkylation reaction, all

peptide/protein and reference thiol groups should react with the alkylation

reagent at similar rates. Reaction mixtures can also be quenched by rapidly

lowering the pH to B2. If an acid quench is used, a low pH mobile phase must

also be used for the HPLC separation to prevent further reaction when the

components are separated and no longer at equilibrium.30 Typically water/

acetonitrile mobile phases containing 0.1% trifluoroacetic acid are used, in

either isocratic or gradient mode. With UV detection, the detector response

must be calibrated for each component of the exchange reaction, generally by

using pure samples of the peptide or protein and the reference in their thiol and

disulfide forms. Detector response for mixed disulfides can be determined by

isolating the mixed disulfides, raising the pH to allow them to convert to di-

sulfide, re-chromatographing the solution and then comparing the mixed di-

sulfide and disulfide peak areas.14

NMR has been used in several studies to measure thiol-disulfide exchange

equilibrium constants.11,31 An advantage of NMR is that the concentration of

each species can be determined directly in situ, provided that resolved reso-

nances can be observed for all reactants and products. However, the require-

ment of resolved resonances has limited the measurement of thiol-disulfide

equilibrium constants by NMR to small molecules, including amino acids and

small peptides.11,31

Kox for proteins can be determined by fluorescence spectroscopy if the fluo-

rescent properties of the dithiol and disulfide forms of the protein or the refer-

ence protein are different.22–24,29,33–35 Disulfide bonds are effective quenchers

of tryptophan fluorescence,16,22,32–34 and reduction of the Cys-Xaa-Yaa-Cys

disulfide bonds in Trx, DsbA, DsbB and TlpA causes a strong increase in their

tryptophan fluorescence.23,29,33,34 A value of 1.31� 10�4 M was determined for
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Kox of DsbA with GSH/GSSG redox buffer at pH7.0 and 25 1C by exploiting

the 3.2-fold increase in tryptophan fluorescence upon reduction of its

Cys30-Cys33 disulfide bond, from which a value of –0.122V was calculated for

Eo0
DsbA (Table 3.3).22,29 A value of 1.70� 10�6 M was determined for Kox for

formation of the Cys41-Cys44 disulfide bond of DsbB by reaction with GSH/

GSSG redox buffer by using the 1.5-fold increase in fluorescence upon reduction

of the disulfide bond.23 This corresponds to a redox potential of –0.069V, the

most strongly oxidizing redox potential that has been reported for a protein

disulfide bond.23 The redox potential of the Cys104-Cys130 disulfide bond of

DsbB, which does not affect the tryptophan fluorescence of DsbB, was deter-

mined to be �0.186V by direct protein-protein equilibration with a fluorescent

reference protein.23

Redox potentials of variants of green fluorescent protein (GFP) engineered

to contain two redox-active cysteine residues have been determined by fluor-

escence spectroscopy.35,36 The chromophore of GFP is a cyclic tripeptide; the

two cysteine residues are introduced at positions on adjacent b-strands so that,

in the disulfide form, fluorescence is decreased by distortion of the immediate

environment of the chromophore.35 E o0 for the S147C/Q204C variant of GFP

was determined to be –0.288V from Kox ¼ 0.070 for reaction with reduced

DTT/oxidized DTT redox buffers.36E o0 for the N149C/S202C variant of the

yellow fluorescent (YFP) variant of GFP was determined to be �0.261V from

Kox ¼ 5M for reaction with GSH/GSSG redox buffers.35 The redox-active

variants were engineered for use as indicators of redox potential in living cells;

the redox potential of the cytoplasm of E. coli was determined with the redox-

active variant of YFP and the redox potential of the matrix space of HeLa cell

mitochondria was measured with the redox-active variant of GFP.35,36

Kox can be determined by radioactivity measurements by quenching equili-

brium mixtures with [14C]- and [3H]-labeled alkylation reagents. The redox

potential of the two Cys-Gly-His-Cys active-site disulfides of protein disulfide

isomerase (PDI) was determined by quenching the reaction of PDI with GSH/

GSSG redox buffer and the reaction of PDI with E. coli (P34H)-Trx with [14C]-

and [3H]iodoacetic acid.37 The alkylated thiols were separated by gel filtration,

and their concentrations determined by radioactivity measurements. A Kox of

3.1� 10�3 M and Eo0
PDI of –0.175 V were obtained with GSH/GSSG redox

buffer, and a Kox of 0.032 and Eo0
PDI of –0.190V were obtained with the (P34H)-

Trx reference redox couple. The difference of 0.015V was attributed to different

redox scales for the GSH/GSSG and (P34H)-Trx reference redox couples. Values

ranging from �0.110V to �0.190V have been reported for Eo0
PDI.

25–26,35–39

3.6 Reference Redox Couples

Redox potentials reported for thiol–disulfide redox couples in peptides and

proteins cover a wide range, from the strongly oxidizing potential of �0.069V

for the Cys41-Cys44 disulfide of DsbB23 to the strongly reducing potential of

�0.270V for the Cys32-Cys35 thiols of Trx40,41 for the family of thiol-disulfide
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oxidoreductases that catalyze formation, reduction and isomerization of di-

sulfide bonds in proteins to the even more strongly reducing potentials of

structural disulfide bonds in proteins, e.g. �0.335V and �0.448V for Cys30-

Cys51 (Kox ¼ 1.6� 103M)42 and Cys5-Cys55 (Kox ¼ 1.1� 107M)42,43 of

bovine trypsin inhibitor. To cover this wide range, reference redox couples that

have a wide potential range have been used, including GSH, b-mercaptoetha-

nol, cysteine, dithiothreitol (DTT), lipoic acid (Table 3.4) and protein redox

couples, e.g. DsbA and Trx (Table 3.3). The first three transfer an inter-

molecular disulfide bond; DTT, lipoic acid and the proteins transfer an intra-

molecular disulfide bond. A disadvantage of reference redox couples that

transfer an intermolecular disulfide is the tendency for accumulation of mixed

disulfides at equilibrium; there is less tendency for accumulation of mixed

disulfides with DTT, lipoic acid and protein redox buffers because of the

intramolecular nature of the second step of the overall thiol–disulfide exchange

reaction (Equation (3.3)).15,30,40

The GSH/GSSG redox couple is the most widely used reference redox couple

for the measurement of redox potentials of cysteines in peptides and proteins

(Section 3.7).24,30,40 The DTT and lipoic acid redox systems can be used to

determine Eo0 values at the more negative (strongly reducing) end of the redox

potential scale, i.e. for peptides and proteins that form the more stable disulfide

bonds.30 When small molecule thiol/disulfide systems are used as the reference

redox couple, the concentrations of both the reduced and oxidized forms

(e.g. GSH and GSSG) are generally present in large excess to buffer the redox

potential of the solution. The potential of the redox buffer, which depends on

the ratio of the reduced and oxidized forms, should be adjusted so that the ratio

of PSH
SH and PS

S is near one for the most precise determination of Kox.
15 When a

protein is used as the reference redox couple, the reference and test protein

concentrations are generally similar and the reduced or oxidized form of the

reference protein is reacted with the oxidized or reduced form of the test pro-

tein, respectively, i.e. the solution is not redox buffered by the reference redox

couple.15 For the most precise determination of Kox, E
o0 of the reference pro-

tein should be close to Eo0 of the test protein.23,37

DsbA and Trx have been used as reference redox couples for measurement

of more oxidizing and more reducing protein redox potentials, respec-

tively.15,23,27,37,44 In addition to their tendency not to accumulate mixed

Table 3.4 Redox potentials for reference redox couples.

Thiol pH or pD T, 1C Kox
a E o0, V Reference

Cysteine (CSH) 7.0 25 0.265 –0.223 11
b-Mercaptoethanol 7.0 25 0.486 –0.231 11
Dithiothreitol (DTT) 7.0 25 210 –0.323 31
Lipoic acid 7.0 25 –0.288 31
Glutathione (GSH) 7.0 25 –0.244 46
Glutathione (GSH) 7.4 40 –0.240 18
aFor oxidation by GSSG.
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disulfides, DsbA and Trx offer other advantages as reference redox couples.

E o0 of DsbA and Trx can be tuned to be close to the redox potential of the

test protein by varying the dipeptide between the two cysteine residues22,24,40,45

and Kox can be determined in situ by exploiting the 3.2-fold and 3.5-fold

increases in tryptophan fluorescence upon reduction of their Cys30-Cys33

and Cys32-Cys35 disulfide bonds, respectively.23,40 The redox potential of

DsbA can be tuned to be less oxidizing, while that of Trx can be tuned to be

less reducing, by replacing the dipeptides between their Cys30-Cys33 and

Cys32-Cys35 catalytic residues, respectively, with other dipeptides.15,23,24,40,45

Kox and E o0 for wild-type DsbA and eleven variants of DsbA and for wild-type

Trx and four variants of Trx are listed in Table 3.3.24,40,45 The dipeptides

between Cys30 and Cys33 in the first four variants of DsbA (proteins 2–5) are

the dipeptides between the two cysteine residues at the catalytic centers of PDI,

Trr, Grx and Trx, while the dipeptides in the four variants of Trx (proteins 17–

20) are the dipeptides between the two cysteine residues at the catalytic centers

of Trr, PDI, DsbA and Grx, respectively. Kox for reaction of DsbA and the

DsbA variants in Table 3.3 in which the Xaa-Yaa dipeptide between the Cys30-

Cys33 catalytic residues is replaced with another dipeptide varies from

1.2� 10�4 M for wild-type DsbA to 2.0� 10�1 M for DsbA(Pro-Pro) (E o0

values from –0.120V to �0.190V), while that for Trx and its variants varies

from 11.3 to 0.0273 (E o0 values from �0.270V to �0.194V). It is also inter-

esting to note that, opposite to the changes in E o0 that result from substitution

of the Xaa-Yaa dipeptide, the F26L variant of DsbA is more oxidizing than

wild-type DsbA.22

3.7 The GSH/GSSG Reference Redox Couple

Advantages of the GSH/GSSG redox couple are that both GSH and GSSG are

readily available, both are relatively soluble and thus both can be present in

excess to buffer the redox potential of the solution. A disadvantage is the

greater tendency for accumulation of mixed disulfides, as compared to refer-

ence redox buffers or proteins that transfer an intramolecular disulfide bond.15

Air oxidation and contamination of GSH with GSSG limits the maximum

[GSH]2/[GSSG] ratio (Equation (3.10)) that can be attained, and thus the range

of redox potentials that can be measured with the GSH/GSSG redox buffer.29

GSH is typically contaminated with 0.3–1.0% GSSG; the GSSG content can be

determined directly by 1H NMR.46

Values ranging from�0.16V to �0.28V have been reported for Eo0
GSH.

8,15,18,46–48

The most frequently used value is �0.240V, which was determined at pH7.4 and

40 1C.18 The reported values for Eo0
GSH were all determined indirectly from equili-

brium constants for the GSH/GSSG redox system equilibrated with other redox

couples, including the NADH/NAD1 and NADPH/NADP1 redox couples:

GSSGþNADPHþHþ $ 2GSHþNADPþ ð3:13Þ
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The wide range of values reported for Eo0
GSH is due, in part at least, to lim-

itations of the experimental procedures used to determine the conditional

equilibrium constants from which Eo0
GSH was calculated; in most cases, the

concentration of only one or two of the species involved in the equilibrium

reaction was determined by direct measurement, and the concentrations of the

other species were calculated by difference. The one exception is the determi-

nation of Eo0
GSH by 1H NMR; the concentration of each species at equilibrium

was determined by direct measurement, from which a value of 139� 21M was

obtained for the conditional equilibrium constant, defined by Equation (3.14),

at pH7.07 and 25 1C:46

Kc
eq ¼

½GSH�2½NADPþ�

½GSSG�½NADPH�
ð3:14Þ

Using this value for Kc
eq, a value of�0.315� 0.002V for Eo0

NADPþ=NADPH at pH7.0

and 30 1C,49 and correcting for the temperature and pH differences, a value of

�0.244� 0.002V is obtained for Eo0
GSH at pH7.00 and 25 1C. Given the small

difference between this value and the widely used value of �0.240V, it is

recommended that the value of�0.240V continue to be used for Eo0
GSH. A value of

Eo0
GSH¼ �0.240V has also been confirmed independently through multiple pair-

wise linkages of protein-protein redox equilibria to Eo0

NADPþ=NADPH ¼ �0.315V.15

It is also recommended that researchers report both the experimentally

measured quantities Kmix or Kox as well as the derived values for Eo0
peptide or

Eo0
protein . The relative stabilities of disulfide bonds and their redox potentials can

be compared directly with Kmix and Kox, independent of the redox scale of the

reference redox buffer; the larger the value of Kmix or Kox, the greater the

relative stability of the disulfide bond formed by the thiol–disulfide exchange

reaction. Each factor of 10 increase in Kox at 25 1C corresponds to a 0.0295V

more negative Eo0 for the disulfide bond formed by the thiol-disulfide exchange

reaction.

3.8 Determination of Redox Potentials
with GSH/GSSG1 Redox Buffers: an Example

The biologically active form of the tetradecapeptide hormone somatostatin

contains a Cys3-Cys14 disulfide bond. The thiol/disulfide equilibria involved in

the reaction of somatostatin with the GSH/GSSG redox system are shown in

Figure 3.1. The somatostatin disulfide bond is formed in two steps via the

mixed disulfide intermediates PSSG
SH and PSH

SSG, which can also interconvert by

intramolecular thiol/disulfide exchange reactions.14 In addition to the reactions

in Figure 3.1, the mixed disulfides can react with another molecule of GSSG to

form the double mixed disulfide PSSG
SSG. The equilibrium constants defined by

Equations (3.15) to (3.20) were determined at 25 1C in pH7.0 phosphate buffer

by HPLC analysis of equilibrium mixtures.14
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K3
mix ¼

½PSSG
SH �½GSH�

½PSH
SH�½GSSG�

ð3:15Þ

K14
mix ¼

½PSH
SSG�½GSH�

½PSH
SH�½GSSG�

ð3:16Þ

K3
intra ¼

½PS
S�½GSH�

½PSSG
SH �

ð3:17Þ

K14
intra ¼

½PS
S�½GSH�

½PSH
SSG�

ð3:18Þ

Kintra ¼
½PSSG

SH �

½PSH
SSG�

ð3:19Þ

Kox ¼
½PS

S�½GSH�2

½PSH
SH�½GSSG�

ð3:20Þ

The mixed disulfides PSSG
SH and PSH

SSG were isolated by HPLC and the location

of the disulfide bond in each was established by 1H NMR, making possible

determination of Kmix for each of the mixed disulfides by HPLC. Equilibrium

mixtures were acid quenched, and to establish that a true equilibrium was

reached, equilibrium was approached from both directions. The GSH reagent

was found to be 99.7% GSH and 0.3% GSSG by 1H NMR. The values

obtained for the equilibrium constants are K3
mix ¼ 2.86, K14

mix ¼ 2.04, K3
intra ¼

1.41� 10�2 M, K14
intra ¼ 2.00� 10�2M, Kintra ¼ 1.41 and Kox ¼ 4.05� 10�2M.

Using this value for Kox and Eo0
GSH ¼ �0.240V, a value of �0.199V is calcu-

lated for Eo0
somatostain.

SH

SH

PGSSG

SH

SSG

P

SSG

SH
P

S

S

P GSH

GSH

GSH

++

Figure 3.1 Thiol–disulfide exchange reactions for formation of the Cys3-Cys14 di-
sulfide bond of somatostatin by reaction with GSSG.14 In addition to the
reactions shown, the two mixed disulfides can also react with another
molecule of GSSG to form the double mixed disulfide PSSG

SSG.
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3.9 Determination of Redox Potentials by the Direct
Protein–Protein Equilibration Method: an Example

E. coli Grx1 and Grx3 have identical active-site sequences (Cys-Pro-Tyr-Cys),

33% amino acid sequence identity and highly conserved secondary structure

elements and overall fold.50 However, they have significantly different activities

as reductants of ribonucleotide reductase.28,51,52 To determine if their different

activities as reductants are due to differences in their redox properties, the redox

potentials of Grx1 and Grx3 were measured by the direct protein–protein

equilibration method.15

Eo0
Grx1 and Eo0

Grx3 were determined from equilibrium constants for reaction of

Grx1 and Grx3 with the P34H mutant of Trx; the P34H mutant was used

because it has a redox potential closer to those of Grx1 and Grx3 than does

Trx.15,38 The redox reactions were run by adding one protein in the reduced

form to the other in the oxidized form in degassed and N2-purged solutions of

100mM pH7.0 phosphate buffer and 1mM EDTA. The initial concentration

of both the test protein and the reference protein was 50 mM. To ensure that a

true equilibrium was reached, irrespective of the redox state of the initial

mixture, reactions were run with both the reduced/oxidized and oxidized/

reduced combinations of the test protein/reference protein pairs. Equilibrium

mixtures were acid quenched, and the oxidized and reduced forms of each

protein were separated and quantitated by HPLC. Redox potentials of Eo0
Grx1 ¼

�0.233V and Eo0
Grx3 ¼ �0.198V were obtained from the respective equilibrium

constants using the Nernst equation and a reference value of �0.235V for

Eo0
Trx(P34H).

38 The reference value for Eo0
Trx(P34H) was determined from the equili-

brium constant for the Trr-catalyzed reaction of Trx(P34H) with NADPH; a

value of �0.315V was used for Eo0
NADPH.

49 The difference of 35 mV between

Eo0
Grx1 and Eo0

Grx3 was confirmed independently by measuring the equilibrium

constant for the direct reaction of Grx1 with Grx3.15

The above values for Eo0
Grx1 and Eo0

Grx3 were each confirmed by using the

thermodynamic linkage relationship between the stability of the disulfide bond

and the stability of the protein to denaturation:

SH

SH
N S

S
N

SH

SH

U S

S

U

ox

N
K

ox

U
K

u

ox
Ku

red
K

ð3:21Þ

where N and U represent the folded and unfolded states and Kred
u and Kox

u are

the equilibrium constants for unfolding reduced and oxidized protein, respec-

tively.15 Eo0
Grx1 and Eo0

Grx3 for unfolded Grx1 and Grx3 were determined

by measuring equilibrium constants for the reaction of Grx1 and Grx3 with
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GSH/GSSG redox buffer in pH7.0 buffered 6 M guanidine hydrochloride

(GdnHCl) solution. Using Eo0
GSH ¼�0.240V, Eo0

Grx1 and Eo0
Grx3 for the unfolded

proteins were found to be nearly identical, �0.217V and �0.218V, respec-

tively, which are similar to redox potentials for the denatured state of DsbA,

DsbC and for the individual Trx-like domains of PDI.15,16,20,45 This suggests a

restricted range of redox potentials for the Cys-Xaa-Yaa-Cys catalytic domain

of thiol/disulfide oxidoreductases in the unfolded state, as has also been found

for model peptides of the active-site regions of thiol/disulfide oxidoreduc-

tases (peptides 1, 3, 5 and 7 in Table 3.2.).12 The Gibbs free energy changes

for unfolding the oxidized and reduced forms of Grx1 and Grx3 were deter-

mined by denaturation experiments using GdnHCl and monitored by CD

spectroscopy.
In a similar study of Trx, using the GSH/GSSG redox buffer, the linkage

relationship between disulfide-bond formation and protein stability was con-

firmed.41 The ratio of Kox for the folded and unfolded protein gives, by the

linkage relationship, the difference in free energy for unfolding with and

without the disulfide bond. The method can be used to evaluate the stabilizing

or destabilizing effect of a natural or genetically engineered disulfide bond and

to evaluate the effect of amino acid substitutions on disulfide-bond formation

in the native and unfolded state of a protein.41 In the case of Trx, the disulfide

bond was found to stabilize the folded structure by 3.5�0.3 kcalmol�1.
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CHAPTER 4

Engineered Disulfide Bonds
for Protein Design
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aMax Planck Institute of Biochemistry, Am Klopferspitz 18, D-82152

Martinsried, Germany; bDeutsche Forschungsgemeinschaft,

Kennedyallee 40, 53175 Bonn/Bad-Godesberg, Germany

4.1 Introduction

Disulfide bonds are thought to stabilize proteins primarily by reducing the con-

formational entropy of the unfolded state.1–4 When treating the unfolded state of

proteins as a random coil, polymer theory would predict that disulfide bonds

increase the free energy of the unfolded state by decreasing its conformational

entropy to an extent that, in crude approximation, is proportional to the logari-

thm of the number of residues between the disulfide-bridged cysteines.5,6 If this

entropic effect is exploited for stabilization of proteins, the specific mutations

required to introduce the novel disulfide bonds have to be designed with great

care on the basis of known spatial relationships in order to prevent both per-

turbations in the folded state and rather drastic decreases in folding efficiency.

Indeed, the energetic contribution of additional disulfides is not only entropic in

nature, but also includes enthalpic and native-state effects.7,8 The mixed success

of attempts to increase protein stability by introducing novel disulfides illustrates

the engineering challenge. T4 lysozyme, which lacks disulfides in its native form,

is one of the proteins most extensively studied in this respect. Some engineered
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disulfides were found to enhance its stability by increasing the melting tempera-

ture (Tm), while others destabilized the protein.2,9 For industrially important

proteases of broad specificity such as subtilisin10–12 and the thermolysin-like

proteases13 most attempts to enhance stability by introducing additional disulfide

bonds have failed. These disappointing results were mainly attributed to side

effects resulting from the individual Xaa/Cys mutations and/or to the strain

introduced by suboptimal geometries of the disulfide bridges. However, extreme

stabilization of a thermolysin-like protease has also been reported by placing the

additional disulfide bond in an area of the molecule that is involved in partial

unfolding processes and thus determines its thermal stability.14

Although most disulfide bonds assist the folding of proteins and stabilize

their three-dimensional structures,15 there are also functional disulfides which

can confer redox activity, as in the case of the thiol-protein oxidoreductases,16

or serve as allosteric switches, which control the function of proteins by med-

iating conformational changes upon reduction or oxidation.17,18 Correspond-

ingly, new disulfide bonds may be engineered into proteins not only to enhance

stability but also to introduce new functional properties as exemplarily shown

in the case of a green fluorescent protein (GFP) variant with a disulfide group

installed in close proximity to the chromophore. The disulfide acts as a redox

switch and thus allows monitoring of redox potentials via the significant

fluorescence quenching induced by the disulfide moiety in the dithiol in the

oxidized compared to the reduced protein form.19

There are two basic strategies for protein design: i) the development of new

macromolecules by expanding or improving an existing function or generating

new biological properties in a natural protein scaffold, and ii) the de novo

construction of isolated secondary structural modules and assembling them

into compact structures with defined folds and, at times, functions. The first

strategy often relies on disulfide-stabilized proteins and cystine-rich peptides as

robust scaffolds amenable to exchanges of larger, more or less-structured native

sequence segments with others borrowed from biomolecules possessing parti-

cular properties or with artificially designed peptide chains that encode the

desired structural and functional properties.20–28 Progress on the design and

production of functional miniature proteins by the use of disulfide-stabilized

scaffolds is exhaustively reviewed in Chapter 7.

The second approach, de novo protein design, critically tests our fundamental

understanding of how proteins fold and function.29–32 Inspection of three-

dimensional structures of proteins suggests that complex tertiary folds can be

decomposed, in principle, into a limited number of secondary structure elements

such as turns, strands and helices, which assemble into compact folds via loosely

structured loops. The stability of the specific fold is determined by hydrophobic

and electrostatic interactions between residues within the modules and, in the

case of cystine-containing polypeptide chains, by the disulfide bonds, too. By

exploiting optimal residue patterning and stereochemical restraints, secondary

structure modules can be generated, which may preferentially self-assemble into

controlled tertiary folds or be induced to do so by tethering individual modules

with more or less flexible linkers or with disulfide bonds.
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An additional promising use of engineered disulfide bonds can be envisaged in

the induction and stabilization of quaternary structures as a higher level orga-

nization of protein systems. This has been exemplarily documented with the

ring-shaped hexameric Hcp1 protein of P. aeruginosa.33 By selective mutation of

a glycine at the bottom and of an arginine on top of the ring structures a

supramolecular self-assembly of the hexameric protein into extended nanotubes

stabilized by inter-ring disulfides was achieved.34

The purpose of the present chapter is to review progress achieved in recent

years using engineered disulfide bonds to stabilize secondary structure elements

that can serve as programmed tectons35 for self-assembly into higher ordered

structures.

4.2 Helices

Systematic studies of isolated a-helices have resulted in the formulation of a set

of de novo design rules based on the use of i) residues with high helix-forming

propensities, ii) capping groups to prevent unfavorable interactions with the

helix dipole and iii) stabilizing hydrogen bonding, ionic and hydrophobic

interactions between residues separated by a turn of the helix.36–38

4.2.1 Disulfide-stabilized Helices

Lactam bridges or olefinic cross-links between the i and i+4 positions of an

a-helix have been exploited to ‘‘lock in’’ the desired helical conformation.36–39

In contrast, disulfide-crossbridging of two cysteine residues in the i/i+4 posi-

tions is not compatible with an a-helix structure, although a combination of

D- and L-half-cystines should allow such conformational constraint.40 This has

been experimentally confirmed with two short helical segments of the anti-

microbial thionin from Pyrularia pubera, which both contain a pair of Cys

residues in i/i+4 positions. As for all thionins with the typical ‘‘G’’ structural

motif,41 these two antiparallel helices that form the long arm are cross-linked

by two disulfide bonds. Interchain cross-linking of the two helical thionin

fragments with the two disulfide bonds by regioselective synthetic procedures

induces stabilization of the two helices, but replacement of one L-Cys with a

D-Cys residue and subsequent intramolecular disulfide-bond formation also

stabilizes the helical conformation of the two excised fragments to a significant

extent.40 In a similar manner, a-helix stabilization has been achieved by

crossbridging D- and L-2-amino-6-mercaptohexanoic acid in the i and i+7

positions, respectively, by a disulfide bond.42 This type of disulfide bond was

found to lock in two turns of the helix and to induce propagation of the helical

conformation to neighboring residues. Cysteine residues spaced i/i+3 apart

have been disulfide bonded to obtain cyclic peptides, which fold into a 310
helix.43 Such Cys-Xaa-Yaa-Cys motifs, located at the N-terminus of a-helices,

form the redox active sites of bacterial and eukaryotic disulfide-forming

enzymes, which all show the characteristic thioredoxin fold.44 The tripeptide
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portion Xaa-Yaa-Cys forms a 310-helical loop at the N-terminal end of the

a-helix with minimal structural variation between the oxidized and reduced

state and with the N-terminal Cys residue exposed at the surface of the

molecule.44

Air oxidation of the Sec1,3, Cys11,15 analog of apamin afforded a Sec1,3

-diselenide/Cys11,15-disulfide framework.45 NMR conformational analysis

of this apamin analog clearly revealed the presence of the characteristic

C-terminal apamin a-helix, although this structure was partially distorted and

compressed as a result of the geometrically unfavorable disulfide constraint

between the i and i+4 half-cystine residues (Figure 4.1). Based on these find-

ings, an isomer with Cys I-II/III-IV connectivities was proposed as a productive

intermediate in the folding mechanism of apamin, as its formation should be

highly favored by the proximity rule and the distorted a-helix should promote

the disulfide exchange reactions that establish the energetically more favored

I-III/II-IV disulfide framework.46 The latter disulfide connectivities allow

apamin to assume the classical cystine-stabilized a-helix motif with Cys-11 and

Cys-15 in the i and i+4 positions of an a-helical turn, disulfide-paired with the

N-terminal Cys-1 and Cys-3 residues, respectively; the two resulting disulfides

form the hydrophobic core of a globular fold (see Section 6.3.2.3).47 The strong

a-helix-inducing and -stabilizing effects of the apamin disulfide framework

have been exploited for the design of chimeric a-helical peptides in which the

helical portion of apamin was replaced by a variant of the S-peptide of RNase S

that contains two Cys residues positioned at i and i+4 positions within its

a-helical stretch.48 This construct exploits the intrinsic ability of the S-peptide

to assume an a-helical conformation49,50 to generate an artificial cystine-

stabilized a-helix motif.

4.2.2 Helical Bundles

a-Helices can self-associate to form helical hairpins, coiled-coils or helical bun-

dles and such associations are governed by burial of hydrophobic surfaces and

Figure 4.1 The i/i+4 disulfide-bridged a-helix of Sec1,3-apamin.45
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formation of ion pairs, hydrogen bonds and/or aromatic interactions between

the monomer units. From extensive studies of numerous de novo designed a-

helical and coiled-coil polypeptides the crucial role of specific interactions

between the seven-residue geometric (heptad) repeats, which constitute the

individual helices of the bundles, has been recognized.51–56 This information has

been used to construct analogs of natural or fully artificial parallel and anti-

parallel helical bundles, some of which were structurally characterized by X-ray

crystallography and NMR conformational analysis.36 In order to eliminate the

monomer-oligomer equilibrium and the effect of peptide concentration on the

stability of the associates, as well as to dictate the reciprocal helix orientations

and to establish heterodimers, individual helices have been connected by more or

less flexible linkers as reported e.g. in references 38,52,57–60. The effect of linker

length on the compactness of helix-loop-helix motifs suggested a (Gly)7 sequence

as optimal for fold stabilization.61 An alternative approach utilizes disulfide

bridges to tether peptide modules for induction and stabilization of local fold-

ing62–64 or for further stabilization of helix-loop-helix motifs.65 For the de novo

design of an up-and-down four-helix bundle, which is the most common a-

helical tertiary structure,66 cysteine residues were incorporated into helices I and

IV. The covalent link was expected to stabilize the folded helix bundle and at the

same time provide a simple probe for the folded state of this artificial designed

protein, called Felix.67 Indeed, after expression and purification of the 79 residue

long polypeptide chain, oxidation produced a monomer which possessed a-

helical structure as confirmed by spectroscopic measurements. However, the

protein was not amenable to detailed structural analysis.

From the observation that most naturally occurring disulfide bonds in pro-

teins are buried,4 it has been proposed that introduction of these cross-links

into the most closely packed portion of a protein core should provide the

greatest stability.15 However, such stabilizing effects can be offset by disruption

of preexisting interactions; moreover, maintaining the strict stereochemical

requirements of disulfide bonds in such packed regions of folded structures is

extremely difficult.9 Therefore, a systematic study was performed of the effect of

a disulfide bond on the stability of a two-stranded parallel a-helical coiled-coil.

A single disulfide was introduced into each of the five a and five d positions of a

pentaheptad polypeptide chain (Figure 4.2).68

A disulfide bond at the N-terminal a2 or C-terminal d33 position of the

coiled-coil was found to significantly increase structural stability.64,68 This fully

agrees with the observation that the fraying ends of coiled-coils are less stable

and more flexible than internal regions.69 Disulfides at the terminal d5 and d33

positions induced similar stabilities, but disulfides could also be placed in the

internal d12, d19 and d 26 positions of the coiled-coil without disruption of the

structure, while in the internal a9, a16, a23 and a30 positions significant

destabilization was observed. This systematic study clearly demonstrated that

disulfide bonds can be installed even in the hydrophobic interface between two

a-helices to enhance structural stability considerably without changing the

overall folded structure, provided that appropriate positions are selected for the

Xaa-Cys replacements.
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The mitochondrial protein p8MTCP1 consists of three a-helices associated with

an unusual cystine motif.70 It exhibits a classical antiparallel a-helical hairpin

motif stabilized by two disulfide bridges without any distortion of either the

helices or the disulfide geometries. However, the steric constraints imposed by

the disulfide impose an angle of about 51 between the helix axes instead of the

typical value of 201 observed in a helical supercoil. The third helix is oriented

roughly parallel to the hairpin plane forming an angle of about 601 with the

main axis of this motif. In the antiparallel helix-loop-helix portion the Cys

residues are located at positions a, d and a0, d 0 of helix I and helix II, respec-

tively. Regular spacing of the cysteine residues according to the sequence pattern

-Cys-(Xaa)9-Cys-(Xaa)m-Cys-(Xaa)9-Cys- leads to a ladder-type cystine frame-

work upon oxidative folding with the interstrand cross-links located at the a-d0

and a0-d positions (see Figure 4.3A). The disulfide bonds appear to be in a

favorable geometry for structure stabilization, since they are buried in the

hydrophobic interface of the antiparallel helix-loop-helix motif. Oxidative

folding of a reduced synthetic replicate of the excised helical hairpin produced

the correct disulfide pairing in high yield, and the helical structure of this protein

fragment as determined by NMR spectroscopic analysis was found to be

identical to that of the a-hairpin in the intact protein.71 The neurotoxin B-IV

from the marine worm Cerebratulus lacteus, which also contains an a-hairpin

with the correct helical geometry, possesses a different regular Cys spacing, -Cys-

(Xaa)7-Cys-(Xaa)m-Cys-(Xaa)7-Cys-, which generates two disulfide bonds,

cross-linking the d and d0 positions of the heptad. As a result, the disulfide bonds

are located on the same face of the hairpin and exposed to the solvent.72

As an alternative to direct disulfide bridging of helices, linkers of the type Cys-

Gly-Gly at the N- or Gly-Gly-Cys at the C-termini confer complete flexibility to

the peptide chains, allowing them to adopt their most stable conformation

(Figure 4.3B). Both parallel and antiparallel helical orientations can be induced

Figure 4.2 Scanning of a and d positions of an a-helical coiled-coil peptide consisting
of five heptads to identify optimal positions for disulfide bonds.68
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and stabilized by this strategy.62,63,73,74 This principle has been extended to the

design of homotrimeric coiled-coils by N-terminal extension of the polypeptide

chain with Cys-Cys-Gly-Gly motifs, which upon oxidation form three disulfide

bonds as shown in Figure 4.3C, whose connectivities have not been deter-

mined.75 This type of interchain cystine knot is reminiscent of homotrimeric

triple-helical collagen peptides containing collagen type III cystine knots (see

Section 6.5.2.1). The disulfide-crossbridged homotrimeric coiled-coil showed an

extraordinary thermodynamic stability with a Tm4 90 1C. Introduction of the

flexible disulfide linker at both the N- and C-terminus of an a-helical peptide

was exploited recently for the design of a dimeric parallel coiled-coil that could

be switched into a monomeric intramolecular antiparallel coiled-coil through

oxidation of the terminal cysteine residues.76

4.3 b-Turns

b-Turns are the smallest element of secondary structure and their role in folding

and stability of peptides and proteins has been extensively investigated.77–79

The idealized b-turn consists of four consecutive residues with a strictly defined

Gly

Gly

Cys

Gly

Gly

Cys

Gly

Gly

Cys

Cys

Gly

Gly

Cys

Cys

Gly

Gly

Cys

Cys

-S-S-

-S-S-

Figure 4.3 Disulfide-bridged helix-loop-helix motifs (A); homodimeric (B) and
homotrimeric (C) disulfide-bridged a-helical coiled-coils. Bold lines
between Cys residues denote disulfide bonds.
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stereochemistry, which are joined by a hydrogen bond between the carbonyl of

the first turn residue (i) and the amide of the last residue (i+3).80 A classical

approach for stabilizing such chain reversals involves incorporation of disulfide

bridges at optimal positions. Systematic studies on small disulfide-bridged

loops revealed a significantly enhanced tendency to form the desired macro-

cyclic structure for Cys-(Xaa)m-Cys peptides when m is an even not an odd

number,81 but also a marked effect of the b-turn propensities of the intervening

(Xaa)m peptide sequences.82–84 The alternating odd-even pattern also appears

in statistics of disulfide loops in naturally occurring proteins, where cysteine

pairs with 2 or 4 intervening residues have a greater probability of forming

loops than sequences with m¼ 1, 3 or 5. This pattern disappears when m4 5

due to competition between configurational entropy, loop strain and loop size.

4.4 b-Sheets

a-Helices and b-sheets are equally abundant in proteins. However, the princi-

ples behind b-sheet formation were much less understood until more recently

because of the difficulty in developing simple model systems for quantifying the

different factors contributing to b-sheet stability. The basic unit of a b-sheet is a

b-strand with the peptide backbone almost fully extended. b-Strands are

aligned adjacent to each other such that hydrogen bonds can form between the

carbonyls of one peptide chain and the amide groups of the other. The peptide

strands can be aligned in parallel or antiparallel orientation, with each

arrangement characterized by a distinct hydrogen bonding pattern. The

nucleation event in the assembly of an antiparallel b-sheet is the formation of a

b-hairpin defined by a chain reversal, i.e. the b-turn, flanked by two antiparallel

strands.85

4.4.1 b-Hairpins

The most common b-hairpins found in the protein database have been classi-

fied according to their hydrogen bonding and chain reversal patterns.38,86 From

recent studies of isolated b-hairpins drawn largely from native proteins, but

also of structures obtained by ab initio design, considerable insight has been

obtained into the factors that contribute to the conformational energetics of

these systems. Cross-strand interactions are key to the stability of b-hairpins

and these include aromatic-aromatic,87 charge-charge electrostatic88 and

hydrophobic interactions.89,90 The importance of the b-turn in hairpin stability

has been extensively reviewed.36,38 The observation that the nucleating b-turns

in protein b-hairpins are predominantly type I0 or type II0 b-turns has fostered

intensive research in the design of such structures.91 From these studies, the

D-Pro-Gly loop was shown to strongly promote formation of small b-sheets in

aqueous solution.91–93 In general, type I0 and II0 b-turns are less stable than

type I and II b-turns for segments containing L-residues.78 Analogous to

D-Pro-Gly, Asn-Gly can also adopt the optimal geometry that is needed to
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nucleate hairpins. This segment is the most likely of all proteinogenic sequences

to be involved in a type I0 turn, but its ability to stabilize b-hairpin structures is

less than that of D-Pro-Gly.89,94

In addition to using turn sequences with a high tendency to induce and

stabilize b-hairpin folds, disulfide bonds have been exploited to determine the

tendency of different sequences to adopt this specific supersecondary structure.

In the search for reference compounds that can be used to quantitate double-

stranded b-sheet conformations, i.e. the b-hairpin fold, of flexible peptides in

aqueous solution, a 12-residue peptide containing a D-Pro-Gly loop was

backbone-cyclized via an additional D-Pro-Gly segment or disulfide-bridged by

cysteines placed at the N- and C-termini.95 NMR conformational analysis

indicated that the two cyclization modes promote almost identical structures

except for the disulfide- or backbone-cyclized portion of the molecules. Both

strategies can stabilize the antiparallel b-sheet sufficiently to provide a ‘‘pure’’

folded state in aqueous solution. This observation fully agrees with the finding

that side-chain linkage involving cysteine residues and backbone cyclization are

among the best strategies for promoting and stabilizing double-stranded anti-

parallel b-sheets in natural bioactive peptides, particularly antimicrobial pep-

tides (see also Section 6.3.).96 In such peptides, the number of disulfide bonds

can vary from one to four and the interstrand cross-links are crucial for

maintaining the bioactive b-hairpin fold (Figure 4.4). In backbone-cyclized

Figure 4.4 Examples of antimicrobial peptides with interstrand disulfide-bonded
b-hairpin structures: (A) arenicin (2jsh)97 (B) protegrin-1 (1pg1)98 and (C)
RTD-1 (1hvz).99
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defensins, i.e. the y-defensins, the hairpin structure is retained even upon

reduction of the disulfide bonds.

By analyzing b-sheets from a set of 928 non-redundant protein structures,100

the mean Cb–Cb distances between hydrogen-bonded and non-hydrogen-bonded

pairs of residues in adjacent strands were found to be 4.82� 0.58 and

5.37� 0.56 Å, respectively, while the average Cb
�Cb distance in disulfide-bon-

ded Cys residues is 3.84 Å.101 Therefore, the Cb atoms of opposing residues on

antiparallel strands are normally too far apart for disulfide formation. None-

theless, disulfide bonds are found between cysteine residues in the non-

hydrogen-bonded register of b-sheets.91,102 Generally the disulfides pack tightly

against hydrophobic side-chains of residues located two positions before one or

both Cys residue(s). Extrapolating from this observation, the model peptide

Ac-CTXEGNKLTC-NH2 was cross-linked with a disulfide, and the effect of

residue X and different loop sequences on the stability of the b-hairpin was

analyzed by monitoring thiol-disulfide exchange reactions with GSH/GSSG.101

Tryptophan was found to be the most stabilizing X residue. Of the loop

sequences analyzed, Gly-Asn (type II0 turn) was less stabilizing than Asn-Gly

(type I0 turn), while D-Pro-containing turns (type II0) enhance hairpin stability

considerably. Although the hairpin stem of this model peptide was very small,

combining disulfide bonding of the two strands with the cross-strand tertiary

contacts yielded a small, well-structured b-hairpin, clearly indicating that turns

and strand-strand interactions contribute in an independent and additive man-

ner to the stability of b-sheet structures.

Disulfides have also been used to tether two b-strands in the absence of

connecting loops and thereby induce formation of two-stranded b-sheets.103,104

As the cystine disulfide bond does not have the ideal geometry to hold two

adjacent strands in a b-sheet conformation,66 a comparative study was per-

formed with a 9-residue peptide modeled after the b-sheet segment of the Met J

repressor.105 A cysteine or an L-2-amino-6-mercaptohexanoic acid (Amh)

residue was incorporated into the central position of the nonapeptide, the latter

to avoid any structural strain. In the absence of disulfide cross-links both

peptides were unstructured, whereas dimerization induced b-sheet formation.

Moreover, the strain-free Amh-based dimer showed a significantly enhanced

b-sheet population compared to the cystine-containing peptide.

In order to gain better insight into the position-dependent nature of the

enthalpic and entropic contributions of a disulfide bond to b-hairpin stability, a

systematic study was performed with a 15-residue peptide in which different

pairs of non-hydrogen-bonded and hydrogen-bonded residues were replaced

with cysteines (see Figure 4.5).106 Peptide 1 served as the starting point for these

experiments. It had been previously shown to adopt a monomeric 3:5 b-hairpin

with a type I+ G1 b-bulge turn in aqueous solution.107 This type of turn, also

called an a-turn,108 encompasses three residues in place of the two corner

residues of a b-turn. The hydrogen bond is retained but is now between residues

i and i+4; the additional residue (in the i+3 position) is often glycine, due to its

ability to sterically access the required conformational space, although small

polar residues such as Asp and Asn are also sometimes found.
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NMR conformational analysis confirmed b-hairpin structures for peptides

1–5. The b-hairpin populations generally differed for the reduced and oxidized

states, except in the case of peptide 5, where the difference in both states is very

small. As expected, disulfide bonds were found to stabilize the b-hairpin folds

mainly by decreasing the loss of entropy upon folding, but only when the Cys

residues were placed at non-hydrogen-bonded sites. When the disulfide was

located at hydrogen-bonded sites, the entropic contribution was offset by the

strain generated by the suboptimal geometry of the disulfide bond for cross-

linking the antiparallel strands. Moreover, experiments at different tempera-

tures clearly revealed that larger ring sizes better stabilized the b-hairpin,

leading to a rank order of b-hairpin populations of 24 34 4. On average, the

conformational stability of the b-hairpin is increased by about 1.0–1.2 kcal

mol�1 when the disulfide bond was inserted at a non-hydrogen-bonded site.

Moreover, regardless of its location, the stability provided by the interstrand

cross-link depends upon which pair of facing residues is replaced by the half-

cystines as well as on the packing of the disulfide moiety with other side-chains

in the b-sheet face. Apart from entropic considerations, the lower b-hairpin

stability of peptide 4 relative to peptide 3 might also be explained by the

packing of the Ile-3/Trp-13/disulfide, which is less favorable than the disulfide/

Trp-11/Ile-5 packing.
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Figure 4.5 In reference peptide 1 different pairs of residues were replaced by Cys
residues in non-hydrogen-bonded positions and at different distances from
the R6-R10 (i/i+4) turn region. The sequences of peptides 2, 3 and 4 were
designed in a way that pairs of cross-strand facing residues were the same.
In peptide 5 the Cys residues were placed at hydrogen-bonded sites.
The observation that reduced peptide 5 exhibits a higher population of
b-hairpin than the parent peptide 1 suggests unfavorable cross-strand side-
chain/side-chain interactions between Glu-2 and Thr-14 and that a pair of
facing cysteine residues at hydrogen-bonded positions is compatible with
b-hairpin formation, particularly if favorable packing with the side-chains
of surrounding residues can occur.106
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4.4.2 Multi-stranded b-Sheets

In principle, a multi-stranded b-sheet in which D-Pro-Xaa sequences are used as

the corner residues of the reversed turns should automatically fold into a

compact structure stabilized by cooperative hydrogen bonding. Indeed four- to

eight-stranded systems with various degrees of structural stability have been

reported.109–111 Disulfide cross-links were exploited in these model systems to

further enhance conformational stability. Incremental cooperative effects on

stability were also observed upon addition of an extra b-strand to both two-

and three-stranded b-sheets,109 although the effects were quantitatively small.

Association of hydrophobic side-chains rather than creation of a strong

hydrogen-bonding network was found to drive formation of these simple multi-

stranded b-sheet structures.

A variety of larger b-sandwich proteins have also been successfully designed

de novo, including the b-sandwich protein betadoublet. The latter was con-

structed entirely from proteinogenic amino acids and thus employed Asp and

Gly for the i+1 and i+2 positions of type I0 b-turns.112 The strands were

optimized to self-associate into a four-stranded b-sheet with high propensity for

dimerization; a disulfide bond connecting the sheets was added to mimic the

disulfide in the sandwich domains of immunoglobulins.113 Oxidative folding by

air produced the inter-b-sheet disulfide bonded sandwich structure and its

thermal denaturation clearly revealed a cooperative unfolding transition.

However, the free energy of unfolding of betadoublet was only 2.5 kcalmol�1 at

293K, which is substantially lower than the values observed for natural pro-

teins (5–15 kcalmol�1). The properties of such ab initio designed proteins

clearly underscore the difficulty in generating tertiary structures with the unique

packing characteristics of native proteins.

4.5 Conclusions

In this brief review, recent progress using disulfide bonds to stabilize a-helical,

b-turn and b-hairpin modules and their assembly into a-helical bundles and

b-sheet structures has been described. The results of these studies are directly

relevant to ongoing efforts to design novel functional proteins as well as to

rational approaches for stabilization of biotechnologically important proteins

with engineered disulfides. Although synthetic approaches to protein design

have advanced only moderately in recent years because of difficulties in con-

trolling all the complex interactions that cooperatively determine the structures

and function of natural globular proteins, the steady accumulation and com-

parative analysis of new tertiary structures and advances in computational and

experimental (i.e. directed evolution) approaches can be expected to provide the

detailed understanding that will be necessary for real molecular engineering in

the future. Presently, as reviewed in Chapter 7, more success has been achieved

in the engineering of functional proteins by relying on robust natural cystine

scaffolds.
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B. D. Sykes, R. S. Hodges and C. M. Kay, J. Mol. Biol., 1995, 254,

505–520.

250 Chapter 4



75. E. Bianchi, M. Finotto, P. Ingallinella, R. Hrin, A. V. Carella, X. S. Hou,

W. A. Schleif, M. D. Miller, R. Geleziunas and A. Pessi, Proc. Natl. Acad.

Sci. USA, 2005, 102, 12903–12908.

76. M. J. Pandya, E. Cerasoli, A. Joseph, R. G. Stoneman, E. Waite and

D. N. Woolfson, J. Am. Chem. Soc., 2004, 126, 17016–17024.

77. H. J. Dyson and P. E. Wright, Annu. Rev. Biophys. Biophys. Chem., 1991,

20, 519–538.

78. G. D. Rose, L. M. Gierasch and J. A. Smith, Adv. Protein Chem., 1985,

37, 1–109.

79. C. Toniolo, CRC Crit. Rev. Biochem., 1980, 9, 1–44.

80. C. M. Venkatachalam, Biopolymers, 1968, 6, 1425–1436.

81. R. M. Zhang and G. H. Snyder, J. Biol. Chem., 1989, 264, 18472–18479.

82. P. J. Milburn, Y. C. Meinwald, S. Takahashi, T. Ooi and H. A. Scheraga,

Int. J. Pept. Protein Res., 1988, 31, 311–321.
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CHAPTER 5

Selenocysteine as a Probe
of Oxidative Protein Folding

JORIS BELD, KENNETH J. WOYCECHOWSKY AND
DONALD HILVERT

Laboratory of Organic Chemistry, ETH Zürich, 8093 Zürich, Switzerland

5.1 Introduction

Selenium was discovered in 1818 by the Swedish chemist Berzelius as a poi-

sonous contaminant in locally mined sulfur.1 He isolated the element from the

ore and named it selenium after the Greek moon goddess Selene, in analogy to

tellurium which was previously named for Tellus, the earth.2 As one of the

chalcogens, selenium shares many properties with oxygen, sulfur and tellurium

(Table 5.1). Although selenium was regarded as a purely toxic substance for

more than a century, this view changed radically some 50 years ago when it was

found to be an essential micronutrient for animals, albeit one with a very

narrow beneficial dosage range. Recent studies have even reported that some

selenium compounds may help to prevent cancer, and nowadays dietary sup-

plements containing selenium can be purchased in many pharmacies.3

In biological systems, selenium is incorporated into proteins non-specifically as

selenomethionine4 and specifically as selenocysteine (abbreviated as Sec or U).5

Because selenium and sulfur are similar in size (Table 5.1), replacement of sulfur-

containing amino acids with their selenium counterparts generally causes little or

no structural perturbation in proteins. However, such substitutions can lead to

significant differences in protein function. Many selenoproteins are enzymes that

feature an active-site selenocysteine in order to harness the special reactive
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properties of selenols. Glutathione peroxidase, glycine reductase, iodothyronine

deiodonase and thioredoxin reductase are exemplary selenoenzymes that pro-

mote an interesting range of reactions (Table 5.2). In each case, selenocysteine

serves as an essential active-site residue, and even conservative replacement with

cysteine diminishes activity by 10 to 1000-fold.

The reactivity differences between selenocysteine and cysteine are manifold. For

example, selenols are softer SN2-type nucleophiles than thiols because the sele-

nium atom is more polarizable than sulfur. Moreover, the selenol of selenocysteine

is more acidic (pKaE5.2) than the thiol of cysteine (pKaE8.3).6 Thus, in contrast

to cysteine, selenocysteine is ionized at physiological pH, further enhancing its

reactivity. The differences in pKa between selenocysteine and cysteine and in the

electronic structure of selenium and sulfur also give rise to differences in metal

coordination properties,7 although these are not well understood.

Selenium and sulfur do share similar redox states. For instance, selenocys-

teine is often found in the active sites of thiol-dependent peroxidases, where the

selenium cycles between the selenol, selenosulfide and seleninic acid states

Table 5.1 Characteristics of the chalcogens and their amino acids.

Oxygen Sulfur Selenium Tellurium

Electronegativity 3.44 2.58 2.55 2.1
Covalent radius (Å) 0.73 1.02 1.17 1.35
van der Waals radius (Å) 1.52 1.80 1.90 2.06

Bond Length, C-X (Å) 1.43 1.82 1.95–1.99 2.4
Amino acid Serine Cysteine Selenocysteine Tellurocysteine
pKa 13 8.3 5.2 n.d.
Reduction potential (mV) – �23810 �38811 n.d.

Table 5.2 Overview of representative selenoproteins and their activities.12,13

Selenoprotein Catalyzed reaction
Role of
selenocysteine

Effect of Sec-Cys
mutation on activity

Glutathione
peroxidases14

Reduction of
hydroperoxides

Redox 1000-fold decrease15

Iodothyronine
deiodonase D116

Modification of T3
and T4 hormones

Selenenyliodide
intermediate

10-fold decrease17

Thioredoxin
reductases18

Reduction of Trx Redox 10–100-fold
decrease19,20

Selenophosphate
synthase 221

Conversion of
selenite to
selenophosphate

Unknown 4100-fold decrease22

Methionine-R-
sulfoxide reduc-
tase B23

Reduction of
methione sulfoxide
to methionine

Redox 4100-fold decrease24

Formate
dehydrogenase25

Conversion of for-
mate to CO2

Metal ligand 4100-fold decrease26

Glycine
reductase27

Conversion of glycine
to acetyl phosphate

Nucleophile Unknown
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during catalysis.8,9 In principle, selenocysteines can also oxidize to form di-

selenide bonds. While disulfide bonds between cysteine residues are found in

many proteins where they confer extra stability or redox functions, diselenide

cross-links seem to occur infrequently in biology. The prospect of diselenides in

proteins is especially interesting because these bonds are both more thermo-

dynamically stable and more kinetically labile than disulfides.

The first identification of a diselenide bond in a natural protein was made only

recently.28 This protein, selL, is present in aquatic organisms and possesses a

thioredoxin fold with a UXXU tetrapeptide in place of the canonical CXXC

motif. While its function is unknown, the similarity of selL to thioredoxin suggests

a role in redox metabolism. The intramolecular diselenide of selL is extremely

stable, as it could not be reduced by the strong thiol reductant DTT (Eo0
¼

�327mV)i. Because selL is localized to the cytosol (which has a redox potential of

ca. �230 to �270mV),31 the mechanism for its reduction remains unclear.

The diselenide bond of selL may not be unique; the 366 amino acid long

glycosylated protein selP also likely possesses diselenide bonds.32 SelP contains

17 cysteines and at least 10 selenocysteines, depending on the organism. In

human blood, up to 60% of the total selenium content can be accounted for by

selP. Consequently, selP has been hypothesized to act as a storage protein

involved in the removal of toxic selenium compounds from the body. SelP

possesses a variety of other interesting functions, including glutathione per-

oxidase activity, heparin binding and heavy metal ion complexation.

Aside from its role(s) in living cells, selenium has also become a valuable

spectroscopic and mechanistic probe in protein chemistry. Anomalous scat-

tering by selenium is exploited extensively in protein X-ray crystallography to

solve the phasing problem without the need for heavy metals.33 This method

has achieved widespread popularity because facile biosynthetic methods exist

for globally replacing methionines and/or cysteines in a protein with seleno-

methionine and selenocysteine, respectively.34 Harnessing distinct selenium

isotopes has similarly benefited a variety of other applications. For example,

the positron emitter 73Se is used for non-invasive PET-studies,35 whereas the

gamma emitter 75Se is valuable as a residue-specific radiolabel.36 The 77Se

isotope (8% natural abundance) has a nuclear spin of 1/2 and is ideal for NMR

spectroscopy.37 The high sensitivity of this nucleus to its surroundings makes
77Se-NMR an invaluable tool for systematically probing structure–function

relationships in large and small molecules alike.

Selenium has also proved to be useful for labeling and affinity purification of

proteins.38 Proteins bearing the tetrapeptide GCUG, the so-called Sel tag, at

their C-termini can be produced recombinantly and detected with selenium-

specific reagents (see Section 8.2.5). Another application of selenocysteine is

found in the production of artificial catalysts with novel hydrolytic and redox

activities, which can be produced by introducing selenium into an appropriately

configured active site.39–43

iThe given Eo0 value is calculated from the published Keq value29 using Eo0
¼ �256mV for the

reference GSSG.30
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In the context of this monograph, the deliberate replacement of one or more

cysteines in disulfide-containing proteins with selenocysteine is particularly

germane. Selenium is a sensitive probe of redox behavior and folding path-

way.44–48 After briefly reviewing general strategies for preparing selenocysteine-

containing peptides and proteins, we discuss how selenium can provide insight

into the process of oxidative protein folding.

5.2 Incorporation of Selenocysteine into Proteins

Selenocysteine can be introduced into proteins in a variety of ways. Depending

on the specific molecule and intended application, either molecular biological

or chemical strategies can be adopted. As outlined below, each approach has

distinctive advantages and disadvantages.

5.2.1 Codon Suppression

Although selenocysteine can provide proteins with many special and useful

properties, the evolutionary origins of selenoproteins are poorly understood

and are only now being unraveled with the help of comparative genomics.49–51

The mechanism by which selenium is incorporated into natural selenoproteins

was elucidated in pioneering work by Böck and co-workers.52,53 They dis-

covered that selenium is inserted cotranslationally into proteins as the amino

acid selenocysteine, rather than via posttranslational modification. The amber

stop codon UGA, which normally signals truncation of the message, is used to

genetically encode this amino acid. For this reason, selenocysteine is frequently

referred to as the 21st proteinogenic amino acid.

In bacteria, reassignment of the UGA stop to selenocysteine is achieved by an

overcoding mechanism: the UGA is read as an amino acid when it is immedi-

ately followed by a specific mRNA stem loop structure, called a selenocysteine

insertion sequence (SECIS) element (Figure 5.1).54 Four additional gene pro-

ducts – selA, selB, selC and selD – are needed to implement this expansion of the

standard genetic code. Selenocysteine is synthesized directly from serine loaded

onto a suppressor tRNA (selC), whose anticodon is complementary to the UGA

codon.55 This reaction is catalyzed by the enzyme selenocysteine synthase (selA)

and exploits selenophosphate,56 generated by selenophosphate synthase

(selD),57 as a nucleophile. A special GTP-dependent elongation factor (selB) is

also required for proper decoding and delivers the selenocysteinyl-tRNA to the

active site of the ribosome after binding to the SECIS element.58 In the absence

of either an appropriate SECIS element or the selB � selenocysteinyl-tRNA

complex, protein synthesis is prematurely truncated when the ribosome reaches

the UGA codon.

Arnér and others have shown that it is possible to exploit the selenocysteine

incorporation machinery in E. coli for the heterologous overproduction of

several natural selenoproteins,59 including formate dehydrogenase,60,61 thior-

edoxin reductase R,53,59 glutathione peroxidase62 and methionine sulfoxide

reductase B.24,63 In addition, it has been possible to produce some artificial
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selenoproteins,64,65 particularly if the selenocysteine is located near the C-ter-

minus, as in the case of proteins bearing the Sel tag.38 Since the SECIS element

immediately follows the UGA codon in bacteria, the production of artificial

selenoproteins often requires careful design of this sequence to minimize

undesired coding changes while preventing truncation.

In eukaryotes, selenocysteine incorporation into proteins is less well under-

stood. As in bacteria, serine is loaded onto the suppressor tRNA by seryl-

tRNA synthetase.66 Phosphoseryl-tRNA kinase phosphorylates the alcohol

side-chain of the amino acid, and the resulting phosphate monoester is replaced

by selenophosphate to give, after hydrolysis of the phosphate group, seleno-

cysteinyl-tRNA.3 However, in contrast to prokaryotes, the SECIS element

needed to decode the UGA codon is located in the 30-untranslated region of the

mRNA, sometimes kilobases distant from the site of suppression. The decoding

process is complicated and involves at least five different proteins (SBP2,

EFSec, L30, Secp43 and SLA). Simplified, SECIS binding protein 2 (SBP2)

binds to the SECIS element, which in turn is recognized by a complex between

the selenocysteinyl-tRNA and the elongation factor Efsec.12,67 Another stem-

loop structure in the mRNA, called the selenocysteine redefinition element

(SRE), was recently found to modulate selenocysteine insertion.68 The SRE is

located in the coding region, directly downstream of the UGA codon, much

like the bacterial SECIS element.

5.2.2 Codon Reassignment

As an alternative to stop codon suppression, the similarity of cysteine and

selenocysteine can be successfully exploited to produce some artificial seleno-

proteins in microorganisms that are auxotrophic for cysteine. In this approach,

Figure 5.1 Pathway of selenium incorporation in bacteria. First, the tRNA encoded
by the selC gene is loaded with the amino acid serine. The selenocysteine
synthase selA converts the loaded serine to selenocysteine using seleno-
phosphate generated by the selenophosphate synthase selD. The charged
tRNA must form a complex with the elongation factor selB before
entering the ribosome. Upon recognition of the UGA codon and the
SECIS element of the mRNA, the polypeptide chain is elongated by
transfer of the selenocysteine from the tRNA.
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an E. coli strain that cannot produce its own cysteine is starved for cysteine in a

medium supplemented with high concentrations of selenocysteine.69 The

endogenous cysteinyl-tRNA synthetase recognizes selenocysteine and loads it

onto tRNACys in place of cysteine, leading to global insertion of selenocysteine

into proteins in response to the cysteine codon. As proof-of-principle, the two

cysteine residues in the redox protein thioredoxin were successfully replaced by

selenocysteine. The chief advantage of this method is that it enables incor-

poration of selenocysteine at multiple sites throughout a protein. Nevertheless,

the extent of substitution is typically only 75–80%, and removal of con-

taminating variants containing mixtures of cysteines and selenocysteines is

generally difficult. Moreover, site-selective replacement of a single cysteine in a

protein with multiple cysteines is not possible by this approach. Using a similar

strategy, an auxotrophic E. coli strain has become a standard tool for the global

replacement of methionine by selenomethione, in order to produce heavy atom

derivatives that can be used to solve the phasing problem in protein X-ray

crystallography.34

5.2.3 Post-translational Modification

If a protein contains a uniquely reactive residue, chemical modification can be

an effective method for introducing selenium into proteins. Experiments on

the serine protease subtilisin illustrate this approach. The catalytic serine resi-

due (Ser221) was converted post-translationally to selenocysteine, taking

advantage of the specific reaction between Ser221 and phenylmethane sulfonyl

fluoride (Figure 5.2). Treatment of the resulting adduct with hydrogen selenide

leads to selenosubstilisin in good yields. The artificial selenoenzyme hydrolyzes

activated esters, but not amides. Moreover, the acyl–enzyme intermediate that

is formed shows high selectivity for aminolysis over hydrolysis (a 14 000-fold

increase over the wild type, and 20-fold over thiolsubtilisin, the corresponding

cysteine-containing enzyme).70 Even more striking is the observation that

incorporation of selenocysteine confers a completely new activity on the active

site.39 Selenosubtilisin efficiently catalyzes the reduction of hydroperoxides

by thiols, in analogy with the natural selenoenzyme glutathione peroxidase.

A detailed picture of the catalytic cycle for the novel peroxidase activity has

Figure 5.2 Selenium incorporation by chemical modification of the active site serine
in subtilisin. The highly reactive hydroxyl group of the enzyme is first
activated by phenylmethanesulfonyl fluoride and then displaced by
hydrogen selenolate.
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been developed based on extensive characterization of selenosubtilisin by X-ray

crystallography,71 NMR spectroscopy,72 kinetic analysis73 and mutagenesis.74

A similar strategy has been exploited to create selenium-containing derivatives

of trypsin42 and an antibody.41 While powerful, this approach is generally

limited to systems in which the residue at the desired site of modification is

unusually reactive.

5.2.4 Peptide Synthesis

Chemical synthesis is perhaps the most general approach to artificial seleno-

peptides and selenoproteins. Both Boc/Bzl and Fmoc/tBu chemistries can be

employed (see Sections 8.3 and 8.4).75

Selenocysteine derivatives, suitably protected for standard solid phase peptide

synthesis have been prepared by several routes.25 For example, the hydroxyl

group of serine can be activated by tosylation or halogenation,76 followed

by nucleophilic displacement by M2Se2 or tetraethylammonium tetra-

selenotungstate.76,77 Nucleophilic attack of Li2Se2 on a serine-derived lactone78

or indium iodide-catalyzed attack of hydrogen diselenide on N-Boc-aziridine79

are additional possibilities. Recently, cysteine has also been transformed into

selenocysteine, although in low yield.80 For more detailed information on syn-

thetic strategies, the reader is directed to Sections 8.3 and 8.4.

In analogy to native chemical ligation,81 selenocysteine-mediated ligations

provide access to longer selenoproteins.82–84 C-Terminal peptide thioesters

react efficiently with peptide fragments containing an N-terminal selenocysteine

to afford a selenoester intermediate that subsequently rearranges to give an

amide bond. The utility of this procedure has been demonstrated by the

synthesis of selenium-containing derivatives of bovine pancreatic trypsin inhi-

bitor (BPTI),84 a C-terminal fragment of ribonucleotide reductase,82 and sele-

nocysteine-containing analogs of glutaredoxins 143 and 3,85 among other

peptides and proteins (for more details see Section 8.5.1). An extension of this

methodology, in which selenocysteine is replaced with homoselenocysteine and

the selenol is chemoselectively methylated after ligation, provides access to

peptides containing unique selenomethionine residues.86

Even larger proteins can be produced by expressed protein ligation. In this

method, a protein thioester, produced recombinantly, is coupled with the

synthetic selenocysteine-containing fragment.87 Selenocysteine-containing

variants of RNase A83 and the copper-binding protein azurin7 have been

generated in this way. Recently, the natural selenoprotein thioredoxin reduc-

tase, containing a modified active-site sequence, was produced by expressed

protein ligation of a 487 amino acid recombinant fragment with the synthetic

tripeptide CUG.88 The semisynthetic enzyme had similar activity to the wild

type. The combination of solid-phase peptide synthesis,89 (selenocysteine-

mediated) native chemical ligation81,84 and expressed protein ligation87 can

afford a wide range of interesting selenocysteine-containing proteins.
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5.3 Oxidative Protein Folding

In biology, many secreted proteins contain disulfide bonds. The covalent cross-

linking of two cysteine residues is important for the structure, stability and

function of these molecules. Often, disulfides influence both the kinetics and the

thermodynamics of protein folding. Once formed, native disulfide bonds

usually fix the protein in the properly folded conformation. However, these

bonds can also be transient when directly involved in protein function, serving

as (allosteric) activity switches90 or providing redox capabilities.91

The process by which a fully reduced cysteine-containing protein attains its

oxidized native state is called oxidative protein folding. Thiols are oxidized to

disulfide bonds by a well-studied two electron transfer mechanism.91 In vitro,

disulfide bonds can form spontaneously, using molecular oxygen as the electron

acceptor. However, this process usually requires a slightly alkaline pH and the

presence of an intermediary (such as a transition metal ion) to overcome the

kinetically slow direct reaction of O2 with protein thiolates.92 Nevertheless,

isomerization of incorrectly formed disulfide cross-links is often the rate-

determining step in the overall folding process.93 In vivo, oxidoreductase

enzymes facilitate oxidative protein folding by catalyzing disulfide-bond for-

mation as well as thiol-disulfide exchange reactions.94,95

5.3.1 Selenium as a Folding Probe

Protein folding pathways can be defined by describing populations of inter-

mediates.96 The study of oxidative protein folding is facilitated by the possi-

bility of isolating intermediates that differ in their covalent structures. The

characterization of covalently trapped intermediates can illuminate general

protein folding mechanisms by providing information that is not experimen-

tally accessible for proteins whose folding involves purely non-covalent inter-

actions.97 Pioneering studies by Creighton,98 Anfinsen and Scheraga,99

Weissman and Kim,100 and others have illuminated the pathways by which

several proteins proceed from their reduced, unfolded states to their native

structures. Oxidative protein folding mechanisms lie along a spectrum. At one

extreme, folding occurs via a limited number of distinct (mainly) native-like

species. At the other extreme, the intermediates are highly heterogeneous

mixtures containing native and non-native disulfide bonds.

Replacement of one or more cysteines with selenocysteine in disulfide-

containing proteins can provide insight into folding mechanisms.44–48 Di-

selenides and selenosulfides are substantially more stable and more rapidly

formed than disulfides, which can alter the partitioning of folding inter-

mediates. While diselenides are apparently rare in nature, peptides and proteins

containing diselenides have been produced in the laboratory.

Numerous structural studies on selenocysteine-containing proteins have

established that selenium is an essentially isomorphic replacement for sulfur.101

For instance, experiments with endothelin-1, a 21 amino acid long peptide

with potent vasoconstrictor activity, have shown that diselenides can replace
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both structural disulfides forming native-like cross-links over non-native sele-

nosulfides.42 Replacement of a native cysteine pair with selenocysteines yielded

a peptide that adopts a three-dimensional structure that is, by NMR and CD

spectroscopy, indistinguishable from that of the wild-type hormone and exhi-

bits identical activity in biochemical assays.42

Building on this result, peptides and proteins have been deliberately stabi-

lized by targeted incorporation of diselenides in place of disulfides. In one

striking example, pairwise substitution of the four cysteines in the 12 amino

acid long peptide a-conotoxin ImI substantially increased its stability with

respect to reduction and scrambling (see Section 8.2.7).102 As in the case of

endothelin, the incorporation of two selenocysteines in place of individual

native cysteine pairs did not affect the yield of properly folded product. Fur-

ther, a variant containing four selenocysteines attained a native-like arrange-

ment of diselenide bonds between residues 2–8 and 3–12.102 Apparently, the

lower free energy of the native state favors the observed arrangement of

intramolecular bridges. However, it is worth noting that the a-conotoxin ImI

variant with two diselenide bonds displays significant structural deviations

from the wild type (Figure 5.3, bottom right), but still retains full biological

activity.

Figure 5.3 Four synthesized variants of a-conotoxin ImI containing various disulfide
and diselenide bonds. Top: primary structures of the variants showing the
native disulfide connections. Bottom: NMR structures of variants con-
taining two (left) or four (right) selenocysteines (orange), each overlaid
with the wild type structures (blue).

261Selenocysteine as a Probe of Oxidative Protein Folding



The effect of diselenide bonds on oxidative protein folding has been sys-

tematically examined with apamin, an 18 amino acid peptide containing two

disulfide bonds.46 Cysteine residues in this peptide were replaced pairwise by

selenocysteines (Figure 5.4). For all variants, diselenide bonds formed

spontaneously upon air oxidation regardless of whether such a cross-link was

native or non-native. In this system, the modest stability of the native

fold is apparently insufficient to overcome the higher stability of (non-native)

diselenide bonds relative to (native) selenosulfide bonds. Thus, these

apamin analogs represent thermodynamically stable models of kinetically

unstable intermediates in the folding pathway of the wild-type peptide.45

Targeted incorporation of diselenides into disulfide-containing proteins in this

way thus provides an attractive tool to study oxidative protein folding

mechanisms.

Disulfide-bond stability is linked to conformational stability. In proteins,

structural disulfides can be exceptionally stable, having reduction potentials

Figure 5.4 Four synthesized variants of apamin containing various disulfide and
diselenide bonds. Top: primary structures of the variants showing the
native disulfide connections. Bottom: the cross-linking patterns observed
upon air oxidation of each variant.
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that range from �350 to �470mV.91 The difference in energy relative to di-

sulfides in the corresponding unfolded proteins or simple model disulfides is

derived from the free energy of folding, which typically lies between �5 and

�20 kcalmol�1 (Table 5.3). When selenocysteine is incorporated into proteins

and larger peptides, the preferential stabilization of native cross-links should

often be sufficient to offset the intrinsically higher stability of a non-native

diselenide bond. Therefore, the strategy used to trap apamin folding inter-

mediates may only be applicable to modestly stable proteins. Dropping the pH

of the folding reaction could maximize the chances that non-native diselenides

can trap folding intermediates, as the stability difference between diselenides

and disulfides increases under acidic conditions.

In line with the energetic considerations discussed above, selenocysteine

incorporation does not disrupt the proper folding of BPTI. This 58 amino acid

long protein contains six cysteines, which form three disulfide bonds. Its folding

mechanism (Figure 5.5) has been extensively investigated.100,108 A distinctive

feature of the BPTI folding pathway is the accumulation of a non-productive

intermediate, N*, which contains a native disulfide bond between Cys5 and

Cys55 that has to be broken to form the productive N0 intermediate that leads

to the correctly oxidized protein.100 The diselenide-containing Cys5Sec-

Cys55Sec-BPTI variant was prepared by selenocysteine-mediated chemical

ligation to examine whether the N* intermediate could be enriched.109 Folding

of the reduced protein at neutral pH in air overnight gave a molecule that had

the same HPLC retention time and circular dichroism spectrum as native BPTI.

Moreover, like the native protein, it stoichiometrically inhibits trypsin.

Although detailed kinetic studies must still be performed, it is clear that the

enhanced stability of the 5–55 diselenide bond does not present an insur-

mountable barrier to reaching the native state.

Table 5.3 Conformational stabilities of disulfide-

containing proteins.

Protein
Disulfide
bonds

DG
(kcalmol�1)

Apamin 2 �4.5a

Tendamistat 2 �9.0b

RNase T1 2 �9.0b

BPTI 3 �10.6b

Papain 3 �22.4b

Hirudin 3 �4.8c

hEGF 3 �16.0d

RNase A 4 �8.7e

Lysozyme 4 �13.8b

aFree energy of folding at pH 7.0 and 20 1C103

bFree energy of folding at pH 7.0 and 25 1C104

cFree energy of folding at pH 7.0 and 25 1C105

dFree energy of folding at pH 7.0 and 25 1C106

eFree energy of folding at pH 8.0 and 20 1C107
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5.3.2 Selenium as a Folding Catalyst

Early in vitro studies of oxidative protein folding were typically performed in

air,111–114 although copper ions115 and microsomal enzyme preparations116

were sometimes used to catalyze the renaturation process. While a variety of

heavy metals,117,118 DMSO119 and several enzymes120–122 have been subse-

quently shown to catalyze the oxidation of thiols, the natural tripeptide glu-

tathione (g-Glu-Cys-Gly), in its reduced and oxidized forms (GSH and GSSG,

respectively) has found particularly widespread practical application as a redox

reagent for in vitro protein folding. Saxena and Wetlaufer introduced this now

common thiol/disulfide redox buffer in 1970, providing improvements in both

rate and yield compared to simple air oxidation.123

Oxidative protein folding is a complex process, and in vitro folding condi-

tions can vary widely between different proteins. In addition to the choice of

redox buffer, some of the factors that influence the success of a folding

experiment include the overall folding kinetics of the target protein, tempera-

ture, pH, ionic strength, denaturants, various additives (cosolvents, chaotropic

agents, detergents and osmolytes) and the presence of catalysts.124,125 Despite

these complicating factors, optimal redox buffers typically contain a mixture of

GSH and GSSG, at millimolar concentrations similar to those observed in

vivo.92,126 During protein folding, GSSG directly oxidizes the protein and GSH

enhances disulfide-bond isomerization. The initial oxidation of a reduced

protein is a relatively fast process; the isomerization of partially oxidized spe-

cies to the native fold is generally rate determining. Immobilized folding cat-

alysts (thiols,127 disulfides128 and enzymes129) and oxidative refolding

Figure 5.5 Different folding pathways of small disulfide containing proteins. a) apa-
min, structure adapted from reference 110; b) bovine pancreatic trypsin
inhibitor (BPT1, pdb: 1pit); c) ribonuclease A (RNase A, pdb: 7rsa).
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chromatography130 are two recent innovations with potentially practical bio-

technological applications.

Given their similarity to thiols, selenols (and the corresponding diselenides)

have attracted interest as alternative catalysts for thiol–disulfide exchange

reactions during oxidative protein folding. As early as 1965, selenocystine was

shown to catalyze the O2-oxidation of thiol groups,131 and combinations of

cysteine, cystine and catalytic amounts of selenocystine were found to activate

thiol-enzymes like papain and glyceraldehyde-3-phosphate dehydrogenase.132

Later, Singh and Whitesides studied selenol-catalyzed thiol-disulfide inter-

change in considerable detail.133 They showed that selenocystamine promotes

the reaction of dithiols, like DTT and dihydroasparagusic acid, with oxidized

b-mercaptoethanol. Selenocystamine also catalyzes the reduction of disulfides

in immunoglobins and a-chymotrypsinogen by DTT.134 Although sub-

stoichiometric amounts of selenol afford only modest rate enhancements,

excess selenol can accelerate the interchange reaction up to 100-fold.

Inspired by the use of glutathione as the redox reagent of choice for in vitro

protein folding, selenoglutathione, an analog of glutathione that contains a

diselenide bond in place of the natural disulfide, was synthesized and investi-

gated as a protein folding catalyst (Figure 5.6).30 Surprisingly, the diselenide

promotes oxidative protein folding with high efficiency, even though its redox

potential is 150mV lower than that of the disulfide bond in glutathione. For

example, selenoglutathione efficiently oxidizes BPTI, giving 490% yields of

properly folded product under anaerobic conditions. Evidently, the stabiliza-

tion of the disulfide bonds in native BPTI is sufficient to drive the reduction of

the diselenide.

The folding of BPTI by selenoglutathione is also faster compared to folding

with natural glutathione. This enhanced rate is somewhat surprising since the

most stable disulfide that has been used for oxidative protein folding, oxidized

Figure 5.6 The folding catalyst selenoglutathione. a) Schematic of RNase A folding
by molecular oxygen, catalyzed by selenoglutathione; b) chemical struc-
ture of selenoglutathione.
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DTT, exhibits a long lag phase and low rate.135 Diselenides are presumably

superior to disulfides as non-specific oxidants for protein thiols because they

are more rapidly reduced by thiols. Further, the selenols generated during the

reaction are better catalysts of disulfide isomerization.30

The oxidative folding of BPTI involves several one- and two-disulfide-bonded

intermediates (Figure 5.5). In the presence of glutathione, one fast and one slow

route to the native state are observed, with half of the reduced protein quickly

reaching the native state, and the other half becoming trapped as the stable,

native-like intermediate (N*) which lacks the native 30–51 disulfide.85 Conver-

sion of N* to the native protein requires disulfide-bond isomerization. In the

presence of selenoglutathione, a similar partitioning between the two folding

pathways is observed, but conversion of N* to the native state is significantly

accelerated compared to glutathione, reflecting improved catalysis of iso-

merization by the selenol.30 The ability of the selenium-based redox buffer to

rescue non-productive folding intermediates is notable and potentially of con-

siderable practical utility.

The folding proficiency of selenoglutathione extends to other proteins as well.

For example, the folding of ribonuclease A (RNase A) by the diselenide occurs

with a two-fold higher rate and a shorter lag phase compared to sulfur glu-

tathione.30 During RNase A folding, a scrambled ensemble of one-, two-, three-

and four-disulfide-bonded intermediates is rapidly formed (Figure 5.5).93 The

rate-limiting step of folding involves disulfide bond isomerization within the 3S

ensemble to give either des[40-95] or des[65-72], and these native-like inter-

mediates are rapidly oxidized to the native state. Although RNase A folding

with selenoglutathione was carried out aerobically,30 the observed rate

enhancement suggests that the selenols generated in situ may promote disulfide

isomerization. However, selenols rapidly reoxidize in air, which could also push

protein oxidation forward for less stable proteins.

The efficient regeneration of selenoglutathione in air enables true catalysis

of oxidative protein folding. In vitro this process is usually performed in redox

buffers containing superstoichiometric concentrations of both oxidant (GSSG)

and reductant (GSH).92,126 We have developed a novel redox buffer that is

composed of oxidized selenoglutathione and reduced sulfur glutathione. While

using ten-fold lower concentrations of oxidant and reductant compared to the

standard optimized glutathione redox buffer, our redox buffer affords the

same rate and yield for the aerobic folding of RNase A.136 Even lower – and

substoichiometric – concentrations of selenoglutathione show substantial

protein folding activity in air. In contrast to the direct stoichiometric oxida-

tion of proteins by disulfide reagents, selenoglutathione promotes electron

transfer between molecular oxygen and protein thiols giving water and di-

sulfides as products while not being consumed itself. Furthermore, the lower

pKa values of selenols significantly broaden the pH range for carrying out

oxidative protein folding experiments to acidic regimes where glutathione is

inactive.

Diselenide reagents, such as selenoglutathione, have high potential utility for

oxidative protein folding applications. More detailed investigations into the
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mechanism of selenoglutathione-catalyzed folding should aid the design of new

and useful diselenides, and might productively focus on protein disulfide-bond

isomerization, which is often the rate-limiting step in oxidative folding. For

example, engineering of the electrostatic environment around the diselenide

bond may allow tuning of reactivity and the creation of novel redox reagents

with tailored properties. The greater flexibility in the choice of solution con-

ditions could be useful for in vitro folding of traditionally troublesome proteins,

such as antibodies and growth factors.

5.4 Perspectives

By expanding the genetic code to include selenocysteine, nature has successfully

capitalized on the special properties of selenium. The selenol group extends the

functional capabilities of proteins in a variety of interesting ways, as evidenced

by the sophisticated catalysts and other selenoproteins that have been studied

to date. Based on the number of putative selenoproteins that have been iden-

tified from genomic analyses that remain to be isolated and characterized, much

new chemistry can be expected in the future.

Technical advances in chemistry and molecular biology have made it possible

to produce natural selenoproteins for detailed study. These methods have also

provided the means to create artificial selenopeptides and selenoproteins with

properties not (yet) found in nature. As we have seen, selenium has been suc-

cessfully incorporated into a variety of polypeptide scaffolds, where it can serve

as a structural element, a mechanistic probe or a catalytic prosthetic group. In

these systems, the peptide/protein environment modulates the intrinsic reac-

tivity of the selenium atom, opening up interesting possibilities for practical

applications.

In particular, the ability of selenopeptides and selenoproteins to cycle

between their selenol and diselenide states, mediated by facile reaction of the

former with molecular oxygen (and other oxidants) and the latter with thiols,

makes them excellent antioxidants and ideal candidates for the development of

novel redox buffers. Because selenols promote disulfide shuffling, it may be

possible to accelerate protein folding by targeted insertion of selenocysteines

into proteins containing multiple disulfides. Such modifications can be expected

to provide control over folding pathways, favoring specific reaction channels

over others. The greater robustness of the final folded product, arising from the

enhanced stability of selenosulfides and diselenides compared to disulfides,

promises to be an added biotechnological benefit.

The properties of simple compounds like selenoglutathione exemplify the

utility of selenium derivatives as true folding catalysts. While such first gen-

eration molecules are unlikely to be optimal for all practical applications, their

small size and modular structure will facilitate efforts to engineer their prop-

erties in a systematic fashion. Given the apparent benefits of a diselenide over a

disulfide, it is interesting that selenocysteine-containing ‘‘foldases’’ have never

been found in nature. By replacing the catalytic CXXC motif in enzymes like
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protein disulfide isomerase (PDI) and DsbA, which catalyze oxidative protein

folding in vivo, with redox active selenosulfides and diselenides, it may be

possible to create a range of novel protein-based catalysts for diverse appli-

cations in living organisms.
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CHAPTER 6

Oxidative Folding of Peptides
in vitro

CHAPTER 6.1

Oxidative Folding of Single-
stranded Disulfide-rich Peptides

GRZEGORZ BULAJa AND ALEKSANDRA WALEWSKAb

aDepartment of Medicinal Chemistry, University of Utah, Salt Lake City,

Utah 84108, USA; bFaculty of Chemistry, University of Gdansk, 80-952

Gdansk, Poland

6.1.1 Introduction

6.1.1.1 Molecular Diversity of Disulfide-rich Peptides

Molecular diversity of disulfide-rich peptides is reflected in hundreds of thou-

sands of unique sequences found primarily in plant and animal kingdoms.

Cysteine-rich peptides were employed early in evolution; bacteria produce two-

disulfide-containing toxins, such as heat-stabilized enterotoxin B or ST1b. In

contrast, fungi produce antimicrobial peptides, such as highly knotted sillucin.

In the course of evolution, an explosion in disulfide-rich peptide diversity

occurred when spiders, scorpions and cone snails evolved numerous families of
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short, 10–50 residue long peptides. The members of these families are char-

acterized by a hypervariability of primary amino acid sequences in between

otherwise highly conserved cysteines. Arguably, the largest diversity of amino

acid sequences among short disulfide-rich peptides may exist in venoms of

spiders; current estimates are that 38 000 known spider species may have

evolved from 1.5 to even 19 million different toxins. Recently reported toxins

from a venomous turrid snail Lophiotoma olangoensis (representing one out of

approximately 10 000 species) may signal a new source of unprecedented

molecular diversity, by far exceeding that observed in Conus snails.1 Further-

more, plants from the Rubiaceae and Violaceae families evolved a vast reper-

toire of Cys-rich peptides with a cyclic backbone termed cyclotides. Thus,

structurally and functionally diverse disulfide-rich peptides are produced from

bacteria to humans.

As illustrated in Table 6.1.1 disulfide-rich peptides vary in size and content of

Cys residues. They can be as short as 13 amino acid residues containing four

Cys (25% Cys content) such as in a-conotoxins, 12 residues of tx3a peptide

with six Cys (50% Cys content) or as long as 41 residues in s-GVIIIA con-

otoxin with ten Cys residues (24% Cys content). Hepcidin, a 25-membered

peptide, contains eight Cys yielding a high 33% Cys content. Equally

impressive to the molecular diversity found in Cys-rich peptides is their func-

tional diversity. The most well-known examples are toxins, venom components

of spiders, scorpions and cone snails primarily used for prey capture. Other

functions of disulfide-rich peptides include host-defense of plants from insects,

such as cyclotides, antimicrobial defense of animals from bacteria and reg-

ulation by endogenous regulatory peptides, such as hepcidin, guanilin or

endothelin. The structural and functional diversity of Cys-rich peptides is

described further in Chapter 6.3.

6.1.1.2 Oxidative Folding Problem

One of the most fundamental questions in biology is the protein folding

problem: how does the primary amino acid sequence determine the three-

dimensional structure of a protein? Tremendous progress has been made in

understanding how polypeptides acquire their native conformations.2,3 Protein

engineering, stopped-flow spectroscopy, NMR and computational methods all

help to define roles of individual amino acid residues in the formation of folding

intermediates and transitional states in several small proteins. Key findings are

that the denatured/unfolded state is characterized by native-like intramolecular

interactions, and that only a limited number of conformations are searched

by a polypeptide chain. Several folding mechanisms have been proposed for

various proteins, ranging from ‘‘framework’’, ‘‘hydrophobic collapse’’, to

‘‘nucleation-condensation’’ as possible means to effectively fold. Interestingly,

although proteins necessarily evolved with the ability to efficiently fold into the

bioactive conformation, there are many examples when refolded in either

recombinant systems or in a test tube they failed to acquire functional activity.

275Oxidative Folding of Single-stranded Disulfide-rich Peptides



Table 6.1.1 Structural diversity of disulfide-rich peptides.

Two-disulfide bridge peptides

Apamin

CNCKAPETALCARRCQQH#(venom bee neurotoxin)

Guanylin

PGTCEICAYAACTGC(intestinal, human hormone)

Endothelin-1

CSCSSLMDKECVYFCHLDIIW(mammalian peptide)

a-GI

ECCNPACGRHYSC#(conotoxin, Conus geographus)

Three-disulfide bridge peptides

o-MVIIA

CKGKGAKCSRLMYDCCTGSCRSGKC#(conotoxin, Conus magus)

m-GIIIA

RDCCTOOKKCKDRQCKOQRCCA# 
(conotoxin, Conus geographus)

tx3a
CCSWDVCDHPSCTCCG (conotoxin, Conus textile)

CMTI-I

RVCPRILMECKKDSDCLAECVCLEHGYCG

(trypsin inhibitor, pumpkin,
Curcurbita maxima)

Insect defensin

ATCDLLSKWNWNHTACAGHCIAKGFKGGYCNDKAVCVCRN(fruit fly, Drosophila)

a-Defensin-1

ACYCRIPACIAGERRYGTCIYQGRLWAFCC 
(human neutrophils)

b-Defensin-3

GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK (human psoriatic scales)

Kalata B1

CGETCVGGTCNTPGCTCSWPVCTRNGLPV
(cyclotide, Möbius subfamily,
Oldenlandia affinis)

Four-disulfide bridge peptides

Maurotoxin

VSCTGSKDCYAPCRKQTGCPNAKCINKSCKCYGC#

(scorpion toxin, Scorpio maurus
palmatus)

Hepcidin 25

DTHFPICIFCCGCCHRSKCGMCCKT
(human urine and plasma)

# C-terminus amidated.
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The protein folding problem has a natural spin-off: the oxidative folding

problem.4,5 Since disulfide bridges stabilize most secreted proteins, their folding

is coupled to the formation of the native disulfide bonds (see Chapter 2.1.1.).

Thus, oxidative folding is a complex interplay between non-covalent interactions

and formation of the covalent links that restrict the search of conformational

space during folding. Formation of the disulfide bridges is a useful probe for

conformational changes that lead to the formation of the native state. Oxidative

folding intermediates can be chemically trapped (by either protonation or

alkylation), allowing a more detailed structural characterization of folding

intermediates, thereby helping to define folding pathways. This approach

defined roles of many individual amino acid residues in the folding mechanism

of bovine pancreatic trypsin inhibitor (BPTI), including their role in stabilizing

folding intermediates and in determining the transition state for forming the

native conformation.6,7 Results from extensive oxidative folding studies on

BPTI, lactalbumin, lysozyme, RNase A, hirudine and other polypeptides indi-

cated a diversity of folding mechanisms.8 At least three folding mechanisms

could be distinguished: (1) a specific/selective/ordered and hierarchic formation

of the correctly folded species via a limited number of native-like intermediates,

the ‘‘framework model’’, (2) non-specific and heterogeneous formation of mul-

tiple folding species (scrambled) – equivalent to the ‘‘collapse model’’ and (3) a

mixed model in which the formation of the native conformations proceeds

through a combination of the framework and scrambled mechanisms.

The oxidative folding problem also applies to short, disulfide-rich peptides. A

key question is how the formation of the native disulfide bridges is determined

given the hypervariability of the primary amino acid sequences between

otherwise highly conserved Cys residues. How much do non-cysteine residues

determine the formation of native disulfide bridges? The hypervariability of

primary amino acid sequences in Cys-rich peptides seen in the same gene

families (like conotoxins, cyclotides and scorpion/spider toxins) particularly

poses a challenge in defining what factors govern the formation of the native

disulfide bridges. As illustrated in Figure 6.1.1A, peptides significantly varying

in primary amino acid sequences may still fold into the same disulfide frame-

work. How much do cysteine patterns determine formation of appropriate

disulfide scaffolds? As described later, identical cysteine patterns can produce

distinct connectivities of the native disulfide bridges. A particularly notable

example of the oxidative folding problem for small peptides is what was

previously defined as the ‘‘conotoxin folding puzzle’’.9

The conotoxin folding puzzle emerged as a result of discovering hundreds of

sequences of conotoxins that belong to the same gene family.12 Conotoxins

belonging to a single family always share identical cysteine patterns (and, it

was presumed, disulfide connectivity), but can differ dramatically in their

primary amino acid sequences. Thus, if no apparent consensus of primary

amino acid sequences exists, how much sequence information is utilized during

the formation of the native disulfide bridges? In addition to many reports on

efficient folding of conotoxins, there are several reports showing very low

folding yields for some of these peptides.12–16 The same folding problem applies
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Figure 6.1.1 The oxidative folding problem for short cysteine-rich peptides.
A) Despite hypervariability of the primary amino acid sequences, all
a-conotoxins fold into the same disulfide scaffold (all but two a-cono-
toxin sequences are amidated at the C-terminus). B) Despite identical
cysteine patterns, these peptides fold into distinct disulfide scaffolds.
C) Despite identical cysteine patterns and similar primary amino acid
sequences, these two peptides exhibit two distinct folding mechanisms.
SmIIIA uses the ‘‘collapse’’ model whereas SIIIA folds according to the
‘‘framework’’ model. Folding funnels further emphasize the distinct
folding mechanism, despite identical disulfide scaffold. HPLC traces
reprinted with permission from references 10 and 11.
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to various scorpion and spider toxins. Some scorpion toxins, such as four-

disulfide-bridged toxin Cn5, are known to fold with extremely low folding

yields.17

Another aspect of the conotoxin folding puzzle is illustrated in Figure 6.1.1C

which summarizes the oxidative folding of two closely related conotoxins in the

same family. These two peptides exhibit dramatically different folding

mechanisms despite sharing identical topology of cysteine residues, identical

connectivity of disulfide bridges and almost identical primary amino acid

sequence information. Striking differences in conformational and energetic

changes during folding, as expressed by the folding funnels, further emphasize

that neither sequence nor cysteine patterns alone determine the mechanism of

oxidative folding for these small peptides. Thus, further investigation is needed

to assess what structural features govern the folding mechanism, and whether

these two peptides fold differently in the cell, as they do in a test tube. Several

other peptides have been shown to fold by either the framework mechanism

(conotoxins GIIIA, RIIIK, GI, trypsin inhibitors EETI-II, MCoTI-II, mauro-

toxin or apamin) or the collapse mechanism (conotoxin PIIIA, MrVIB, inhi-

bitors PCI and AAI). It remains unclear how much cysteine patterns and non-

covalent interactions determine mechanisms by which these peptides acquire

the native conformation.

6.1.1.3 Scope of the Chapter

The main objective of this chapter is to summarize studies on the mechanisms

of the oxidative folding of disulfide-rich peptides, with an emphasis on small

(o50 amino acid residues) peptides; an excellent review on the mechanism of

the oxidative folding of polypeptides larger than 50 amino acid residues has

been recently published.8 As outlined in section 6.1.1.1, these small peptides

comprise spider, scorpion and cone snail toxins, plant-derived cyclotides or

proteinase inhibitors and endogenous regulatory peptides. Many research

groups contributed to defining factors that affect the formation of the native

disulfide bridges in these peptides; we attempt to compile and review the major

findings in the next two sections. In Section 6.1.2 we discuss how the reactivity

of the cysteine thiols, cysteine patterns and primary amino acid residues affect

the formation of the disulfide bridges, whereas in Section 6.1.3 we review stu-

dies relevant to in vivo folding. Despite well-defined rules for forming disulfide

bridges in model peptides, how these rules apply to oxidative folding in vivo is

still poorly understood.

6.1.2 Mechanisms of in vitro Oxidative Folding

In this section, we review mechanisms of in vitro oxidative folding of the di-

sulfide-rich peptides. First, we discuss a role of cysteine thiol reactivity, cysteine

patterns, primary amino acid sequences and post-translational modifications in

the formation of the native disulfide bridges.
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6.1.2.1 Thiol/Disulfide Exchange Reactions in Peptides

Formation of the native conformation of a peptide during oxidative folding is

driven by a combination of the conformational folding and thiol/disulfide

exchange reactions. The formation of the covalent disulfide bond depends on

multiple factors, including the reactivity of the cysteine thiols. Thus, the

kinetics and thermodynamics of the oxidative folding depends on both con-

formational and chemical components.

A key player in the thiol–disulfide exchange reaction is the ionized, thiolate

form of the thiol group.18 Thiol–disulfide exchange is a reversible, two-step

reaction. In the first step, a nucleophilic thiolate reacts with a disulfide of an

oxidizing reagent (such as DTT, GSSG, cystine) to form a mixed disulfide. This

intermolecular part of the reaction depends on the reactivity of the cysteine

thiolate. In the second, intramolecular step, the second peptide thiolate attacks

the mixed disulfide bond, yielding the peptide disulfide bond and freeing the thiol

of the oxidizing reagent. In this step, proximity of the second peptide thiolate

(determined by peptide conformation and the sequence position of the Cys

residue relative to the mixed disulfide) dictates the overall rate for forming the

intramolecular disulfide bridge.

Thiol/disulfide exchange reactions of the cysteine thiols in peptides are

influenced by neighboring amino acid residues if they carry an electric charge.19

The presence of positively charged Lys/Arg residues increases the reactivity of

adjacent thiols due to decrease of their pKa (thus favoring a thiolate form at a

neutral pH), whereas negatively charged Asp/Glu have the opposite effect. The

thiol–disulfide exchange rates between the peptide thiolates and the negatively

charged glutathione are significantly affected if the charged residues are

neighboring Cys residues. Consequently, electrostatic interactions were shown

to play a role in the early folding of BPTI.20 The electrostatic effects on the

thiol–disulfide exchange rates can be further modulated by a presence of

organic cosolvents; coulombic interactions are favored in 50% methanol and at

low ionic strength.21 Although engineering the reactivity of the cysteine thiols

via electrostatic interactions was validated,22 there have been no studies

reported on engineering oxidative folding of small peptides using this strategy.

6.1.2.2 Cysteine Patterns and Loop Sizes

A striking feature of Cys-rich peptides is a high conservation of cysteine pat-

terns (cysteine pattern is defined here as a distribution of cysteine residues

within a primary amino acid sequence). Since the conserved Cys patterns are in

stark contrast to the hypervariability of primary amino acid sequences in the

inter-cysteine loops, the appropriate positioning of cysteine residues might be

considered a key factor determining the connectivities of the disulfide bridges.

Indeed, dozens or even hundreds of primary amino acid sequences sharing

identical Cys patterns fall into the same disulfide scaffold (disulfide scaffold is

defined here as a three-dimensional topology of a peptide cross-linked by di-

sulfide bridges). Furthermore, some scaffolds, like the inhibitory cystine knot
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(ICK) motif are highly conserved across plant and animal kingdoms.23 Despite

this conservation, folding mechanisms of the peptides sharing the ICK motif

can significantly differ: for example comparing folding of o-conotoxins MVIIA

to MVIIC,14 or folding of d-conotoxins TxVIA to SVIE15 (Figure 6.1.2).

Although Cys patterns do play an important role in defining the native

topology of the disulfide bridges, folding studies suggest the Cys patterns alone

are insufficient to determine native disulfide bridges.

As shown in Figure 6.1.1B, identical Cys patterns can produce distinct

connectivities of the native disulfide bridges. In one extreme case, the same Cys

pattern found in the M-superfamily of conotoxins yielded three distinct di-

sulfide scaffolds for m1-, m2- and m4-conotoxins.24,25 It has been speculated that

differences in the inter-cysteine loop sizes could in part determine the con-

nectivity of the native disulfide bridges. In the case of scorpion toxins belonging

to the a-KTx6 family, mauritoxin has a distinct connectivity of the native

disulfide bridges, compared to other members of the family (HsTx1 or Pi1

toxins); this difference could be accounted for by a presence of two proline

residues in maurotoxin.26 A combination of Cys patterns and some non-

cysteine residues are dominant factors in forming the native disulfide bridges.

Identical Cys patterns yielding different native bridges were found in mam-

malian endothelin-1 and bee apamin. Interestingly, these two peptides not only

have the same pattern of four cysteine residues, but also share an identical

number of amino acid residues in the inter-cysteine loops. In endothelin-1, di-

sulfide bonds are formed between CysI-CysIV and CysII-CysIII,27 while in

apamin, between CysI-CysIII and CysII-CysIV.28 The cysteine connectivities

in apamin significantly contribute to the stability of the native peptide; the

high stability of apamin is not affected by extreme pH, temperature or the

addition of denaturant. Furthermore, synthetic apamin folds to almost 100% of

correctly formed peptide,29 whereas folding of synthetic endothelin-1 gives 75%

of the native form.27 The differences in the primary amino acid sequences can

account for distinct connectivities of the native disulfide bridges. As illustrated in

δ-TxVIA                 CKQSGEMCNLLDQNCCDGYCIVLVCT

ω-MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC#

ω-MVIIC               CKGKGAPCRKTMYDCCSGSCGRRGKC#

δ-SVIE              EACSSGGTFCGIHPGLCCSEFCFLWCITFID

C C CC C C

Figure 6.1.2 Distinct folding properties of conotoxins sharing identical cysteine
patterns. All o- and d-conotoxins share an identical cysteine pattern that
forms inhibitory cystine knot motif (ICK). o-Conotoxin MVIIA folds
very efficiently (yield 50%), as compared to o-conotoxin MVIIC (yield
16%).13,14 d-Conotoxin SVIE folds with extremely low folding yield (less
than 1%), whereas d-TxVIA can form the native disulfide bridges with
yield approximately 7%.15,16
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Figure 6.1.1B, two families of cone snail toxins: a-conotoxin and w-conotoxin

have identical Cys patterns, but their native conformations are stabilized by a

distinct framework of the disulfide bridges. Similarly, conotoxin i-RXIA, which

belongs to the I1-superfamily, has an ICK motif with an additional disulfide

bridge between CysV-CysVIII,30 whereas the same cysteine pattern, C-C-CC-CC-

C-C, found in the spider toxin J-atracotoxin Hv1c contains different disulfide

connectivities in which CysIII and CysIV form a vicinal disulfide bond31 (Figure

6.1.1B). In addition, a- and b-defensins from human and animals have six cysteine

residues in a following pattern: C-C-C-C-CC, but the disulfide bridges in a-

defensins are between cysteine CysI-CysVI, CysII-CysIV and CysIII-CysV, while the

pairing in b-defensins is CysI-CysV, CysII-CysIV, CysIII-CysVI.32,33 Thus, predict-

ing disulfide bridging based on Cys patterns may leave a high level of uncertainty,

in particular where there are differences in the size of inter-cysteine loops.

Formation of a disulfide bridge greatly depends on the number of the

intervening amino acid residues. Zhang and Snyder defined rules governing the

thermodynamics and kinetics of forming the disulfide bridges based on posi-

tions of Cys residues.34,35 For model peptides containing two cysteines and a

different number of intervening residues, the oxidation rates varied over a

50-fold range and were faster for shorter loops. On the other hand, equilibria

for forming the disulfide bridges were dependent on whether there was an odd

or even number of intervening amino acid residues. The same authors showed

that the equilibria for forming the native disulfide bridges in two-disulfide

bridged a-conotoxin were primarily determined by the position of the Cys

residues, rather than by primary amino acid sequences of the non-cysteine

residues. These rules applied to formation of the first disulfide bridge during

early steps of folding conotoxin o-MVIIA, where no preference for forming the

native disulfide bridges was observed.36 Many Cys patterns contain two vicinal

cysteine residues forming a diad ‘‘-Cys-Cys-’’, but the vicinal disulfide bridge is

rarely present in polypeptides.31,37

While the formation of the first disulfide bridge is largely governed by

positions of Cys residues and loop sizes, the formation of the second bridge is

significantly affected by the topology of the pre-existing disulfide bridge within

the one-disulfide folding intermediate.35,36 During formation of two-disulfide

folding intermediates in MVIIA that exhibited so-called overlapping or

enclosed loops, the pre-existing loop generally increased effective concentra-

tions for forming the second disulfide bridge.36 During folding of a-conotoxin

GI, formation of the first disulfide bridge increases an effective concentration

for forming the second bridge.38 All of these studies strongly suggest that

positions of cysteine residues and loop sizes play a major role in forming the

disulfide bridges.

6.1.2.3 Amino Acid Sequences and Non-covalent Interactions

Anfinsen proposed that the native conformation of a polypeptide is encoded

in its primary amino acid sequence. How much sequence information is

utilized during the oxidative folding of small peptides, given the extreme
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hypervariability of their primary amino acid sequences? This structure–folding

relationship paradox becomes apparent when analyzing alignments of

sequences of conotoxins; an example is shown in Figure 6.1.1A. Thus, the key

question is what role non-cysteine residues play in the formation of the native

disulfide bridges.

Importance of non-cysteine residues in oxidative folding is evident from many

studies. Human b-defensins, hBD1, hBD2 and hBD3, share the same spacing

between cysteine residues, but only hBD3 could not correctly form the folded

isomer under various oxidative conditions.39 These differences could be

accounted for by the positively charged residues in hBD3 (hBD1 net charge +5,

hBD2 +7, hBD3 +11). Similarly, four conotoxins that share an identical

disulfide scaffold, but significantly differed in the primary amino acid sequences

exhibited distinct folding properties.10 On the other hand, folding studies of

various a-conotoxins (Figure 6.1.1A) indicated the overall folding yields in the

range from 40–70%. As described in Section 6.1.2.2, apamin and endothelin are

an excellent example where primary amino acid sequence, rather than Cys

pattern is important for forming native disulfide bridges.

The role of individual non-cysteine residues in oxidative folding was estab-

lished in many peptides. In minicollagen-1, N-terminal and C-terminal domains

have identical cysteine patterns and identical loop sizes, but their disulfide

frameworks are different.40 Oxidative folding of the N-terminal domain Mcol1-

[1-33]-NH2 leads to an accumulation of fully oxidized intermediates, in which

the cysteine paring is CysI-CysII, CysIII-CysIV and CysV-CysVI, followed by a

rearrangement to the native form containing CysI-CysIV, CysII-CysVI and

CysIII-CysV connectivities. During this rearrangement, Pro24 plays an impor-

tant role with a slow conversion from trans to cis isomer. On the other hand,

the C-terminal domain Mcol1-[107-130] folds efficiently to the major isomer

(495%) without forming any transient intermediates. Furthermore, the di-

sulfide bond framework of the C-terminal domain (CysI-CysV, CysII-CysIV,

CysIII-CysVI) is different from that of the N-terminal domain, and is probably

constrained by the trans conformation of the Val117-Pro118 bond while in the

N-terminal domain the related Ala23-Pro24 bond is in the cis conformation.

Structure-folding relationship studies on potato carboxypeptidase inhibitor

(PCI) identified individual amino acid residues at the N- and C-termini that

significantly affected folding yield.41 In the trypsin inhibitor CMTI-I, the

conservative replacement of Met8 by Leu dramatically changed the folding

mechanism and yields.42 In a-conotoxin ImI, replacement of the conserved

Pro6 by Lys resulted in favoring an alternative disulfide scaffold.43 The same

authors showed the reverse effect of replacing Lys in MrIA by Pro: this sub-

stitution significantly favored a-conotoxin scaffold.43 Replacement of two Pro

residues in maurotoxin resulted in a change of the disulfide scaffold to one

characteristic of other scorpion toxins.26

In late stage folding, non-covalent interactions most likely contribute to the

formation of the native disulfide bridges. Folding of several peptides appears to

be sensitive to the presence of denaturant. For example, the folding yield of

o-MVIIA in the presence of 8M urea was reduced, likely by disrupting
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hydrophobic effects.14 Similarly, later stages of folding of the inhibitor PCI

were sensitive to denaturants, such as urea and guanidinium chloride.44 The

denaturing solvent influenced the accumulation of the correctly folded isomer

of a-conotoxin GI (folding yield decreased from 71% to 47%).35 Furthermore,

the addition of 4M urea to the folding mixture of m-conotoxin GIIIA shows a

negative effect on the accumulation of the native form of this peptide.10

However, the oxidative folding of other peptides, such as SmIIIA or apamin, is

insensitive to the presence of denaturing conditions.10 Similarly, in folding of

the short two-disulfide bridged peptides ImI or MrIA denaturants did not affect

the formation of the native disulfide bridges, suggesting no major role of non-

covalent interactions in the forming of the native disulfide bridges.43,45

6.1.2.4 A Case Study – Folding of x-Conotoxin MVIIA

Studies on the oxidative folding of o-conotoxin MVIIA have provided insight

into how folding is governed by primary amino acid sequence, non-covalent

interactions and pre-formed disulfide bridges in the folding inter-

mediates.14,36,46,47 The early folding events were determined by the Cys pat-

terns, but the later folding stages were determined by non-covalent interactions.

MVIIA was shown to fold with relatively high yields in the presence of oxidized

and reduced glutathione.14 o-Conotoxin MVIID, which had identical loop

sizes to MVIIA, folded with lower yield, whereas other o-conotoxins with

different loop sizes folded with higher yields. These data suggest that the Cys

pattern alone does not determine the folding yield.

In the early stages of folding, there is no preference in forming any of the

native disulfide bonds from the unfolded conformation.47 Equilibrium con-

stants for forming individual disulfide bridges were measured and those con-

firmed no preference in forming native vs. non-native disulfide bridges.36 The

effective concentrations of the Cys pairs forming the disulfide bonds were lar-

gely dependent on the spacing between the cysteine residues, and were inde-

pendent of denaturing conditions. Two-disulfide-bridged folding intermediates

were found to be very unstable.47 Once the two native disulfide bonds were

formed, however, there was a high degree of cooperativity in forming the third

native disulfide bond: the effective concentration for forming any of the third

native disulfide bonds was denaturant-sensitive and increased several orders of

magnitude. The presence of the C-terminal glycine also significantly improved

the folding yield by providing stabilizing interactions within the native con-

formation of the peptide.46,48 The folding yield for the MVIIA was sensitive to

urea, further confirming the role of non-covalent interactions in the formation

of native disulfide bridges.14

6.1.2.5 Role of Post-translational Modifications

Many Cys-rich peptides contain various post-translational modifications; the

best known examples are the conotoxins and the cyclotides. The most abundant
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posttranslational modification in conotoxins is C-terminal amidation. The role

of this modification in oxidative folding was studied in conotoxin o-MVIIA

(C-terminus amidated) and its precursor form, containing an additional C-

terminal glycine residue with a free carboxyl group.46 The C-terminal glycine

improved folding yield from 50% (in the C-terminal amidated o-MVIIA) to

85%. In contrast, conotoxin a-ImI with C-terminal glycine or the free car-

boxylic acid led to lower folding yields than the C-terminally amidated cono-

toxin a-ImI. Nevertheless, there were no significant structural differences

between these a-ImI analogs, as judged from NMR spectra.49 The role of C-

terminal amidation in folding was also evaluated for m-conotoxin SmIIIA, but

the results indicated that C-terminal amidation did not influence folding of

SmIIIA.10 Another post-translational modification, g-carboxylation of gluta-

mate (Gla) in the conotoxin tx9a, accelerated formation of disulfide bonds in

the presence of Ca21.50 The authors suggested that both Ca21 and g-carboxy-

glutamate residues may stabilize the correctly folded conotoxin, and/or hinder

the formation of non-native disulfide bridges.

In cyclotides, the cyclic cystine knot (CCK) results from a head-to-tail cyclic

backbone (N-to-C cyclization).51 In this motif, the disulfide bonds between

CysI-CysIV and CysII-CysV form an embedded ring, which is threaded by a

third CysIII-CysIV disulfide bridge. In vitro oxidative folding of cyclotides can

be carried out using two different strategies: (1) oxidation prior to cyclization

and (2) cyclization prior to oxidation.52 The second strategy appeared sig-

nificantly better, providing high yields of the correctly folded cyclotide kalata

B1. For the first strategy, the presence of organic cosolvents improved

the folding yields. The mechanism of the oxidative folding of cyclotides has

been extensively studied, and an excellent review on this topic was recently

published.53

6.1.2.6 Oxidative Folding Conditions – Practical Considerations

Formation of the native disulfide bridges in peptides is often sensitive to oxi-

dative folding conditions.54 Changing the cysteine oxidation methods (air

oxidation, redox buffers, DMSO) may significantly improve final folding yields.

Factors such as temperature, pH and buffer composition were also shown to

affect the formation of the native disulfide bridges.55 Table 6.1.2 provides

several examples of oxidative folding conditions. The optimization of the

oxidative folding is an empirical process. For that reason, applying various

folding additives or immobilized systems to change the ionic strength or

temperature remains a good approach to improve folding yields.

Organic cosolvents appeared very effective in improving the oxidative folding

of small peptides. As described earlier, the oxidative folding of cyclotide kalata

B1 carried out in the presence of acetonitrile, methanol, ethanol or isopropanol

improved final folding yields.52 Similarly, the presence of organic cosolvents

increased the folding yield of conotoxins o-TxVII, mO-MrVIB or a-ImI.45,58,59

Adding non-ionic detergents, such as Tween, to the folding mixture was very
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efficient in improving the yield of very hydrophobic peptides such as d-cono-

toxins SVIE or PVIA.15,16 Increasing ionic strength enhanced the folding yields

for m-SmIIIA as well as o-MVIIC.10,13 The oxidative folding of the latter

peptide was even better in the presence of high salt concentration and low

temperature.13 Oxidative folding in immobilized systems is a relatively new

concept.17 When scorpion toxin Cn5 was oxidized in the presence of immobi-

lized mini-chaperone (a short fragment of GroEL chaperone) the folding yields

increased dramatically.17 Studies by Barany and Darlak60,61 suggested that

oxidative folding in the presence of immobilized Ellman’s reagent (commercial

name Clear-Oxt) provides a beneficial pseudo-dilution effect. This promotes

the formation of intramolecular, rather than intermolecular, disulfide bridges;

the latter led to aggregation and precipitation. Indeed, when Clear-Oxt was

applied to the oxidative folding of two- and three-disulfide bridged conotoxins

(a-GI and m-PIIIA) the folding yields were significantly higher at increased

peptide concentrations.62 This and other folding strategies are important fac-

tors for manufacturing disulfide-rich peptides on a commercial scale.

Table 6.1.2 Examples of oxidative conditions used for folding of disulfide-rich

peptides.

Peptide Folding conditions Yield

Apamin Peptide was dissolved in 20mM Tris-HCl, pH 8 and
air-oxidized, at RT, 72 hrs.56

B100%

Guanylin Reduced peptide was dissolved in 100mM ammonium
bicarbonate, 2mM EDTA, pH 8.3 and air-oxidized,
at 20 1C.57

5%

Endothelin-1 Peptide was resuspended in 0.1% aqueous ammonia
containing 8M urea and subjected to air oxidation,
at RT, 3 hrs.27

75%

a-GI Reduced peptide was oxidized with solvents containing
20mM Tris-HCl, 2mM EDTA at pH 8.5, air
oxidation, 2 hrs.35

71%

o-MVIIA Peptide was dissolved in 10mMHCl (final concentration
40mM), and mixed with an equal volume of 0.2M
MOPS, pH 7.3, 0.4M KCl, 2mM EDTA, 1mM
GSSG, 2mM GSH, at RT, 90min.14

50%

m-GIIIA Reduced peptide was resuspended in 0.01% TFA (v/v)
and added to the folding mixture containing 0.1M
Tris-HCl, buffer pH 7.5, 0.1mM EDTA, and mixture
of 1mM GSH and 1mM GSSG, at RT, 1 hr.10

30%

CMTI-I Peptide was dissolved in 0.1M Tris-HCl, pH 8.7,
0.2M KCl, 1Mm EDTA and air-oxidized, at RT,
overnight.42

B100%

Kalata B1 Linear peptide was dissolved in 0.1M ammonium
bicarbonate, (pH 7.8, 8.5, 9) and mixed with
1mM GSH, at RT, 1–5 days.

2%

Above conditions and in the presence of 50%
2-propanol.52

28%
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6.1.3 Biosynthetic Aspects of the Oxidative Folding

The relatively detailed understanding of the mechanism of in vitro oxidative

folding is in stark contrast to our poor knowledge of how this process may occur

during biosynthesis in a cell. Several important factors that affect the formation

of the native disulfide bridges include: (1) the presence of precursor sequences, (2)

folding catalysts and molecular chaperones, (3) a dynamic chemical environment

and (4) macromolecular crowding. Most of the experiments relevant to bio-

synthetic oxidative folding focused on elucidating the role of propeptide

sequences and protein disulfide isomerase in the formation of the disulfide bonds.

6.1.3.1 Precursor Sequences

As molecules targeted for secretion, disulfide-rich peptides are biosynthesized

as larger precursors containing the mature peptide sequence and, at the mini-

mum, an N-terminal signal sequence. Additionally, a propeptide region may be

present that is N- or C-terminally located, relative to the mature sequence.

Thus, in vivo oxidative folding occurs as the precursor is being post-

translationally processed. While propeptides play a key role in the folding of

larger proteins, it is still unknown whether any precursor sequences are

important for oxidative folding of smaller, Cys-rich peptides. The relevant

studies on evaluating the role of propeptides are summarized in Table 6.1.3.

These studies showed that propeptides either directly facilitated or were

important for the formation of the native disulfide framework. Based on a

chaperone role of prosequences in folding of larger proteins, Buczek et al.

proposed a similar classification for small, disulfide-rich peptides.63 Thus,

prosequences that acted as intramolecular chaperones belong to class I pro-

peptides, whereas those that did not directly affect oxidative folding were called

class II propeptides.

Class I precursor sequences appear critical for forming native disulfide

bridges in several peptides, including proguanylin. For this two-disulfide-

containing peptide, the folding yields increased from 7% to 95% in the pre-

sence of the N-terminal propeptide.57 Similar studies on the 24-residue-long

guanylyl cyclase-activating peptide, GCAP-II, showed that two amino acids

in the N-terminal fragment of the propeptide were directly involved in a

chaperone-like function during folding.64,65 In endothelin-1, the N-terminal

addition of two positively charged residues that are present in the precursor

sequence dramatically improved folding yield; this effect was accounted for by

electrostatic interactions between the propeptide fragment and the mature

peptide sequence, as examined by NMR and molecular dynamics simula-

tions.66 The role of precursor sequences in oxidative folding was also studied in

the case of macrophage inhibitory cytokine-1, MIC-1 and nerve growth factor,

hNGF.67,68 For oxidative folding of BPTI, the propeptide substantially

increased folding yields and improved folding kinetics through an additional

N-terminal cysteine residue naturally present in the propeptide fragment.69

There have been no studies reported that evaluate how class I propeptides may
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improve the oxidative folding of those Cys-rich peptides that naturally contain

class II propeptides (such as conotoxins).

For disulfide-rich peptides containing class II propeptides, neither folding

kinetics nor thermodynamics was significantly affected by the precursor

sequences, as judged by studies on three conotoxins MVIIA, GI, PVIA and the

inhibitor PCI.9,46,63,70 Folding yields of conotoxin precursor pro-GI and the

mature toxin GI were comparable under a variety of folding conditions.9 A

potential chaperone role of a conotoxin propeptide was rigorously tested using

the highly hydrophobic d-conotoxin PVIA.63 This peptide is prone to aggre-

gation and was previously shown to fold with extremely low yields. The 58-

membered precursor of PVIA, pro-PVIA, was synthesized using native chemical

ligation. However, the folding yield for the pro-PVIA was also very low and

comparable for the precursor and the mature toxin d-PVIA. Despite a lack of

intramolecular chaperone activity of the class II propeptides, these sequences

Table 6.1.3 Role of propeptide in oxidative folding of disulfide-rich peptides.

Modified from reference 63.

Name Propeptide Mature peptide

Class I: Propeptides as intramolecular chaperones

Proguanylin VTVQDGNFSFSLESVK-
KLKDLQEPQEPRVGKLR-
NFAPIPGEPVVPILCSNPN-
FPEELKPLCKEPNAQE-
ILQRLEEIIAED

PGTCEICAYAACTGC

Pro-GCAP-II VYIQYQGFRVQLESMK-
KLSDLEAQWAPSPRL-
QAQSLLPAVCHH-
PALPQDLQPVCAS-
QEASSI

FKTLRTIANDDCELCVN-
VACTGCL

Pro-defensin EPLQARADEVAAAPEQIA-
ADIPEVVVSLAWDESL-
APKHPGSRKNM

ACYCRIPACIAGERRYG-
TCIYQGRLWWAFCC

Pro-BPTI TPGCDTSNQAKAQ RPDFCLEPPYTGPCK-
ARIIRYFYNAKAGLCQTF-
VYGGCRAKRNNFKSAE-
DCMRTCGGA

Class II: Propeptides without apparent chaperone activity

Pro-MVIIA DDSRGTQKHRALRST-
TKLSTSTR

CKGKGAKCSRLMYDC-
CTGSCRSGKC

Pro-GI FPSERASDGRDDTAKD-
EGSDMEKLVEKK

ECCNPACGRHYSC

Pro-PVIA DDSKNGLENHFWKARDE-
MKNREASKLDKK

EACYAOGTFCGI-
KOGLCCSEFCLP-
GVCFG

Pro-PCI AHDNSFYSTKIHVMAQD-
VVLPTVTKLF

EQHADPICNKPCKTH-
DDCSGAWFCQACWNSA-
RTCGPYVC
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may play an important role in the oxidative folding catalyzed by protein dis-

ulfide isomerase, and perhaps other folding catalysts and molecular chaperones.

6.1.3.2 Protein Disulfide Isomerase

PDI is an ER-resident oxidoreductase that catalyzes in vivo oxidative folding of

polypeptides (see Chapter 1.5). This enzyme was shown to be sufficient for

promoting oxidative folding, even in the absence of glutathione. PDI plays

three important functions in folding: (1) it promotes disulfide-bond formation,

(2) it catalyzes the rearrangement of disulfide bridges and (3) it provides a

chaperone function and minimizes aggregation. The multimodality in function

of PDI was studied in detail in the oxidative folding of proinsulin and cyclo-

tides.71,72 PDI’s role in the formation of the native disulfide bridges in small

peptides was examined in greater detail in the oxidative folding of cyclotides

and conotoxins.

PDI is a key enzyme that catalyzes the oxidative folding of Cys-rich peptides.

Interestingly, PDIs from organisms that specialize in producing disulfide-rich

peptides have recently been discovered; Conus PDI and OaPDI were cloned and

characterized from cone snails and the Rubiacea plant family that produces

cyclotides.50,72,73 Strikingly, no reports on PDIs from spiders or scorpions,

organisms that both evolved millions of Cys-rich peptides, exist. In plants that

express cyclotides, OaPDI appeared to exhibit similar isomerases with better

chaperone activity, when compared to human PDI. Furthermore, OaPDI sig-

nificantly improved the oxidative folding of kalata B1 by increasing the folding

yield by at least one order of magnitude (as mentioned earlier, this peptide does

not fold with high yields and requires organic co-solvents to increase folding

yields). The first functional characterization of Conus PDI suggested that this

enzyme has similar properties to human PDI with respect to oxidation,

reduction and isomerization activities.

The mechanism of the PDI-catalyzed folding of small Cys-rich peptides was

investigated for several peptides including proinsulin, maurotoxin, conotoxins

and cyclotides. PDI increased folding rates (conotoxins GIIIA or tx3a, mauro-

toxin),10,73,74 and in some cases also folding yields (cyclotides, proinsulin).71,72

Interestingly, PDI was more efficient in catalyzing oxidative folding of cono-

toxin GI when covalently linked to the N-terminal propeptide fragment.9 As

illustrated in Figure 6.1.3, the appearance of correctly folded GI was

approximately three times faster for the precursor compared to the mature

toxin. Based on this work, it was suggested that class II propeptides modulate

substrate properties of the Cys-rich peptides for PDI-assisted folding. The role

of propeptides in the modulation of substrate specificity and kinetics for PDI-

catalyzed folding requires further detailed studies.

6.1.3.3 Macromolecular Crowding

Since the cellular milieu is very crowded, oxidative folding must occur in

the context of: (1) multiple intermolecular interactions with ER-resident
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macromolecules, and (2) the excluded volume effect caused by an extremely

high concentration of macromolecules that typically exceed 100mgmL�1.

Oxidative folding in the presence of macromolecular crowding agents was

previously examined in great detail for the lysozyme. These studies suggest that

crowding promotes aggregation and decreases folding yields; as well as that

PDI acts as a chaperone that prevents crowding-induced aggregation.75,76

Theoretical calculations predicted that the excluded volume should affect

the unfolded conformation of Cys-rich peptides as short as 25 residues.77

Interestingly, when these predictions were tested in a folding experiment, no

apparent excluded volume effects were observed during the oxidative folding of

three conotoxins, ranging in size from 13 to 46 amino acid residues.78 This

suggested that peptides of that size are not prone to aggregation. In the

same study, the authors noted that the commonly used macromolecular

crowding agent, bovine serum albumin, promoted the oxidative folding of

the peptides via a thiol–disulfide exchange mechanism. Based on these obser-

vations, macromolecular crowding does not affect PDI-assisted folding of

small Cys-rich peptides. More folding and structural studies are needed to

evaluate how crowding may affect early events in forming disulfide bridges in

these peptides.

Figure 6.1.3 Effects of propeptide and PDI on the oxidative folding of a-conotoxin
GI. A) Structure and disulfide scaffold of the a-GI propeptide and
mature toxin. The mature a-GI is amidated at the C-terminus.
B) Folding of a-GI and pro-GI PDI-catalyzed and uncatalyzed. Bar
graphs reprinted with permission from reference 9.
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6.1.3.4 Oxidative Folding in the Endoplasmic Reticulum

Formation of the disulfide bonds during oxidative folding in the ER has been

well characterized (see Chapters 1.5 and 1.6).79,80 However, little is known

about how small, disulfide-rich peptides form the native disulfide bridges in the

ER. Understudied aspects of the in vivo folding are how molecular chaperones

and folding catalysts affect the formation of the native disulfide bridges, and

how much energy is utilized during the oxidative folding of thermodynamically

less stable peptides (such as d-conotoxins). Since ATP was demonstrated to be

required for the oxidative folding of larger proteins,81 it is likely that the for-

mation of native disulfide bridges in smaller peptides is energy-dependent.

Furthermore, ATP-dependent oxidative folding catalyzed by BiP and PDI was

shown for antibodies.82

The role of molecular chaperones and folding catalysts in promoting the

oxidative folding of short peptides is not well understood. It is unknown

whether additional chaperones and folding catalysts, excluding PDI, are

involved in the formation of native disulfide bridges in peptides. For example,

the oxidative folding of maurotoxin was most efficient in the presence of

combined PDI and PPI.74 Another unknown aspect is how energy landscapes

for the in vitro and in vivo oxidative folding of small, disulfide-rich peptides

differ from each other. This issue is exemplified in Figure 6.1.4, where pro-

peptide, folding enzymes and chaperones modulate the reactivity of cysteine

thiols and non-covalent interactions of a nascent polypeptide. Differences

between in vitro and in vivo folding were discussed for larger proteins,83 but

never directly addressed for small Cys-rich peptides.

With regard to the oxidative folding of short peptides, it is unclear how the

ER quality control system can discriminate between the native and misfolded

conformations. What are key structural features of the misfolded conforma-

Figure 6.1.4 Differences between the in vitro and in vivo oxidative folding of small
peptides. Key factors affecting the in vitro folding are shown. How
cellular factors may affect the in vivo folding of these peptides remains
largely unexplored. A provocative question exemplified by the folding
funnels is whether peptides that fold in vitro using the ‘‘collapse’’
mechanism can undergo the oxidative folding in the cell by a framework
mechanism.
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tions that are recognized by the ERAD proteins? Studies from the Wittrup

group suggest that the thermodynamic stability of the Cys-rich polypeptides

(BPTI) correlated with the secretion efficiency and was coupled to the ER

quality control.84,85 It appears the ER-based quality control must determine the

fate of a folded species, directing it to either secretion or degradation.

6.1.4 Conclusions and Outlook

Numerous studies defined basic principles for forming the native disulfide

bridges in small, Cys-rich peptides. At the early stages of folding, the key

factors are the reactivity of the cysteine thiols and the cysteine patterns,

whereas, at later stages, non-covalent interactions may play an increasingly

important role. Precursor sequences can either act directly as intramolecular

chaperones, or facilitate PDI-assisted folding. A dual role for PDI, both as a

folding catalyst and as a molecular chaperone has been established, but how

this enzyme affects the oxidative folding of small peptides in the ER milieu is

not fully understood. Thus, despite identifying key intra- and intermolecular

factors that direct the oxidative folding, how this process occurs in the cell will

remain a subject for many future studies.

Cysteine-rich peptides continue to be an attractive source of current and

future therapeutics;86 oxidative folding will remain an important aspect of their

discovery and subsequent structure-activity-relationship studies. There is a

continuing need to improve the folding strategies that can be applied both for

research material as well as on a commercial manufacturing scale. Novel

immobilized folding strategies may be developed based on the inspiration from

studying in vivo folding. For example, a combination of artificial chaperones

and folding catalyst mimetics acting in the iterative annealing manner may one

day revolutionize the synthesis of cysteine-rich peptides. Until then, all incre-

mental improvements of the oxidative folding methods introduced by chemists

and biochemists are important for studying disulfide-rich peptides.
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CHAPTER 6.2
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6.2.1 Introduction

Multiple disulfide bonds between cysteine residues form disulfide frameworks,

which represent an important structural feature in many peptides and proteins

secreted from cells. Among these, numerous peptide hormones, cytokines,

protease inhibitors and toxins are found. Starting with chemically synthesized

precursors containing the Cys residues in their thiol form, some of the multiple

disulfide-bonded polypeptides are produced in satisfying-to-good yields in oxi-

dative folding processes under experimental conditions that partly mimic the

environment of intracellular compartments as described in the preceding

Chapter 6.1. However, in other cases where insufficient structural information is

encoded in the amino acid sequence to generate the correct disulfide framework,

application of oxidative folding proved to be inexpedient or even impossible.

In addition, for many research purposes such as structure-function studies,

modifications of the natural amino acid sequence are required, and often, in

contrast to the parent molecules, the analogs cannot be correctly oxidized.

Indeed, more or less complex mixtures of disulfide isomers are formed, which

are difficult to resolve by chromatographic techniques. The complexity of disul-

fide isomer mixtures depends on the number of disulfide bonds: from a peptide
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containing four reduced Cys residues, three intrachain disulfide isomers are

theoretically formed with the CysI-CysII/CysIII-CysIV, CysI-CysIII/CysII-CysIV

or CysI-CysIV/CysII-CysIII disulfide connectivities, while from a peptide with six

Cys residues the maximum number of disulfide isomers theoretically rises to 15.

In addition, oligomers are formed at variable extents. Since the early days of

peptide chemistry these facts have been recognized and protection strategies for

regioselective disulfide formation have been one of the most challenging tasks.

Great advances have been achieved in the field as is well assessed by the

numerous highly efficient syntheses of multiple-disulfide peptides reported so

far. These progresses have been extensively reviewed in recent years.1–4

The scope of the present review is to elaborate on the available sets of

orthogonal thiol-protecting groups (Section 6.2.2) the main strategies evolved

for the synthesis of Cys-rich peptides: i) stepwise regioselective Cys pairings

(Sections 6.2.3 and 6.2.4) and ii) a combination of oxidative folding with

regioselective disulfide formation (Section 6.2.5). Selected elegant synthetic

examples reported during recent years are discussed to illustrate the state of the

art in the field.

6.2.2 Thiol-protecting Groups

Among the natural amino acids, suitable protection of the nucleophilic thiol

group of cysteine represents a particular challenge, and only a restricted set of

available protecting groups fulfills the requirements of orthogonality in terms

of the overall protection strategy in the polypeptide chain assembly, i.e. the

9-fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) or tert-butoxycarbonyl/

benzyl (Boc/Bzl) chemistry, and of reciprocal selectivity for subsequent regio-

selective disulfide formation. In Table 6.2.1 the most important thiol protecting

groups are reported, which applied for pairs of Cys residues largely satisfy the

criteria of orthogonality. These protecting groups can be classified into those

which are removed by both acidic and oxidative procedures, and those which

are cleaved with other reagents, e.g. the tert-butylthio (StBu) group requiring

reduction with thiols or phosphines for cleavage. All the groups are compatible

with the Fmoc/tBu chemistry except the Xpys group (substituted 2-thiopyridyl).

The latter activated disulfide-type protecting groups tend to disproportionate

during base treatment, but upon post-synthetic introduction can be useful in

regioselective disulfide-bond formation.

Because of the acid-sensitivity of most thiol-protecting groups (Table 6.2.1)

and thus incompatibility with the Boc/Bzl strategy, the Fmoc/tBu chemistry

allows for a larger combinatorial diversity as required for multiple-disulfide

peptides. The major difficulty arising from the Fmoc/tBu chemistry are the

repetitive base treatments in the chain elongation steps, which are known to

provoke side reactions such as Cys racemization or b-elimination. Racemiza-

tion resulting from repeated base treatments, i.e. piperidine in Fmoc/tBu-based

procedures and triethylamine in Boc/Bzl syntheses, is enhanced when a cysteine

is directly esterified to the support as C-terminal residue. Since not only the
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Table 6.2.1 Structure and conditions for cleavage of common thiol-protecting

groups.

Protecting
group Structure Deprotection

Oxidative
deprotection Ref.

StBu
H3C

S
H3C

H3C thiols,
phosphines

– 5–7

Xan

O

1% TFA I2, Tl
31 8

Mmt

OCH3

1% TFA I2, Tl
31 9

Trt 425% TFA I2, Tl
31 10,11

tBu

H3C

H3C
H3C TFMSA, Hg21 I2, Tl

31, Ph2SO/
MeSiCl3/TFA

12,13

Mob H3CO HF, TFMSA/
TFA/cresol

Tl31, Ph2SO/
MeSiCl3

14

MeBzl H3C HF, TFMSA,
TFA/Me3SiBr/
thioanisole

Tl31, Ph2SO/
MeSiCl3

15

Acm

H
NH3C

O

TFA/Npys-Cl I2, Tl
31, Ph2SO/

MeSiCl3

16

Xpys

N S

X thiols – 17–19

Thz H2C methoxyamine x
HCl

– 20

StBu: tert-butylthio; Xan: xanthyl; Mmt: 4-methoxytrityl; Trt: trityl; tBu: tert-butyl; Mob:
4-methoxybenzyl; MeBzl: 4-methylbenzyl; Acm: acetamidomethyl; Xpys: substituted 2-pyri-
dinesulfenyl. TFA: trifluoroacetic acid; TFMSA: trifluoromethane sulfonic acid; HF: hydrogen
fluoride; Me3SiBr: trimethylsilyl bromide; Npys: 3-nitro-2-pyridinesulfenyl.
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electron-donating character of the protecting group but also its bulkiness and

the steric hindrance of the resin play a crucial role in this side reaction, the

2-chlorotrityl resin represents the solid support of choice in such cases.21

In addition, this resin effectively suppresses piperidinylalanine formation when

Cys(Trt) is esterified onto the resin. This side reaction, which is caused by

b-elimination followed by Michael addition of piperidine, is often observed

with Cys(Acm) or Cys(StBu) directly linked to the resin. Conversely, with

Cys(StBu) esterified onto the Wang resin, the Cys-peptides could not be

obtained at all.2 Again, electron-donating and bulky protecting groups such as

Trt and Xan effectively suppress the piperidinylalanine formation.22

An additional difficulty encountered in the synthesis of Cys-peptides derives

from the electrophilic nature of intermediate species formed during the acidic

resin cleavage/deprotection step, which are likely to alkylate the free thiol

groups acting as effective internal scavengers for these reactive species. When

such intermediates are generated in the linker moiety on the resin, the Cys-

peptide is irreversibly grafted to the support. Many sophisticated scavenger

mixtures were proposed to bypass this problem: a particularly effective com-

bination is reagent K, a mixture of TFA/H2O/phenol/thioanisole/ethanedithiol

(82.5:5:5:5:2.5). Very efficient in these terms are trialkylsilanes, which form

silylthioethers with the free thiol functions9 and prevent irreversible alkylation.

The silyl groups are readily removed by hydrolysis or alcoholysis during the

work-up procedure.9,23 Silanes are even better than thiols as scavengers as

reduction of previously formed disulfide bonds occurs to lesser extents under

the strongly acidic conditions, and the addition of H2O to such cleavage mix-

tures is not necessary. For instance, good deprotection/cleavage results are

obtained with the mixture TFA/CH2Cl2/triethylsilane (70:25:5).24

A special protection of Cys residues is its conversion to thiazolidines (Thz) by

reaction with formaldehyde and ketones.25–27 This cysteine precursor has found

recent application in convergent chemical ligation reactions when an N-terminal

Cys residue is required. Examples for such an application are the synthesis of

crambin28 and lysozyme.29 Intermediate protection of a Cys residue as Thz

allowed for regeneration of the required N-terminal cysteine with methoxyamine

hydrochloride.

6.2.3 Regioselective Disulfide Formation in Solution

Regioselective disulfide formation is usually carried out in solution following

solid-phase assembly of the peptide chain on suitable resins. Some work, how-

ever, has been carried out investigating disulfide formation on the solid support

(see Section 6.2.4). As mentioned above, in many cases the thiol-protecting

groups and synthetic strategy applied, i.e. Fmoc/tBu or Boc/Bzl chemistry, affect

the degree of homogeneity of the crude synthetic peptide, and in this way the

chromatographic separation of intermediates, e.g. peptides with one or two pairs

of protected Cys residues and with one or two disulfide bonds. Therefore, the

potential combinations of pairwise Cys protections strongly depend both on the
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chemistry applied in the chain assembly and in the regioselective disulfide for-

mation. Moreover, because of their hydrophobic character, the thiol-protecting

groups markedly affect the solubility of Cys-containing peptides in solvents

required for the regioselective Cys pairings.

6.2.3.1 Peptides with Two Disulfides

For the synthesis of peptides with two disulfide bonds by Fmoc/tBu chemistry,

the most widely used combination of thiol-protecting groups is Trt/Acm, which

can be considered as the standard strategy. While the Trt groups are cleaved

under acidic conditions such as TFA, the Acm groups remain stable. Corre-

spondingly, the precursor peptides with two free thiols are generated by TFA-

mediated resin cleavage/deprotection, and the first disulfide is formed under

mild oxidative conditions such as by exposure to air oxygen, DMSO or

K3[Fe(CN)6]. Under these conditions, the Cys(Acm) derivatives are stable. For

the Boc/Bzl chemistry, a pairwise combination of Cys(MeBzl) and Cys(Acm)

derivatives has found large application. After HF-mediated cleavage/depro-

tection, peptides are generated that contain a pair of thiol groups and of Acm-

protected Cys residues, as these Cys derivatives are largely stable to liquid HF.

After oxidative formation of the first disulfide, the two Acm groups are gen-

erally cleaved under oxidative conditions with slight excesses of I2 and con-

comitant formation of the second disulfide bond.

An alternative orthogonal pair of thiol protections are the Cys(Acm)/

Cys(StBu) derivatives. After acidic resin cleavage/deprotection, the peptide is

generated with the Cys residues fully protected and thus allowing its purifica-

tion prior to the disulfide formation. After reductive cleavage of the two StBu

groups, regioselective disulfide formation follows the route described above.

6.2.3.1.1 Syntheses with the Trt/Acm Protection Scheme

Among the large number of two-disulfide peptides, also guanylin and urogua-

nylin, gastrointestinal peptide hormones binding to the membrane receptor

guanylate cyclase type C and involved in electrolyte transport,30 have been syn-

thesized by this strategy.31 Indeed, oxidative folding was unsuccessful as almost

none of the correct disulfide isomer with the required CysI-CysIII/CysII-CysIV

connectivities was formed (Figure 6.2.1).32 Consisting of 15 and 16 amino acid

residues, respectively, these peptides are very cysteine-rich. For guanylin in par-

ticular, it was found that combinations other than Trt/Acm for Cys protection led

to unsatisfactory low overall yields. In this case the positioning of the Acm

derivatives relative to the Trt groups did not significantly affect the purity and

yield of the final product.31,33 However, careful positioning of the Acm and Trt

groups should be considered since an efficient chain assembly may depend upon

their location. Similarly important is the choice of reaction conditions for oxi-

dation of the Cys(Acm) residues such as solvent and pH.16,34 Moreover, by

titration with I2 instead of using excesses of reagent side reactions can be

minimized.
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Additional examples of successful regioselective disulfide formation are

endothelin, a mammalian vasoconstrictor,35 with the orthogonal Trt/Acm36 or

the MeBzl/Acm37 protection. The versatility of the Trt/Acm approach was

confirmed by an Fmoc-based convergent solid-phase synthesis of endothelin,

i.e. by assembling the peptide chain in solution using fully protected fragments.

Immer et al. prepared the endothelin fragment 1-12 with a pair of Cys(Trt)

residues and the third Cys protected as an Acm derivative.38 Based on earlier

systematic work on the solvent-dependent iodolysis of the Acm group,34 the

disulfide bond was formed between Cys-3 and Cys-11, while the Acm-protected

Cys-1 remained intact during treatment with I2 in CH2Cl2/trifluoroethanol

(9:1). The monocyclic fragment was then coupled to the protected endothelin

fragment 13-21 containing the second Cys(Acm) residue. Formation of the

second disulfide bond was achieved by I2 in methanol. Under these mild con-

ditions, almost no by-products, especially those concerning His and Trp side-

chain modification, were observed. A similar solvent-dependency of the Trt and

Acm cleavage rates was exploited for the synthesis of orexin A,39 a 33-mer

neuropeptide involved in food intake.40 A precursor peptide with free thiols at

Cys-7 and Cys-14, and with Acm-protected Cys residues in positions 6 and 12,

was disulfide-cross-linked by a 10-fold excess of I2 in AcOH within 60min at

room temperature. Upon a 4:1 dilution of the reaction mixture with water,

air, pH 7.5-8.5, 24 h

PGTCEICAYAACTGC

SH SH

Acm

Acm Acm

Acm

PGTCEICAYAACTGC

PGTCEICAYAACTGC

30-60 minI2, AcOH/0.1 M HCl 4:1

PGTCEICAYAACTGC

SH SH

SH SH

oxidative folding

PGTCEICAYAACTGC

PGTCEICAYAACTGC

+

A B

Figure 6.2.1 (A) Synthetic route for regioselective disulfide formation of guanylin;
(B) oxidative folding of guanylin which results predominantly in non-
native isomers.

302 Chapter 6.2



cleavage/oxidation of the two Cys(Acm) derivatives was achieved within an

additional 90min. This one-pot procedure carries the advantage that it can be

performed within a short time without chromatographic work-up of the

monocyclic intermediate, at least in the case of orexin A. The reported yield

(30–35%) can be considered excellent for such types of peptides.

In some cases, over-oxidation or incomplete cleavage of Cys(Acm) was

observed. An advantage of Acm is that it can be removed not only oxidatively by

I2, but also by heavy metal ions in the presence of oxidizing agents yielding the

corresponding disulfide-peptide. This procedure was applied for endothelin-1

and tachyplesin I, a small antibacterial peptide from horseshoe crabs,41 using

silver trifluoromethanesulfonate (AgOTf) (Figure 6.2.2). The solvent system

consisting of DMSO in 1M HCl caused the immediate formation of the corre-

sponding disulfide.42 This method apparently produced fewer side products

compared to I2-mediated disulfide formation. Hg(II) salts have also been

applied, but it has been observed by mass spectrometry that the metal ion is

difficult to remove.

TMS Br/thioanisole/TFA

KWCFRVCYRGICYRRCR-PAL resin

KWCFRVCYRGICYRRCR-PAL resin

MeBzl

Acm Acm

MeBzl

KWCFRVCYRGICYRRCR-CONH2

KWCFRVCYRGICYRRCR-CONH2

Acm Acm

SH

Acm Acm

SH

air

AgOTf/DMSO/1 M HCl

ECCNPACGRHYCS-CONH2

ECCNPACGRHYCS-CONH2

ECCNPACGRHYCS-CONH2

StBu StBu

Acm Acm

Acm Acm

I2, water/AcOH 1:1, 0.1 M HCl, 10 min

a) tri-n-butylphosphine/PrOH, 60 min
b) air, pH 8.3, 2-3 d

Figure 6.2.2 Regioselective disulfide introduction in tachyplesin I (left) and a-
conotoxin GI (right). Both tachyplesin I and a-conotoxin GI exhibit
the identical I-IV/II-III disulfide connectivity but, for tachyplesin I, the
inner disulfide was formed first, while for a-conotoxin it was the outer
disulfide.
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Among the many other Cys-rich peptides synthesized by this protection

scheme the a-conotoxin GI43 was also obtained in good yields.44 An alternative

protection scheme for this synthesis is discussed in the following section.

6.2.3.1.2 Syntheses with the StBu/Acm Protection Scheme

The synthetic route of a-conotoxin GI by the StBu/Acm combination is shown

in Fig 6.2.2.45 After TFA-mediated resin cleavage/deprotection the peptide

containing a pair of Cys(StBu) and Cys(Acm) derivatives was isolated chro-

matographically as protection of the Cys residues allows for easier purification

of the intermediate prior to disulfide formation steps. Subsequent cleavage of

the StBu groups was achieved by tributylphosphine, thereby generating the

dithiol-peptide for the first disulfide formation by exposure to air oxygen,

followed by I2 oxidation to generate the second disulfide bond.

6.2.3.1.3 Syntheses with Alternative Protection Schemes

In a one-pot synthesis of a-conotoxin SI the temperature-dependent different

lability of the tBu andMeBzl thiol-protecting groups was exploited.46 While the

first disulfide bond was formed with TFA/DMSO at room temperature, a

condition under which MeBzl is stable, the second disulfide was generated at

70 1C. However, it is clear that such harsh reaction conditions favor side

reactions, e.g. oxidation of sensitive amino acids (Trp, Met), cleavage of acid-

sensitive peptide bonds (Asp-Pro)47 and aspartimide formation.48 Although

this procedure reveals limitations, it has also been applied in combination with

the Trt group for a successful synthesis of the heat-stable enterotoxin ST,49 a

very Cys-rich peptide containing three disulfide bonds in the 14-residue

sequence.50 A combination of Cys(tBu) and Cys(Acm) derivatives was applied

in the synthesis of a-conotoxin MI by Boc/tBu chemistry.51 After introduction

of the first disulfide by I2 oxidation, oxidative cleavage of the tBu groups with

MeSiCl3/Ph2SO
52 was applied for generation of the second disulfide bond. For

the synthesis of a-conotoxin GI, oxidative cleavage of the tBu groups with this

reagent led to significant scrambling of the preformed disulfide, thus strongly

questioning the general efficiency of this procedure.53

6.2.3.1.4 Topological Isomers

In the case of the guanylin-type peptides (see Section 6.2.3.1.1), the rare phe-

nomenon of topological isomerism has been observed. Both peptides, when

containing the correct disulfide-bond pattern (CysI-CysIII/CysII-CysIV), occur

as two topological isomers (Figure 6.2.3).31,54 The other two disulfide isomers

with the CysI-CysIV/CysII-CysIII and CysI-CysII/CysIII-CysIV connectivities do

not show this isomerism. Detailed investigations have demonstrated that the

isoforms interconvert into each other without disulfide rearrangement follow-

ing a sterically controlled process.33 The isoforms differ in their HPLC
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retention time and 3D structures as assessed by NMR conformational analysis.

Such isomerism has also been observed for peptides of the conotoxin55 and

contryphan56 families. It is highly probable that this isomerism may emerge in

the synthesis of other Cys-rich peptides,57 in particular of those containing two

overlapping disulfides. It is, however, difficult to distinguish such topological

isomers from positional disulfide isomers. Interestingly, only one of the two

isomers is biologically active.

6.2.3.2 Peptides with Three Disulfides

Many naturally occurring peptides with three intrachain disulfide bonds can be

oxidatively folded into the correct disulfide framework (see Chapter 6.1), e.g.

charybdotoxin and many functionally related channel-blocking toxins,58–61 or

members of the widespread defensin family of antimicrobial peptides.62,63

However, among defensin peptides, in particular the mammalian b-defensins,

some peptides do not fold to the native disulfide pattern as the b-defensins

hBD-3 and hBD-28,63–65 and thus regioselective procedures are essential.

6.2.3.2.1 Syntheses with the Trt/Acm/Mob Protection Scheme

By combining the Cys(Trt)/Cys(Acm) derivatives with the third Fmoc-compatible

orthogonal Cys(Mob) protection, the regioselective formation of three disulfide

bonds of a-conotoxin MVIIA was successful.66 Following the standard air and I2
oxidation steps described in Section 6.2.3.1.1 for transformation of the Cys(Trt)

Figure 6.2.3 3D structure of the topological isomers A and B of human uroguanylin.
Top: lowest energy solution structures. Bottom: schematic view of the
backbone fold. Only isomer A is biologically active.
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and Cys(Acm) pairs, a TFMSA/TFAmixture was used in the presence of p-cresol

as scavenger to cleave the Mob groups, followed by a DMSO oxidation without

affecting the two already preformed disulfide bonds. However, this Mob depro-

tection method failed in the synthesis of sapecin,67 an insect defensin.68 Instead, a

mixture of TFA/MeSiCl3/Ph2SO/anisole was required for simultaneous cleavage

and oxidation.

6.2.3.2.2 Syntheses with the Trt/Acm/tBu Protection Scheme

Less troublesome is the Cys(Trt)/Cys(Acm)/Cys(tBu) combination as well

documented in the one-pot synthesis of an EGF-like domain.69 Upon resin

cleavage/deprotection the dithiol-peptide was subjected to air oxidation followed

by deprotection/oxidation of the Cys(tBu) pair with a TFA/DMSO/anisole

treatment for 5min at room temperature. Under these conditions the Acm

groups remained largely intact as assessed by mass spectrometry. By extending

the reaction time to 90 min, the third disulfide was installed (Figure 6.2.4).

SH SH

Acm Acm

Acm Acm

Acm Acm

tBu tBu

tBu tBu

water, pH 8, 16 h

TFA/DMSO/anisole, 5 min

TFA/DMSO/anisole, 90 min

SDGDQCASSPCQDGGSCKDQLQSYICFCLPAFEGRNCET
*

SDGDQCASSPCQDGGSCKDQLQSYICFCLPAFEGRNCET
*

SDGDQCASSPCQDGGSCKDQLQSYICFCLPAFEGRNCET
*

SDGDQCASSPCQDGGSCKDQLQSYICFCLPAFEGRNCET
*

Figure 6.2.4 Synthetic scheme for an analog of the EGF-like domain of human coa-
gulation factor VIII. For coupling the aspartic acid residue marked with an
asterisk, the C-terminally protected Fmoc-Asp-OtBu with a free b-carboxy
function was used, leading to the desired b-peptide bond at this position.
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The lability of the Acm group at room temperature was unexpected as in earlier

work elevated temperatures were required for cleavage of the Acm by this

acid treatment (see 6.2.1.3).46,50 Such quasi-orthogonal protections of two

pairs of Cys residues may not be of general use, but is an attractive strategy in

particular cases.

In contrast to this one-pot introduction of the last two disulfide bonds, Gali

et al. used the combination Trt/Acm/tBu with cleavage and oxidation of the

tBu groups as the final transformation step for the synthesis of variants of

E. coli heat-stable enterotoxin N-terminally modified with DOTA, a macro-

cyclic chelating group for radionuclides.70 The first disulfide was formed within

60 min in the presence of 2,20-dithiopyridine (DPS) instead of air

oxidation. In this reaction, a free thiol reacts initially with DPS forming a

mixed peptide-thiopyridyl disulfide which is then attacked by the second thiol

resulting in the intrachain disulfide-bond formation. After I2 oxidation of the

two Acm groups, the tBu groups were cleaved/oxidized with TFA/Ph2SO/

MeSiCl3/thioanisole.
51–52,71

In other cases, this protection scheme was less satisfying. For the synthesis of

the b-defensin hBD-28 with three overlapping disulfides, the TFA/DMSO/

anisole mixture applied for longer reaction times in the formation of the third

disulfide bond at room temperature (Figure 6.2.5) led to over-oxidation of the

Cys residues.63 More appropriate was a short treatment at 60 1C, while depro-

tection by the chlorosilane procedure51,52,71 was not advantageous. Formation

of the third disulfide bond of hBD-28 from the Cys(tBu) pair was found to

strongly depend on the excess of DMSO and, in particular, the peptide

concentration. However, at a conveniently low concentration, the synthesis of

hBD-363,65 can hardly be scaled up without loss in the chemical performance,

product purity and yield. Some defensin peptides are readily accessible by using

oxidative folding techniques, e.g., the human b-defensins hBD-2 and hBD-27

with their I-V/II-IV/III-VI connectivities. However, others such as the above-

mentioned hBD-3 and hBD-28 can satisfactorily be synthesized only using

regioselective approaches. Thereby juxtaposition of the Cys protecting groups

and thus the order of disulfide-bond formation was found to be crucial. Indeed,

for hBD-28, disulfides, were formed in the order III-VI, I-V and II-IV,63–65 while

for hBD-3, the best order was II-IV, I-V and III-VI, suggesting significant

conformational effects, a fact that is difficult to predict and control.

6.2.3.2.3 Syntheses with Alternative Protection Schemes

Only a few comparative synthetic studies with alternative protection schemes

were reported. Kellenberger et al. compared the combination Trt/Acm/Mob

with Mmt/Trt/Acm in the synthesis of PMP-D2, a 35-residue insect peptide

with three overlapping disulfide bonds blocking calcium channels and inhi-

biting serine proteases.72 Figure 6.2.6 shows the use of the Mob protection

group, where, upon standard formation of the first two disulfides, the Mob

groups were cleaved with TFMSA/TFA/p-cresol at 0 1C within 10min. The
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intermediate containing two disulfide bonds and two thiol groups was isolated

by HPLC and then subjected to DMSO oxidation yielding the fully disulfide-

bonded product. In the alternative synthesis, where Mmt was used besides Trt

and Acm for Cys protection, the resin-bound peptide was deprotected at the

Cys(Mmt) residues with 2% TFA/2% triisopropylsilane in CH2Cl2 within

60min. The partially deprotected peptide was then oxidized on resin in NMP/

CCl4/triethylamine as described elsewhere.73 Upon resin cleavage/deprotection,

two successive classical oxidation steps were performed to yield PMP-D2.

Although this protection strategy was not superior to the Trt/Acm/Mob

combination, it may represent an alternative for other synthetic target peptides.

6.2.3.3 Peptides with Multiple Disulfides

There are almost no reports on the synthesis of peptides with regioselective

formation of more than three disulfide bonds. In the synthesis of a dimeric

hBD-3 hBD-28

iv

v

vi

i

ii

iii

Acm

tBu tBu

SHAcmSH

Acm tBu tBu Acm

tBu tBu

Acm tBuAcmtBu

tButBu

Acm

SH SH

tBuAcmtBu

ARLKKCFNKVTGYCRKKCKVGERYEIGCLSGKLCCANLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

Figure 6.2.5 Synthesis of human b-defensins hBD-3 and hBD-28 with different
positioning of the thiol protecting groups Trt, Acm and tBu. Reaction
conditions: i) DMSO oxidation, 24 h; ii) I2 in AcOH, 90min; iii) TFA/
DMSO/anisole, 90min, room temperature; iv) air oxidation, 4 h; v) I2 in
AcOH, 75min; vi) TFA/DMSO/anisole, 60min, 60 1C.
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a-conotoxin analog consisting of two identical conotoxin units head-to-tail

linked by a Gly-Lys-Gly segment,74 a Cys(Trt)/Cys(Acm)/Cys(tBu)/Cys(MeBzl)

protection scheme was applied as shown in Figure 6.2.7. After cleavage of the

crude peptide from the resin, the first disulfide bond was formed by DMSO

oxidation of the two free thiols within 24h. Dilution with acetic acid and

addition of I2 caused oxidative cleavage of the two Acm groups, forming a

double disulfide-bonded intermediate with a pair of tBu- and MeBzl-protected

cysteines. The third and fourth disulfide bonds were introduced by the one-pot

procedure described earlier by the authors46 (see Section 6.2.3.1.3) using 5%

DMSO in TFA to form the third disulfide within 30min at room temperature

and the fourth after an additional 3 h at 45 1C. Not surprisingly, partial MeBzl

cleavage at room temperature was observed, causing the formation of the wrong

disulfide isomers. Although this chemistry is far from fulfilling the many

requirements of regioselectivity it demonstrates that it is in principle possible to

synthesize such complex targets in a regioselective manner.

EEKCTPGQVKQQDCNTCTCTPTGVWGCTRKGCQPA

water, pH 8-9, 7 h

I2, AcOH/water 4:1,

80 min

TFA/TFMSA/p-cresol,

0 °C, 10 min

water/DMSO 4:1, 2 h

ii) NMP/DCM/TEA, 3 hi) 2% TFA/5% TIS in DCM, 1 h

iv) water/DMSO 4:1, 2 hiii) TFA/thioanisole/water/

TIS/phenol, 3 h, 0 °C

v) I2, water/AcOH 3:2, 2 h

Mmt Mmt

Trt Trt

Acm Acm

resin

Trt Trt

AcmAcm

resin

Acm
Acm

Acm Acm

Acm Acm

SH SHMob Mob

Mob Mob

Mob Mob

SH SH

Figure 6.2.6 Regioselective disulfide formation of the insect peptide PMP-D2 by the
Cys(Trt)/Cys(Acm)/Cys(Mob) (left) and Cys(Mmt)/Cys(Trt)/Cys(Acm)
(right) protection schemes. TIS, tri-isopropylsilane.
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6.2.4 Disulfide Formation on the Solid Support

On-resin thiol chemistry involving Cys residues has been investigated to a

minor extent, although this strategy could bear, at least in selected cases, sig-

nificant advantages over solution methods. For such synthesis, additional

orthogonality of the thiol protecting group relative to the resin linker is

essential, since the Cys-protection group must be removed selectively without

cleavage from the resin.

RT, 24 hDMSO/water 2:1

ICCNPACGPAYSCGKGCCNPACGPAYSC-CONH2

ICCNPACGPAYSCGKGCCNPACGPAYSC-CONH2

Acm AcmSH SH

MeBzl MeBzltBu tBu

ICCNPACGPAYSCGKGCCNPACGPAYSC-CONH2

MeBzl MeBzltBu tBu

ICCNPACGPAYSCGKGCCNPACGPAYSC-CONH2

I2, 16% DMSO in Ac OH/water 1:1

MeBzl MeBzltBu tBu

Acm Acm

ICCNPACGPAYSCGKGCCNPACGPAYSC-CONH2

MeBzl MeBzl

RT, 60 min

5% DMSO in TFA RT, 30 min

5% DMSO in TFA 45 °C, 3 h

Figure 6.2.7 Regioselective synthesis of a dimeric a-conotoxin construct.
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From the knowledge accumulated in the synthesis of Cys-rich peptides in

solution, potential synthetic routes for the on-resin disulfide formation can be

elaborated. As shown in Figure 6.2.8 route A, the thiol functions or the whole

peptide are deprotected and subsequently oxidized; according to route B, the

Cys-protecting groups are oxidatively removed followed by deprotection and

simultaneous release from the resin; route C is a non-oxidative method as one

Cys residue is selectively deprotected in the presence of all other protecting

groups and the resin linkage and then activated electrophilically, e.g. as an

Npys derivative. Thereafter, the second thiol-protecting group is selectively

removed and the resulting thiol reacts with the Npys derivative to produce the

disulfide. By this procedure a peptide ligand for avb3 integrin was obtained in

high yield and purity.75 Route D represents a more recent approach for the

solid-phase synthesis of Cys-containing peptides. In this variation of route B, a

Cys-peptide is oxidatively deprotected and simultaneously released from the

resin. The resulting protected fragment is then condensed to the final peptide.

This approach is not only interesting because it allows an optimal deprotection

of the peptide in solution, but is has also proved very advantageous for the

synthesis of multiple intra- or intermolecular disulfide-containing peptides.

This has been well demonstrated by the preparation of the A chain of insulin-

like peptides by convergent synthesis.76

In contrast to chemistry in solution, the reactions for on-resin intra- or

intermolecular oxidation of the thiol groups cannot easily be monitored, and

thus the events during on-resin oxidation processes are poorly understood. But

it can reasonably be assumed that a low resin loading favors intramolecular

disulfide formation and that intramolecular reactions are favored in proximity

of the resin-linker while distal from it, solution-type conditions may prevail and

thus lower the advantages of the pseudo-dilution effect existing on resin.

1. partial deprotection
2. activation

oxidative
deprotection

release &

deprotection

S

S S

SH SH

PG(H)

SX1 SX2

PG

PG(H)

SAct SX2

PG

S S

PG

S S

PG

C

deprotection

oxidative release

D A B

oxidation

deprotection

= resin

S

Figure 6.2.8 Different routes for on-resin synthesis of Cys-rich peptides. For expla-
nation see text; X1, X2: thiol-protecting groups; Act (activating group):
3- or 5-Npys; PG: other Cys-protecting group.
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6.2.5 Semi-selective Formation of Disulfide Bonds

As a hybrid approach, the semi-selective disulfide formation has been applied

for the synthesis of peptides with three disulfide bonds, in some cases with

considerable success and advantages over the regioselective procedures. The

basic concept is to reduce the number of possible disulfide isomers generated in

oxidative folding processes to three by protecting one pair of Cys residues,

preferably as Acm derivatives. Correspondingly, the precursor tetra-thiol

peptide with a Cys(Acm) pair is subjected to the oxidative folding reaction,

which should produce the three possible isomers, possibly with the preferential

formation of the correct isomer. Upon its isolation it is converted by standard

methods into the native disulfide framework. Such a simple strategy can further

be improved by taking into account the ‘‘proximity rule’’ with its two under-

lying principles of folding kinetics and loop formation probability,77 which

allows a knowledge-based design of the Cys protection scheme as well illu-

strated by the synthesis of EGF-like domains of larger proteins, e.g. the Cys-

rich protective antigen of the malaria merozoite surface protein MSP-178 and

the EGF-like domain of blood coagulation factor IX.79 The latter 45-residue

peptide is known to exhibit I-III/II-IV/V-VI disulfide connectivities. The syn-

thetic strategy for this peptide was optimized by a prescreening of the three

possible precursors with the protected Cys pair in the three different positions.

Upon oxidative folding of the tetra-thiol peptides, the optimal precursor for

preferential formation of the two native disulfide bonds could be identified.

Only the precursor with Cys(Acm) in positions II and IV generates the I-III and

V-VI disulfides as required for the production of the correct disulfide frame-

work upon oxidative cleavage of the two Cys(Acm) derivatives at positions II

and IV. Conversely, placing the Cys(Acm) derivatives in positions V and VI

resulted in a predominantly misfolded intermediate with I-II and III-IV di-

sulfide connectivities. With Cys(Acm) in positions I and II a mixture of the

three possible disulfide isomers was formed. It is noteworthy that small

amounts of misfolded disulfide isomers are always generated by oxidative

folding. Based on these findings, the authors suggested that for such EGF-like

domains, which contain two overlapping disulfide bonds (I-III and II-IV) and

one isolated V-VI disulfide group, the Cys(Acm) residues should be placed at

the positions of one of the overlapping disulfides. However, in the synthesis of

the 52-residue a/b chimera of the EGF-like domain of neu differentiation factor

a/b (NDFea/b)
80 it was reported that the precursor with the Cys(Acm) residues

in positions I and III rather than in positions II and IV led to the preferential

formation of the desired double-disulfide product. This fact would suggest a

careful preliminary screening of the optimal protection scheme for each case.

The potential of the semi-selective approach was recently demonstrated by

the synthesis of a non-sulfated hirudin variant,24,81 a potent thrombin inhibitor

containing the I-II/III-V/IV-VI disulfide pattern (Figure 6.2.9). Hirudin has

been intensively investigated regarding its in vitro folding pathways.82,83

A synthetic 65-residue tetra-thiol precursor with Cys(Acm) in positions III and

V was subjected to oxidative folding in the presence of b-mercaptoethanol at
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pH8.5. The intermediate product with I-II and IV-VI disulfides was formed

almost exclusively within 5 h. This intermediate was then oxidized by I2 in 40%

aqueous acetic acid, generating the third III-V disulfide bond and thus the

desired hirudin variant with the native disulfide framework in a remarkable

overall yield of 12%.24

These examples illustrate that the semi-selective approach facilitates the

synthesis of polypeptides with three disulfide bonds. It provides an alternative

pathway circumventing major problems encountered in oxidative folding

(disulfide isomer mixtures difficult to separate) and three-step regioselective

disulfide formation (low yields due to multiple HPLC purification steps).

However, in some cases, such as for the b-defensins hBD-3 and hBD-28, the

semi-selective strategy failed.63

6.2.6 Concluding Remarks

The quality of multiple-disulfide peptides resulting from the synthetic

approaches discussed in this chapter strongly depends on the judicious choice

of the resin linker, the set of thiol (and for other functional groups) protecting

groups applied, the positioning of the protecting groups at the Cys residues, the

coupling reagents, particularly for the Cys residues, exposure to bases, and even

on the nature of the protecting groups on adjacent amino acids. In addition, the

VVYTDCTESGQNLCLCEGSNVCGQGNKCILGSDGEKNQCVTGEGTPKPQSHNDGDFEEIPEEYLQ

Acm Acm

SH SH SH SH

VVYTDCTESGQNLCLCEGSNVCGQGNKCILGSDGEKNQCVTGEGTPKPQSHNDGDFEEIPEEYLQ

Acm Acm

VVYTDCTESGQNLCLCEGSNVCGQGNKCILGSDGEKNQCVTGEGTPKPQSHNDGDFEEIPEEYLQ

Tris-HCl buffer, pH 8.5, 5 hair, β-mercaptoethanol

I2, AcOH/water 4:1, 30 min

Figure 6.2.9 Synthesis of a non-sulfated hirudin variant 1 by a semi-selective pro-
cedure for disulfide-bond formation.
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mixture of reagents used in deprotection and cleavage reactions and, of course,

the chemical method for disulfide-bond formation play a crucial role. There are

no general rules to support the design of such synthesis although some standard

conditions such as the use of a Trt/Acm combination for double disulfide-

bonded peptides are preferred. All above-mentioned experimental variables

together control the synthetic efficiency in terms of homogeneity and overall

yield. Correspondingly, the synthesis of each Cys-rich peptide represents an

individual challenge and requires careful planning and development, particu-

larly if syntheses have to be scaled up to gram or even kilogram amounts.
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CHAPTER 6.3

Folding Motifs of Cystine-rich
Peptides

NORELLE L. DALY AND DAVID J. CRAIK

Institute for Molecular Bioscience, University of Queensland, Brisbane 4072

QLD, Australia

6.3.1 Overview of Folding Motifs

in Disulfide-rich Peptides

6.3.1.1 Sources, Activities and Structures

of Disulfide-rich Peptides

As is clear from Chapter 6.1, Cys-rich peptides are produced by a large number

of diverse organisms, ranging from bacteria to plants and animals. The reasons

for the production of these peptides vary widely, ranging from regulatory

functions to host defense or prey capture. Although Cys-rich peptides may have

a highly specific function associated with the organism that produces them,

there is significant scope for exploiting their activities in other applications,

making them of broad general interest to chemists, biologists and medical

researchers. For instance, conotoxins, a well-known class of Cys-rich peptides

produced by marine cone snails for prey capture, function as ion channel

blockers and based on utilizing this activity in humans, several are now being

pursued as novel therapeutics for the treatment of pain.1 In another example,

Cys-rich antimicrobial peptides are being evaluated as potential anti-cancer

agents.2,3 These types of applications and others reported elsewhere in this
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book highlight the broad interest in disulfide-rich peptides. The focus of work

in our laboratory is on the structural characterization of these uniquely stable

and well-defined peptides, and hence we concentrate on structural aspects in

this chapter.

The three-dimensional structures of Cys-rich peptides that have been reported

over the last three decades highlight the diversity of structural motifs in these

peptides. Illustrative examples of such peptides with different disulfide frame-

works and having different origins are shown in Figure 6.3.1. In general, the two

main methods for obtaining three-dimensional structures of proteins are X-ray

crystallography and NMR spectroscopy, with 86% of protein structures

deposited in the Protein Data Bank determined using X-ray crystallography

and 13% with NMR spectroscopy (Protein Data Bank, www.rcsb.org).

The main reason for the higher proportion resolved by X-ray crystallography

relates to the size limitation associated with structure determination by NMR

spectroscopy, which is typically restricted to proteins of o40kDa. However,

Figure 6.3.1 Cys-rich peptides. The disulfide connectivities and three-dimensional
structures are shown for three cystine-rich peptides: conotoxin pl14a
(PDB code 2FQC)4; a macadamia nut peptide, MiAMP1 (PDB code
1C01)5; and a spider toxin, robustoxin (PDB code 1QDP).6 Structures
were drawn using MOLMOL.7 The disulfide bonds are shown in ball-
and-stick format, the b-strands as arrows and the helical regions as
thickened regions of the ribbon. Photos are shown at the bottom with
the organisms that the peptides come from: (left to right) a cone snail, a
macadamia nut tree and a funnel web spider. (Photographs by Dr.
David Wilson, University of Queensland).
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despite this limitation with respect to larger proteins NMR is highly suited to the

analysis of small disulfide-bonded peptides and has the advantage of avoiding

the potential difficulties associated with crystallization. The relative importance

of NMR in this field is nicely exemplified by the conotoxins, for which more

than 90% of the nearly 100 reported structures have been determined by NMR

spectroscopy.8

6.3.1.2 Scope of Review

In this chapter our focus is on the structural motifs of disulfide-rich pep-

tides. Since structural motifs in large proteins are often built on assemblies of

smaller modules or domains, studies on such motifs in disulfide-rich peptides

have applications to the more general field of protein structure. Disulfide-rich

peptides are typically defined as proteinaceous molecules of o100 residues,

which lack an extensive hydrophobic core, and whose fold stabilization is

primarily due to two or more disulfide bonds in close proximity.9 We adopt

this definition in the current review but also include peptides with single di-

sulfide bonds as they have many structural features in common with peptides

containing multiple disulfide bonds. Most of the examples we examine fall well

below the 100 amino acid threshold, and indeed the majority are less than half

this size.

Over recent years there has been significant effort directed towards the

classification of protein structures, with the SCOP (structural classification of

proteins)10 database being one of the most comprehensive databases available

in terms of classification. The most recent study that focused specifically on

Cys-rich domains examined 2945 disulfide-rich protein domains, and arranged

them into 41 fold groups according to structural similarity.9 That study pro-

vided valuable information on disulfide-rich domains, highlighting structural

similarities between domains that had been previously unrecognized, and is a

useful precursor to this chapter. Of particular note is the fact that the analysis

revealed that the cystine-knot11 or knottin-like topology is found in nearly 40%

of known Cys-rich peptide domains and is the most commonly observed

structural motif. Another structural motif that is prevalent in Cys-rich peptides

is the cystine-stabilized a-helix, CSH.12 Because of this special prevalence we

particularly focus on these two motifs in this chapter. We stress that our

interest here is on the topologies and three-dimensional folds of the structural

motifs themselves, rather than on how they fold. The oxidative folding of Cys-

rich peptides is covered by Bulaj and Walewska in Chapter 6.1, which provides

a complementary insight into how the structural motifs described here actually

reach their final folded form.

6.3.2 Classes of Disulfide-rich Motifs

The description of any object, including a disulfide-rich motif, can in principle

be made by building up successively from a description of the basic parts,
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quantifying the number of parts present, identifying the way they are con-

nected, and then describing the three-dimensional assembly and function. Thus

we divide this section into subsections regarding the disulfide-bond geometry,

the connectivities of successively more complex disulfide frameworks and

finally the functional fold classifications of these frameworks.

6.3.2.1 Geometry of the Disulfide Bond

The most basic level of description of Cys-rich peptides derives from the geo-

metry of the component disulfide bonds, so it is useful to explicitly define the

important parameters involved in disulfide-bond geometry. Classifications of

geometry are based on the five w angles that define the bond as shown in

Figure 6.3.2, with the nomenclature for defining the conformation of a disulfide

bond based on the signs of the w angles. There are three basic types of disulfide

bonds based on the combination of the signs of the w2, w3 and w20 angles and

these are designated spirals, hooks or staples.13 The classification depends on

the type and order of the sign; for example all positive or all negative angles are

designated as spirals. Disulfide bonds are further classified as right-handed or

left-handed depending on whether the sign of the w3 angle is positive or

negative, respectively.13 A shorthand nomenclature has been established to

describe the type of disulfide bond; for example a right-handed spiral is

designated RHSpiral. Hogg and co-workers recently included the w1 and w10

angles to further refine the classifications of disulfide bonds.14 This has

expanded the number of types from 6 to 20 and adds a +, �, +/� or �/+

notation to the nomenclature (i.e., +/� LHSpiral).14

The naming convention established for disulfide bonds is proving to be more

useful than just a way of classifying disulfide-rich peptides. For instance, the role

of a disulfide bond within a protein/peptide structure appears to be related to its

configuration. Although most disulfide bonds appear to have their major role in

Figure 6.3.2 The geometry of a disulfide bond. The w angles used to describe the
configuration of a disulfide bond are labeled across the bond. The car-
bon atoms are shown in green, nitrogen in blue, oxygen in red, sulfur in
yellow and hydrogens in grey.
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stabilizing protein structures and are also thought to assist protein folding by

decreasing the entropy of the unfolded form,15 there are also disulfide bonds

that are considered functional. The best-known role of functional disulfide

bonds is as catalytic loci that mediate disulfide exchange in other proteins.16

However, it has recently emerged that there is another type of functional di-

sulfide bond referred to as an allosteric disulfide bond.14,17 In this case, the

disulfide bond controls the function of proteins by mediating conformational

changes upon oxidation or reduction. A recent analysis of 6874 disulfide bonds

from the protein data bank revealed that the hallmark of allosteric disulfide

bonds is the –RHStaple.14 In general, structural disulfide bonds are spirals and,

with very few exceptions, catalytic disulfide bonds are +/�RHHooks.14 Thus,

analysis of disulfide-bond configuration may provide clues into the role of those

bonds in a particular protein or peptide.

6.3.2.2 Disulfide-bond Frameworks

The next level of classification of Cys-rich peptides involves the number of di-

sulfide bonds present in the peptides, i.e., one-disulfide, two-disulfide, etc. Within

these categories there are further distinctions, including the spacings between

cystine residues and the connectivity of the disulfide bonds, which together define

the cystine ‘‘framework’’. Additional features can also add complexity to Cys-

rich frameworks, including post-translational modifications such as cyclization

and intramolecular cleavage. The sequences of a selection of Cys-rich peptides

with differing numbers of disulfide bonds, connectivities and post-translational

modifications are shown in Figure 6.3.3. The topologies of these peptides are

also schematically represented to highlight the diversity of structural motifs of

disulfide-rich peptides. Although it is beyond the scope of a single chapter to

mention all Cys-rich peptides, examples from some of the major classes are

discussed below. We note that this set of examples is not exhaustive and is biased

somewhat by examples with which we are more familiar as they have been

studied in our laboratory, but we hope that they will provide readers with

illustrative examples.

6.3.2.2.1 One-disulfide-bond Frameworks

The simplest of the Cys-rich peptides contain only one disulfide bond and

generally have limited structural complexity, typically having turn or b-strand

structures. One of the most significant classes of single-disulfide-bond peptides

is the vasopressin-like peptide family, members of which are isolated from a

range of sources, including most recently from cone snail venom,18 and com-

prise only nine residues.19 These peptides have crucial biological functions,

including the regulation of water balance, the control of blood pressure, and

contraction of uterine smooth muscle and mammary myoepithelium.20 Despite

their small size, these peptides have well-defined structures comprising a loop

region formed by the disulfide bond between residues 1 and 6.21–24 Oxytocin,
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shown in Figure 6.3.3, is a particularly well-studied member of this family and

is well known for its use as an agent to induce labor and also appears to affect

social behaviors such as young-parent bonding in mammals.25–27

A peptide that is topologically similar to the vasopressin-like peptide family,

albeit with a cyclic backbone, was discovered a decade ago in sunflower seeds.28

Sunflower trypsin inhibitor (SFTI-1) contains 14 residues and is one of the most

potent trypsin inhibitors known. The three-dimensional structure comprises

two antiparallel b-strands, which are braced by a disulfide bond and a cyclic

backbone.28,29 Interestingly, removal of the disulfide bond does not have a

significant effect on the structure or activity. It appears the cyclic backbone and

a strong network of hydrogen bonds maintain structure and activity in the

absence of the disulfide bond.30 Thus, SFTI-1 is an example where the fold is

not driven by the disulfide bond, but rather stabilized by it.

Figure 6.3.3 Sequences and topologies of Cys-rich peptides. A selection of the
sequences of representative Cys-rich peptides containing from one to
four disulfide bonds is displayed.
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A recently discovered peptide (arenicin-1) from the marine Polychaeta lug-

worm31 is somewhat larger than the vasopressin and SFTI peptides at 21

residues but also contains a single disulfide bond. Similarly to SFTI-1 the native

peptide contains two b-strands but in this case removal of the disulfide bond

results in a random coil structure,31 in contrast to the maintained structure of

SFTI-1 in the absence of its disulfide bond. Thus, for arenicin-1 the disulfide

bond plays a much greater role in defining the structure than that observed for

SFTI-1. This is not unexpected as the head-to-tail cyclization of the backbone

in SFTI-1 provides an additional degree of tethering that remains in place after

removal of the disulfide bond.

6.3.2.2.2 Two-disulfide-bond Frameworks

Examples of well-studied two-disulfide-bond frameworks include apamin, the

endothelin family (e.g. ET-1, Figure 6.3.3) and the a- and w-conotoxins.

Apamin, a bee venom peptide,32 is a potassium channel blocker and was one of

the first peptides of animal origin discovered to have this activity.33 Apamin

also represents one of the few cases where it has been possible to produce non-

peptidic analogs of high potency34 and it has been suggested that such com-

pounds may have potential in the treatment of disorders involving neuronal

hyperexcitability.35 The endothelin family, and the structurally related sar-

afotoxin snake toxins, are potent vasoconstrictors. Their structures have been

known since the early 1990s36 following the isolation of the peptides from the

culture supernatant of porcine aortic endothelial cells37 and from the venom of

the Israeli burrowing asp, Atractaspis engaddensis,38,39 respectively. The a- and

w-conotoxins are isolated from the venom of Conus species and are potent

antagonists of the nicotinic acetylcholine receptor and noradrenaline trans-

porter, respectively.40,41 Their primary function is as toxic venom components

used by the Conus snails in the capture of prey but they have received significant

attention from biomedical researchers as they are valuable pharmacological

probes and have potential as therapeutic agents in the treatment of pain.41

Figure 6.3.3 shows the sequence of a-conotoxin GI to illustrate the typical

a-conotoxin framework.

Both the endothelin family and apamin have helical regions that are stabilized

by the two-disulfide bonds. Indeed, the endothelins and apamin fit into a very

common structural motif known as the cystine-stabilized a-helix12,42 (see Sec-

tion 6.3.2.3). The a-conotoxins also contain a helical region stabilized by two

disulfide bonds but their connectivity is different from that of the endothelin and

similar to that of apamin peptides.43 This differing connectivity is illustrated in

Figure 6.3.3, which highlights the so-called globular disulfide connectivity (CysI-

CysIII, CysII-CysIV) of apamin and of the prototypic a-conotoxin GI and the

‘‘ribbon’’ connectivity of the prototypic endothelin, ET-1 (CysI-CysIV, CysII-

CysIII). The third possible disulfide connectivity for a two-disulfide framework,

the beads connectivity (CysI-CysII, CysIII-CysIV), is not found to our knowledge

in natural peptides but has been synthetically made, for example in the case of
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conotoxin GI analogs to explore the role of disulfide connectivity on structure.44

The w-conotoxins have the same ‘‘ribbon’’ disulfide connectivity as the endo-

thelin peptides but their secondary structure comprises mainly a b-hairpin

structure and no helical elements are present.45,46 This comparison illustrates the

importance of the sequence of Cys-rich peptides, because the same disulfide

connectivity does not guarantee a similar structural motif.

In relation to the study of non-native synthetic disulfide frameworks men-

tioned above, we note that our focus in this chapter is on the structural aspects

of disulfide motifs, rather than on their synthesis, which is covered in Chapters

6.2, 6.4 and 6.5. It is nevertheless important to note that the delineation of the

structures of disulfide-rich peptides has depended in large part on the devel-

opment of efficient synthetic methods to produce correctly folded peptides. The

two-disulfide framework has been a particularly useful model system in this

regard, because it is the simplest system containing more than one disulfide

bond. The reader is referred to a number of excellent articles and reviews on the

topic of the synthesis of these molecules.47–50

6.3.2.2.3 Three-disulfide-bond Frameworks

In a recent study9 of disulfide-rich protein domains, involving a set of nearly

3000 peptides arranged into 41 fold groups, the average number of disulfide

bonds was 3� 1, making the category of three-disulfide containing peptides

particularly important. Conotoxins feature prominently in this category and

the main structural motif found in many of these peptides is the cystine knot,

which comprises two disulfide bonds (CysI-CysIV, CysII-CysV) and their con-

necting backbone segments forming a ring through which a third disulfide bond

threads (CysIII-CysVI). This motif is not limited to conotoxins and in fact is

present in a very diverse range of peptides with vastly different sequences and

activities.51,52 These include, for example, a range of inhibitory molecules from

plants, including a-amylase inhibitor53 and squash trypsin inhibitors,54 the

fungal peptide AVR9,55 spider toxins (e.g. ACTX-Hi:OB421956) and scorpion

toxins (e.g. maurocalcine57), as well as the plant cyclotides.58 In the case of the

cyclotides, the cystine-knot motif is coupled with a head-to-tail cyclized peptide

backbone and the combined structural motif has been termed the cyclic cystine

knot.52 As might be expected, owing to its highly cross-braced and cyclized

structure, this motif is particularly stable and is highly resistant to enzymes,

chemical chaotropes and temperature extremes.59

Although the cystine-knot motif is very common in biologically active pep-

tides not all three-disulfide-bond containing peptides exhibit this motif. As the

name suggests, the cystine-knot motif involves a very compact knotted struc-

ture with a complex topology, but at the other end of the topological com-

plexity scale, the cystine-ladder motif (CysI-CysVI, CysII-CysV, CysIII-CysIV)

can be considered as the least topologically complex of this class of peptides.60

Examples of peptides containing the cystine-ladder motif are the mammalian

y-defensins RTD-161,62 and the retrocyclins.60,63 The sequence of RTD-1 is
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given in Figure 6.3.3. Like the cyclotides these peptides contain a head-to-tail

cyclized backbone, but there are a number of examples of laddered disulfide-

rich peptides that have a conventional, acyclic peptide backbone, including the

tachyplesins and the protegrins.64,65 In the case of the protegrins, synthetic

cyclized versions have been produced and shown to have advantages over their

linear counterparts.66

Between these extremes of simple (i.e., laddered) and complex (i.e., knotted)

disulfide connectivities a range of other topologies are seen in three-disulfide

containing peptides. One peptide that has been particularly well studied is BPTI,

which contains a CysI-CysVI, CysII-CysIV and CysIII-CysV connectivity.67 This

molecule has been widely used as a model protein for deciphering the role of

individual disulfide bonds in the folding process.68–70 Other model peptides for

studying folding processes include tick anticoagulant peptide, a factor Xa speci-

fic inhibitor that is homologous to BPTI71 and hirudin,72,73 a thrombin-specific

inhibitor from the leech Hirudo medicinalis.74

6.3.2.2.4 Multiple-disulfide-bond Frameworks

Many peptides contain four or more disulfide bonds, with the majority being

inhibitors, toxins or defense related molecules. Possibly the most disulfide-rich

example is hepcidin, originally isolated from human urine and plasma ultra-

filtrate and found to have antimicrobial activity,75 but now known to be involved

in iron regulation.76 Hepcidin is only 25 residues in size, yet contains four di-

sulfide bonds connected in a laddered arrangement, including an unusual vicinal

disulfide bond (Figure 6.3.3). With a cysteine content of 8/25 residues (i.e., 32%

Cys), hepcidin is shaded only by the y-defensins retrocyclin and RTD-1 in terms

of cysteine content (6/18 residues¼ 33% Cys for these cases). The structures of

hepcidins from several species have been reported and consist primarily of two b-

strands77,78 that are cross-linked by the disulfide bonds.

Significantly more complicated structural motifs are present in a range of

other Cys-rich peptides, including defensins, snake and spider toxins and anti-

fungal peptides.79,80 Some of the more widely studied categories include the

three-finger snake toxins with four disulfide bonds81 and a range of plant

defense proteins. An example of the latter is a series of chymotrypsin and

trypsin inhibitors (C1, C2, T1, T2, T3, T4) from the stigma of the ornamental

tobacco, Nicotiana alata. These inhibitors are involved in protecting the female

reproductive tissue of the plant from predation by caterpillars.82–86 They are

B50 amino acids in size and contain four disulfide bonds with a CysI-CysVII,

CysII-CysV, CysIII-CysVI, CysIV-CysVIII disulfide connectivity, as illustrated in

Figure 6.3.4. As in a range of other inhibitory peptides, two of the disulfide

bonds appear to play a role in stabilizing a somewhat flexible active site binding

loop, i.e., maintaining a balance between too much flexibility if it were not

constrained and too little flexibility that might prevent interaction with the

active site. Figure 6.3.4 shows the NMR-derived structure of the trypsin inhi-

bitor, T1, and illustrates the bracing of the active site loop by the CysI-CysVII
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and CysIII-CysVI disulfide bonds. The structures of the other domains are

similar as they differ by only a few amino acids from one another. The struc-

tures all comprise a triple-stranded b-sheet as well as the flexible binding-site

loop stabilized by disulfide bonds. We return to these inhibitors in the following

section because they are a case where disulfide bonds play a rather unique role

not only within domains, but also in clasping domains together.

Figure 6.3.4 Structures and processing mechanism for a series of six disulfide-rich
proteinase inhibitors (C1, C2, T1, T2, T3 and T4) from the ornamental
tobaccoNicotiana alata. The gene arrangement for theN. alata precursor
protein (NaProPI) is shown at the bottom of the diagram.86 There are six
sequence repeats separated by a linker and within each repeat is the
sequence EEKKN. During folding domain swapping occurs and five
structural repeats are formed whereby the EEKKN sequence now forms
the linker region between the repeats. Further maturation of the pre-
cursor protein involves formation of a circle of six repeats where the
chymotrypsin inhibitor C2 is formed by the joining of the half repeats
present at the N- and C-termini of the precursor. The three-dimensional
structure of the trypsin inhibitor domain, T1, determined using NMR
spectroscopy is shown on the top left (PDB ID code 1TIH).84 The b-
strands are shown as arrows and the disulfide bonds in ball-and-stick
format. The structure display was drawn with MOLMOL.7 The disulfide
connectivity of the repeats is shown above the structure with C2 com-
prising two chains that are disulfide linked.
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6.3.2.2.5 Multiple-chain Frameworks

An added complexity in disulfide-rich peptides occurs when post-translational

intrachain cleavage results in multiple-chain frameworks. One of the most well

known is the insulin family of peptides with three disulfide bonds, two of which

are interchain and one is intrachain (see Section 6.4.2). Insulin itself has been

extensively studied and was indeed one of the first proteins to be structurally

characterized.87 The relaxin family of peptides has a similar two-chain

arrangement linked by disulfide bonds.88 Our group has had a particular

interest in the structure of relaxin- and insulin-like peptides over the last few

years and while all maintain the basic insulin fold with significant helical

structure, subtle variations in local conformations are beginning to help

unravel the selectivity of individual members of the family for specific recep-

tors.88,89 For instance, the structure of relaxin-3 differs significantly from

relaxin-2 in the C-terminal region of the B-chain and this difference provides an

explanation for the differences in affinity for the relaxin receptor LGR7.88

Another well-characterized family of multiple-chain peptides is the 2S albu-

mins.90 They are 12–15 kDa in size and are generally composed of two chains

with four disulfide bonds, two intrachain and two interchain.91 2S albumins

are storage proteins that belong to the prolamin superfamily, which includes

a-amylase and trypsin inhibitors.92 The structures of several 2S albumins have

been determined and they generally display four-helix bundles similar to other

members of the prolamin superfamily.93

Finally, although not strictly an example of a multi-chain disulfide frame-

work, the family of N. alata protease inhibitors mentioned in the preceding

section demonstrates the variety of structural roles that disulfide bonds may

play in defining and stabilizing domains within protein structures. Six of these

inhibitors are all coded for by a single gene that expresses a precursor protein

comprising six repeats that differ from each other by only a few amino acids.

Interestingly, the folded domains in the precursor structure are offset from the

sequence repeats, leaving two half domains at the N- and C-terminus of

the 40 kDa precursor protein, as illustrated schematically at the bottom of

Figure 6.3.4. In the final folded form of the precursor, these two half domains

are bound together with three inter-domain disulfide bonds, and form an intact

module (C2) similar to the contiguous domains (C1, T1-4). Thus, as illustrated

in Figure 6.3.4, the precursor protein has a unique circular structure, clasped

together with a tri-disulfide buckle.85,86 The disulfide connectivity in the two-

chain ‘‘buckle’’ domain is homologous to the connectivity in the internal

domains that may be likened to beads on a necklace. Processing of the pre-

cursor protein involves proteolytic cleavage at charged linker regions between

the domains, thus releasing the six small inhibitors.

6.3.2.3 Fold Classifications

Analysis of the different structural motifs and disulfide connectivities of Cys-rich

peptides has led to classifications of motifs into a number of classes. As already

328 Chapter 6.3



noted, two of the major classes are the cystine-stabilized a-helix (CSH)12 and the

cystine-knot motif,52 which are schematically represented in Figure 6.3.5. In

addition to these types of classifications, a convenient method of describing the

secondary structure has been developed whereby the occurrence of a and b

structure (from N- to C-termini) is stated in the classification. For instance, the

a/b scaffold94 is quite common in a range of peptides. Examples of secondary

structure types are shown in Figure 6.3.5.

The CSH motif is associated with a particular cysteine spacing in which one

pair of cysteine residues is separated by three residues (CXXXC) and the other

pair of cysteines is separated by one residue (CXC).12 Two examples of CSH

peptides are given in Figure 6.3.5, namely sarafotoxin B and scorpion toxin II.

Despite the conserved structural motif, the overall protein folds are sig-

nificantly different, with the scorpion toxin displaying the classic a/b scaffold

and the sarafotoxin having a simple a fold.

Although the cysteine spacing associated with the CSH motif can lead to

local structural similarity, with or without similar global folds, the presence

of CXXXC and CXC segments does not guarantee the presence of a CSH

Figure 6.3.5 Two major classes of Cys-rich peptides: cystine-stabilized a-helix
(CSH)12 and the inhibitor-cystine knot (ICK).11,52 Schematic repre-
sentations of the CSH and ICK are shown at the top of the diagram with
examples of structures from both classes shown at the bottom. Sar-
afotoxin B (PDB code 1SRB),95 Scorpion toxin II (PDB code 1PTX),96

Hanatoxin 1 (PDB code 1D1H),97 ACTX-Hi:OB4219 (PDB code
1KQI).56 Structures were drawn using MOLMOL.7 The disulfide bonds
are shown in ball-and-stick format, the b-strands as arrows and the
helical regions as thickened regions of the ribbon.
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motif. For example, the cystine knot can also contain the same segments of

cysteine spacing but has a significantly different structure,42 as illustrated in

Figure 6.3.5. The cystine-knot motif has two topologically distinct forms

termed the inhibitor cystine knot (ICK) and the growth factor cystine

knot.11,52,98 Although all cystine-knotted peptides contain the same disulfide

connectivity (CysI-CysIV, CysII-CysV, CysIII-CysVI), the growth factor and

inhibitor cystine knots have different threading disulfide bonds and thus have

been classified as two separate subfamilies. Recently it has been suggested that

the cystine-knot motif originates from an ancestral motif termed the disulfide-

directed b-hairpin (DDH).99 This motif only contains two disulfide bonds and

it has been suggested that the N-terminal disulfide bridge is not essential for

formation of the basic ICK fold based on the structures of the cellulose binding

domain of cellobiohydrolase I, which lacks this disulfide bond. Furthermore, it

has been shown that the structures of the ICK containing peptides, EETI-II100

and kalata B1,101 are essentially unperturbed by removal of the N-terminal

disulfide bond. Consequently it has been proposed that the ICK fold is a minor

elaboration of the simpler ancestral DDH fold.

6.3.3 Examples and Applications of Peptide Classes

with Disulfide-rich Motifs

It is clear from the discussion above that there is a wide range of disulfide-rich

motifs and that even within peptides that have similar sizes and disulfide

connectivities, vastly different structural motifs can arise. Conversely peptides

with no sequence homology aside from cysteine residues can display very

similar structures. To illustrate the range of structures and applications of

disulfide-rich peptides we now elaborate on three families of Cys-rich peptides

that have diverse and interesting structural motifs. As a result of their tightly

folded disulfide-rich structures onto which a range of surface-exposed epitopes

are displayed, they exhibit a range of biological activities that have the potential

to be exploited for pharmaceutical or agricultural applications.

6.3.3.1 Cyclotides

Cyclotides are a fascinating family of macrocyclic peptides isolated from plants

that have a diverse range of biological activities, including uterotonic,102

insecticidal,103 anti-HIV,104 anti-fouling,105 trypsin inhibitory106 and cytotoxic

activity.107 On the basis of their insecticidal activity, the natural function of

cyclotides in plants is considered to be as defense agents.108 More than 100

sequences have now been reported for cyclotides and despite the diverse range

of activities, all structurally characterized cyclotides display the cyclic cystine-

knot motif (CCK).108,109

The prototypic cyclotide, kalata B1, was first reported in the early 1970s as

the active ingredient in a medicinal tea used in the Congo region of Africa to
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facilitate childbirth.110 In early reports the peptide was only partially char-

acterized but was found to contain approximately 30 amino acid residues,

including six cysteines.111 The fact that it could withstand boiling to make the

medicinal tea and still maintain biological (uterotonic) activity suggested that

kalata B1 might have some unusual structural features, but it was some 25 years

before the full sequence, the macrocyclic character and the three-dimensional

structure that revealed the cystine knot were reported.112 Several other plant-

derived macrocyclic peptides of similar size were discovered in the mid 1990s in

bioassay-directed screening studies,113–115 with activities ranging from neuro-

tensin antagonism and haemolysis to anti-HIV activity. The further discovery

and structural characterization of similar macrocyclic peptides from plants over

the following few years58,116,117 led to the recognition that they all formed part

of a large protein family that we named the cyclotides.58

Cyclotides are categorized into two main subfamilies, Möbius and bracelet,

on the basis of the presence or absence of a conceptual twist in the circular

backbone arising from a cis-geometry of the peptide bond preceding a Pro

residue in loop 5 (Figure 6.3.6).58 The subfamily names reflect the fact that a

circular backbone ribbon may be regarded as a ‘‘bracelet’’, whereas a circular

ribbon containing a 1801 twist forms a topological entity known as a Möbius

strip. The two macrocyclic peptides, Momordica cochinchinesis trypsin inhi-

bitor I (MCoTI-I) and MCoTI-II118 make up a third subfamily referred to as

the trypsin-inhibitor cyclotides.106,108 They are so classified on the basis of

having a CCK motif,106,119 although they are more similar in sequence to

squash trypsin inhibitors of the knottin family120,121 than they are to other

cyclotides and are also referred to as cyclic knottins.121 Ecballium elaterium

trypsin inhibitor-II (EETI-II) is a particularly well-characterized knottin and

is 44% identical to MCoTI-II. The link between the cyclic and linear cystine

knot derivatives is important because much of the recent development

work done on grafting foreign bioactive epitopes into cystine-knot frameworks

has been done using linear derivatives (see Section 6.3.4). The structures of

representative members of the three subfamilies of cyclotides are shown in

Figure 6.3.6.

TheViolaceae (violet) family is a particularly rich source of cyclotide-containing

plants but they are also present in some Rubiaceae (coffee) family and Cucurbi-

taceae (cucurbit) plants. The sequence diversity of cyclotides resides in the loop

regions between Cys residues. The six backbone loops differ in their size and

sequence diversity amongst the array of known cyclotides, with some, such as

loops 1 and 4, being highly conserved while others are more variable. Loops 1 and

4 form part of the embedded ring of the cystine knot and thus are presumably

conserved because of their key structural role. Because they express a range of

sequences on a conserved structural core, cyclotides may be regarded as a natural

combinatorial template. The ‘‘diversity wheel’’ shown in Figure 6.3.6 highlights

the variation in sequences in this combinatorial template. It is apparent that the

only completely conserved residues are the six cysteine residues, emphasizing the

vital role that the Cys residues and disulfide framework play in this family of

molecules.
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Figure 6.3.6 Subfamilies of the plant cyclotides. The three-dimensional structure of
the three subfamilies (Möbius, bracelet and trypsin inhibitor) of the
plant cyclotides are shown at the top of the diagram. The disulfide bonds
are shown in ball-and-stick format, the b-strands as blue arrows and the
helical regions as thickened regions of the ribbon. A representation of
the sequence diversity of the two major classes (Möbius and bracelet) is
shown at the bottom of the diagram. The Cys residues are shown in
yellow and are the only absolutely conserved residues.
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6.3.3.2 Conotoxin Frameworks

Conotoxins are small conformationally constrained peptides found in the

venom of marine snails from the genus Conus.122 They are generally Cys-rich

and have exquisite potency for pharmacologically important targets, making

them valuable leads in drug design applications,123 as exemplified by a synthetic

version of o-conotoxin MVIIA that has been approved by the Food and Drug

Administration for the treatment of chronic neuropathic pain.1 Conotoxins bind

their target receptors, such as ion channels and transporters, with unparalleled

selectivity and specificity as a result of their high structural diversity.

Since their discovery more than two decades ago, hundreds of conotoxins have

been characterized and consequently a classification scheme has been devel-

oped.124 Conotoxins are broadly grouped into two classes, namely those with or

without multiple disulfide bonds.125 The term conotoxin is mainly used in the

literature for disulfide-rich peptides from Conus venom in contrast to the term

conopeptides for those that are not disulfide-rich, such as the conantokins.126

Within these groupings, conotoxins are categorized in terms of pharmacological

families, which have recently been grouped into superfamilies. Individual fami-

lies contain peptides that have a particular disulfide framework and biological

target and include the A, I, M, O, P, S and T superfamilies.123,125,127 New

sequences are regularly being reported and many have not yet been classified into

superfamilies.

The sequence diversity of conotoxins is reflected in the diversity of their three-

dimensional structures. Disulfide-rich conotoxins generally have well-defined

structures with b-sheet, turn or a-helical elements. Figure 6.3.7 provides an

indication of the range of structures seen for conotoxins, with examples of one-,

two- and three-disulfide-bond containing peptides. These structures range from

having a simple turn structure, to having a-helixes and b-hairpins as the major

elements of secondary structure. As in the cyclotides, the disulfide-framework

plays an important role as a scaffold, from which bioactive loops extend.

Figure 6.3.7 Conotoxin structures. The three-dimensional structures of contryphan
VN (PDB code 1NXN),128 AuIB (PDB code 1MXN),129 and mOMrVIB
(PDB code 1RMK).130
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For example, conotoxin MrVIB contains a cystine-knot motif similar to that in

conotoxin MVIIA, but in the case of MrVIB, loop 2 (the extended loop) is

highly disordered, presumably as a result of flexibility in this region, in contrast

to a more-defined structure in MVIIA. These topologically similar peptides

target different ion channels.131,132 MVIIA is a calcium channel blocker,131

whereas MrVIB is a potent sodium channel blocker132 as well as being active at

molluscan calcium channels.133 The disorder in loop 2 of MrVIB may account

for this cross-channel activity.130 Thus, although peptides can have conserved

structures, there can still be significant differences in the dynamics of disulfide-

rich motifs. These differences in dynamics may play critical roles in the functions

of these Cys-rich peptides.

The disulfide-rich frameworks of the conotoxins accommodate a wide range

of post-translational modifications. Many conotoxins have C-terminal amides,

and 4-hydroxyproline and g-carboxyglutamic acid residues are reasonably

prevalent. Other examples include the presence of D-amino acids and pyro-

glutamic acid.134 Although the functions of the modified amino acids are not

known in all cases, they potentially contribute to variations in activity, struc-

ture and biological stability. Again, the molecules represent a case of a defined

Cys-rich core being used as a scaffold into which a diverse array of amino acids

is displayed. In summary, conotoxins are a rich source of peptides with diverse

structures and functions that have potential as therapeutic agents and are also

useful pharmacological probes.

6.3.3.3 Defensin Frameworks

Defensins are another family of disulfide-rich peptides with a diverse range of

structures. In general they are cationic antimicrobial peptides found in a wide

range of species. They appear to be the only class of peptides involved in the

innate immune response that is conserved between vertebrates, invertebrates

and plants. Mammalian defensins are classified into three subfamilies, namely

the a-, b- and y-defensins. All contain six conserved cysteine residues but differ

in their disulfide connectivities. The a-defensins, have a CysI-CysVI, CysII-CysIV

and CysIII-CysV, the b-defensins a CysI-CysV, CysII-CysIV and CysIII-CysVI, and

the y-defensins a CysI-CysVI, CysII-CysV and CysIII-CysIV connectivity.135 The

plant defensins have four disulfide bonds in a CysI-CysVIII, CysII-CysV, CysIII-

CysVI, CysIV-CysVII arrangement.136 The structures of examples of each of these

four classes of defensins are shown in Figure 6.3.8. Although these peptides are

all antimicrobial and involved in defense, they have a diverse range of structures,

ranging from the cystine-ladder arrangement of the y-defensins to the ab motif

of the plant defensins.

The genetic origins of the disulfide-rich motifs of the defensins is quite

interesting as the a-defensins are synthesized as pre-pro-peptides from single

genes, but the y-defensins are biosynthesized from two a-defensin-like pre-

cursor peptides of nine amino acids that are ligated to form a head-to-tail cyclic

peptide.61,140,141 In the case of rhesus monkeys the y-defensins are expressed in
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leucocytes and play a role in host defence, but in the case of humans a pre-

mature stop codon before the coding sequence prevents expression of the

peptides. This is an ironic twist of fate, as chemical synthesis of these retro-

cyclins shows them to be potent anti-HIV agents,142 so it is intriguing that

modern humans have lost the ability to synthesize these apparently useful

molecules.

The defensins lend themselves to both agricultural and therapeutic applications.

It has been suggested that plant defensins may be useful in generating transgenic

crops with improved pathogen resistance143 and that mammalian defensins may

be useful in the prevention of infection. Indeed, the human y-defensins, retro-

cyclins, have been implicated as topical agents to prevent the infection of

HIV.144–146 Furthermore, there are apparent differences in the mechanisms of

defensin action and further studies aimed at understanding the structure activity

relationships of defensins may identify some unifying principles that will con-

tribute to their development as new drugs for the prevention of infection.135

6.3.4 Disulfide-rich Frameworks as Bioengineering

Scaffolds

There is a range of potential applications of Cys-rich peptides based on their

intrinsic activity, but they are also emerging as potential scaffolds in drug

design. The disulfide bonds in the sequences can confer stability on the peptides

and the intrinsic sequence diversity can be exploited by transferring non-native

sequences into the scaffolds to confer particular biological activities. This

approach has now been validated with several different frameworks, suggesting

that a range of distinct activities can be accommodated and consequently a

range of potential therapeutic applications can be targeted with these scaffolds.

For example, the introduction of novel binding epitopes has been achieved

Figure 6.3.8 Three-dimensional structures of defensins from different classes. a-
Defensin HNP-1 (PDB code 2PM4),137 b-defensin 1 (PDB code
1KJ5),138 retrocyclin-2 (PDB code 2ATG),60 and the plant defensin
PhD1 (PDB code 1N4N).139
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using a range of protein based inhibitors. In one example, the a-amylase

inhibitor tendamistat was expressed on the surface of phage and two loops

randomized using PCR mutagenesis. Libraries were then tested for binding to a

monoclonal antibody that binds endothelin. This approach was successful in

generating novel binding molecules to this antibody from a scaffold that does

not bind the antibody.147 BPTI, one of the most highly structurally char-

acterized Cys-rich peptides has also been used as a scaffold. Protease inhibitors

with altered enzyme specificity towards human neutrophil elastase were gen-

erated using randomization of residues and subsequent phage display selection

using the BPTI scaffold.148,149

As an alternative approach to using random mutagenesis to generate novel

binding activities, the transfer of active site regions from larger proteins to

disulfide-rich scaffolds has also proved successful. For example, a scorpion

toxin scaffold was used to display the curaremimetic loop of a snake neurotoxin

and the CDR2-like site of human CD4.150 These peptides were shown to

maintain the a/b structure of the parent molecule and the acetylcholine binding

of the snake neurotoxin loop and the HIV-1 gp120 binding were conferred onto

the scaffold.150,151

The concept that epitopes can be grafted onto disulfide-rich scaffolds has been

further exemplified with cystine-knot peptides. For example, a recent study

described the grafting of platelet aggregation inhibitory activity onto EETI-II,152

a cystine-knot containing a peptide from the squash trypsin inhibitor family. In

this case the source epitope came from disintegrins, small proteins whose

bioactive RGD tripeptide sequence is directly involved in inhibition of platelet

aggregation. The RGD sequence was grafted into a surface loop of EETI-II and

the resulting derivative had significantly higher activity than the linear peptide.152

More broadly, there has been significant effort placed on designing small peptidic

inhibitors of platelet aggregation and Integrillins is an example in clinical use for

the treatment of patients with acute coronary syndrome.

Grafting a biologically active epitope onto a cystine-knot scaffold and enhan-

cing activity is a significant achievement but potential drug candidates require

more than just activity in vitro and must have appropriate pharmacokinetic

properties. A recent study explored these properties for three cystine-knot mini-

proteins, including analogs of EETI-II.153 The peptides permeate well through rat

small intestinal mucosa relative to other peptide drugs such as insulin and baci-

tracin. Enzymatic digestion occurred only for a few proteases and it was suggested

that this limitation may be overcome by mutating out particular cleavage sites.

Overall, grafting studies have highlighted the potential of disulfide-rich scaffolds

as templates in drug design and indicate that the favorable characteristics of Cys-

rich peptides can be exploited in peptide engineering studies.

Although this approach of grafting bioactive sequences onto a disulfide-rich

framework is built on the premise that the framework is stable, any additional

improvement in stability is in principle advantageous. In this regard, the use of

selenium substitution for disulfide bonds has recently been applied. This work

has been built on the important synthetic methodologies developed by Moroder

and colleagues.50 In a recent example, the incorporation of selenocysteine into
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a-conotoxins had a significant influence in slowing the rate of disulfide scram-

bling and reduction compared to the native conotoxins (see Section 8.2.4).154

Given that reduction and disulfide scrambling in biological fluids can decrease

the effectiveness of a drug, these results indicate that selenoconotoxins may be

useful in drug design applications.

6.3.5 Outlook

Cys-rich peptides have a diverse range of structures and NMR spectroscopy

has played a vital role in determining these structures. With increasing numbers

of sequences being discovered, NMR will continue to be a valuable technique in

this area and with advances in technology, including higher field strengths and

cryoprobes, more detailed information is likely to become available more

rapidly. This structural information will be vital not only for increasing our

understanding of the roles of disulfide bonds in modulating structure and

activity, but will be essential for driving applied outcomes. The preliminary

success stories relating to the use of Cys-rich peptides as scaffolds in drug design

suggest that this area will rapidly increase in the near future. Given the struc-

tural diversity of disulfide-rich peptides, the scope for exploring these peptides

as templates is enormous. The structural diversity means that a wide range of

therapeutic applications can be explored by choosing scaffolds with appro-

priate structures for particular grafting applications.
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CHAPTER 6.4

Double-stranded Cystine
Peptides

JOHN D. WADE

Howard Florey Institute and School of Chemistry, University of Melbourne,

Victoria 3010, Australia

6.4.1 Introduction

The elucidation of the primary structure of porcine insulin in the 1950s by

Frederick Sanger and the remarkable finding that it consisted of not one but

two peptide chains that were held together by two interchain and one intra-

chain disulfide bonds in a distinctive arrangement remains one of the major

scientific discoveries of the twentieth century.1 Relaxin, a peptide hormone that

has important actions on connective tissue during parturition and which was,

like insulin, discovered in the early 1900s2 was isolated from pregnant sows and

shown by protein chemistry methods to also possess a two-chain three-disulfide

bonded structure similar to insulin.3 The two conclusions from this exciting

finding were that there existed a family of such peptides which was likely to

contain additional members and, secondly, such peptide architectural struc-

tures, viz., double-stranded cystine peptides, may in fact be more common than

expected. The advent of both more sophisticated protein isolation and efficient

sequencing techniques and, importantly, gene isolation and recombinant DNA

sequencing has resulted in an explosive growth in the determination of the

primary structures of new peptides and proteins. However the vast majority of

those that contain one or more cystine cross-links are single-chain biomole-

cules. The landmark sequencing of the human genome in 20034 has allowed an
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unprecedented opportunity to ‘‘mine’’ the estimated 30 000 plus genes for

additional novel double-stranded cystine peptides. Thus far, however, only one

has been identified. Nevertheless, the ongoing sequencing of genomes of other

mammals as well as of non-mammalian species5,6 is likely to ultimately yield

additional fascinating double-stranded cystine peptide sequences even if these

should be comparatively rare. Of particular interest will be the collation of

the resulting information to assist in the determination of the evolutionary

pathways leading to the formation of these peptides. As by far our greatest

understanding of such peptides is as a consequence of studies on insulin and

its related family members, the primary emphasis of this chapter will be on

such peptides.

6.4.2 Insulin and Insulin-like Peptides

6.4.2.1 Human Insulin

The primary structure of human insulin was determined soon after that of the

porcine peptide and was shown also to consist of a 21-residue A-chain disulfide

cross-bridged to a 30-residue B-chain.7 The advent of recombinant DNA tech-

nology together with gene sequencing led to the rapid identification of additional

human insulin-like peptides. The primary structure of human relaxin-1 was then

determined by complementary DNA sequencing. The six cysteine residues that

make up the three disulfide bonds were predicted to be in an identical disposition

to that of insulin thus confirming the concept of the insulin superfamily.8 Two

new members of this family were then identified by conventional protein

chemistry techniques but shown to be unique in that they were single chain

polypeptides bearing the insulin-like disulfide cross-links. These were named

insulin-like growth factors (IGFs) I and II.9,10 Both have important mitogenic

roles. A second relaxin known as relaxin-211 was discovered, which has subse-

quently been shown to be the primary mediator of birth-regulating actions in

lower mammals, but to exhibit multiple physiological (pleiotropic) properties in

higher mammals including humans.12 These were followed by insulin-like pep-

tide 3 (INSL3, also known as Leydig cell insulin-like peptide or relaxin-like

factor),13 which has recently been identified to be an important fertility regu-

lator,14 and insulin-like peptide 4 (placentin, early pregnancy insulin-like pep-

tide, INSL4)15whose function remains unknown. More recently, the existence of

two further human insulin-like peptides, INSLs 5 and 6, has been predicted from

cDNA sequences.16,17 The function of the former peptide remains uncertain, but

it may be an important neurological peptide given its primary site of expression

being the hypothalamic-pituitary axis of the brain.18 In contrast, INSL6 is

principally a testicular peptide with hitherto unknown actions. Finally, a novel

relaxin sequence, relaxin-3, was discovered from the Celera genome database.19

It has since been shown to be a key brain peptide with potential roles in feeding

and stress regulation.20 Further analysis of both the Celera and public
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domain human genome databases has failed to reveal the presence of additional

insulin-like peptides thus showing that membership of the human insulin

superfamily is restricted to ten (Figure 6.4.1).

With the exception of IGFs I and II, each of these superfamily members are

characterized by two peptide chains which are constrained by three disulfide

bonds that comprise the so-called insulin structural motif. Within the A-chain,

there is a single intramolecular disulfide bond between CysA6-A11 (insulin

numbering). Two intermolecular disulfide bonds tether the A- and B-chains

together between CysA7-B7 and CysA20-B19 (Figure 6.4.2A). It is now

recognized that each peptide member of the insulin superfamily is assembled on

the ribosome as a single chain pre-pro-peptide that undergoes subsequent

proteolytic processing (with the exception of the IGFs) to yield the mature

two-chain form.21 Within the human insulin superfamily and with the excep-

tion of the six Cys residues and a single Gly residue within the B-chain adjacent

to one of the Cys residues (B8, human insulin numbering), the primary struc-

ture homology is low. However, the tertiary structures that have thus far been

determined show a very high level of conformational similarity with the

A-chain containing two well-defined a-helices at its termini separated by a turn

(helix-loop-helix motif). The B-chain contains a long central a-helix that ends

with a b-turn at residues B20-B23 followed by an extended b-strand. The two

chains are arranged in a manner such that the N-terminus of the A-chain is in

close proximity to the C-terminus of the B-chain (Figure 6.4.2B). The cystines

are absolutely crucial for the maintenance of this insulin-like structure and

subsequent biological activity of the respective insulin-like peptides.22

A-Chain

Relaxin-1 R P Y V A L F E K C C L I G C T K R S L A K Y C

Relaxin-2 Z L Y S A L A N K C C H V G C T K R S L A R F C

Relaxin-3 D V L A G L S S S C C K W G C S K S E I S S L C

Insulin G I V E Q C C T S I C S L Y Q L E N Y C N

IGF-1 ~ A P Q T G I V D E C C F R S C D L R R L E M Y C A ~

IGF-2 ~ R R S R G I V E E C C F R S C D L A L L E T L C A ~

INSL3 A A A T N P A R Y C C L S G C T Q Q D L L T L C P Y

INSL4 R S G R H R F D P F C C E V I C D D G T S V K L C

INSL5 Q D L Q T L C C T D G C S M T D L S A L C

INSL6 G Y S E K C C L T G C T K E E L S I A C

B-chain

Relaxin-1 K W K D D V I K L C G R E L V R A Q I A I C G M S T W S

Relaxin-2 D S W M E E V I K L C G R E L V R A Q I A I C G M S T W S

Relaxin-3 R A A P Y G V R L C G R E F I R A V I F T C G G R W

Insulin F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K A

IGF-1 ~ G P E T L C G A E L V D A L Q F V C G D R G F Y F N K P ~

IGF-2 ~ P S E T L C G G E L V D T L Q F V C G D R G F Y F S R P ~

INSL3 P T P E M R E K L C G H H F V R A L V R V C G G P R W S T E A

INSL4 Z S L A A E L R G C G P R F G K H L L S Y C P M P E K T F T T T P

INSL5 S K E S V R L C G L E Y I R T V I Y I C A S S R W

INSL6 S D I S S A R K L C G R Y L V K E I E K L C G H A N W S F R

Figure 6.4.1 Primary structure of members of the human insulin superfamily.
Cysteine connectivities highlighted in shades of grey.
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6.4.2.2 Insulin-like Peptides from Other Species

To date, insulin, IGFs I and II have been identified in all classes of vertebrates

including the dog, cat, horse and rabbit and also in amphibians, fish and

birds.23 In contrast, neither relaxin-1 nor INSL4 is present in lower mammals.24

Relaxin-2 has been detected in all species with the exception of birds where only

relaxin-3 has thus far been found. There are in fact two avian relaxin-3 genes

and it has been speculated that one of these has adopted the reproductive

activity of relaxin-2. Detailed phylogenetic analysis of relaxin genes shows that

the ancestral relaxin is a relaxin-3-like sequence which emerged prior to the

divergence of fish.25

In the 1980s, the brain of silkworm, Bombyx mori, was shown to possess an

insulin-like peptide, bombyxin, that contained an A- and B-chain and the

characteristic insulin disulfide network.26 Five molecular species of bombyxins

Figure 6.4.2 A) General primary structure of insulin-like peptides highlighting
cysteine pairings (human insulin residue numbering). B) Schematic
representation of human insulin X-ray crystal structure. A-chain shown
in magenta and B-chain in blue. Disulfide bonds are shown in yellow.
(Figure courtesy of Dr Johan Rosengren, University of Kalmar,
Sweden.)
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have since been identified with each differing only in primary structure. Since

that time, a large number of insulin-like peptides has been reported for other

invertebrates, including insects, molluscs and nematodes. These findings

emphasize that insulin is an evolutionarily ancient molecule which is present in

all metazoa. Remarkably, compared to vertebrate insulin genes, the inverte-

brate insulin-like peptides comprise large multi-gene families and are char-

acterized by highly divergent sequences and large variations in chain length.27

This is highlighted in Caenorhabditis elegans, which was shown by a combi-

nation of sequence- and structure-based algorithms to possess 37 candidate

genes encoding insulin-like peptides.28 The predicted peptide sequences have

each been grouped in one of four subclasses: the native (canonical) insulin, one

in which an additional intermolecular disulfide bond exists, one in which the

intramolecular disulfide bond is substituted by a hydrophobic bond, and an

unusual three repeats of each chain. The great majority of these invertebrate

peptides are expressed in the central nervous system with each appearing to

function as a mitogenic growth factor. Curiously, the newly deciphered yeast

genome has failed to reveal the presence of an insulin-like peptide, which

indicates that insulin-like genes have co-evolved with metazoa. Despite

detailed, ongoing phylogenetic analyses of invertebrate insulin-like genes, there

is yet no clear consensus regarding the origin and molecular evolution of the

insulin superfamily.23,29

6.4.3 Other Double-stranded Cystine Peptides

6.4.3.1 From Natural Origin

Mammalian non-insulin-like double-stranded cystine proteins and peptides

have been reported but these are rare. Immunoglobins (IgGs, antibodies)

possess light and heavy chains that are linked by a single cystine.30 Pairs of the

light-heavy chains are folded together and restrained in a parallel alignment by

both non-covalent bonds as well as by a pair of cystines within the heavy

chains. Uteroglobin is a small globular protein that is formed by two identical

70-residue polypeptides linked in an antiparallel manner by two disulfide

bonds.31 In addition to a-atrial natriuretic peptide, a 28-residue peptide con-

taining a single intramolecular disulfide bond, atrial tissue contains b-atrial

natriuretic peptide (a-ANP), which is also an antiparallel disulfide dimer of

a-ANP.32 Lipophilin, isolated from tears, consists of a 69-residue A-chain

linked to a 77-residue C-chain via three interchain disulfide bonds,33 and

human plasma apolipoprotein (apo) D exists as a disulfide-linked glycoprotein

heterodimer with other lipoproteins.34 Botrocetin, isolated from the venom of

the snake Bothrops jararaca, is a heterodimer composed of an a-subunit

(consisting of 133 amino acid residues) and a b-subunit (consisting of 125

amino acid residues) cross-linked by a single disulfide bond.35 A novel anti-

microbial peptide named halocidin was extracted from tunicate Halocynthia

aurantium. It consists of two different peptide chains containing 18 and 15
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amino acid residues, respectively, which are linked covalently by a single di-

sulfide bond.36 A somewhat similar polypeptide was extracted from the skin

granular glands of the tree-frog Phyllomedusa distincta and called distinctin.37

It is a 5.4 kDa heterodimeric peptide having a 22-residue A-chain and

24-residue B-chain and significant antimicrobial activity. Crustaceans have

been shown to possess an androgenic gland hormone that regulates sex dif-

ferentiation and which is a heterodimeric glycopeptide consisting of an A-chain

of 29 amino acids bearing a single N-linked glycan and two intramolecular

disulfide bonds. This chain is linked via two disulfides to a B-chain of 44 amino

acids.38 From the seed of a Chinese plant, a sweet-tasting protein named

mabinlin II was isolated, characterized and shown to be a heterodimer con-

sisting of a 33-residue A-chain and a 72-residue B-chain. The latter has two

intramolecular disulfide bonds and is linked to the A-chain by two disulfide

bonds.39 It possesses extraordinary heat stability and is at least 100 times

sweeter than sucrose. Three additional mabinlins have been identified with each

differing from mabinlin II only in chain length or individual amino acids within

the chains.40 With further genomic analyses, additional double-stranded cystine

peptides will undoubtedly be identified.

6.4.3.2 Synthetic Constructs

The literature is replete with examples of non-native homo- and heterodimeric

peptides that have been assembled either chemically or by random combination

of the separate chains in solution. Such peptides have a variety of uses including

as immunogens, prodrugs, conformationally-constrained mimetics and recep-

tor agonists or antagonists.41–48

6.4.4 Oxidative Folding

The study of the in vitro folding and oxidation of cystine-containing peptides

and proteins has long been of significant interest for these provide insights into

the general principles and mechanisms of protein folding. Equally important,

such information allows for optimization of methods to produce adequate

material for detailed biochemical analyses. With the exception of insulin,

similar studies of double-stranded cystine peptides have only comparatively

recently been undertaken in detail due, in part, to the complexity afforded by

the two-chain nature of such peptides.

6.4.4.1 Combination of Two Chains into Double-stranded Peptides

Other than the studies on insulin, one of the earliest investigations on the

oxidative folding of double-stranded cystine peptides was that of the hinge

fragment of human IgG1. The two heavy chains of IgG are linked in a parallel

orientation by two proximal disulfide bridges in the region of the molecule that

connects the two Fab chains with the Fc segment.49 The core of the hinge
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consists of a bis(cystinyl)octapeptide [H-Cys-Pro-Pro-Cys]2. Oxidative folding

studies in aqueous solution (pH 6.8) of an extended octapeptide monomer of

the hinge peptide, H-Thr(tBu)-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH, led to the

formation of an unexpected disproportionally high ratio of parallel dimer

relative to the antiparallel dimer and the intramolecular disulfide monomer

of 90:8:2.50 Interestingly, similar experiments with a C-terminally extended

tridecapeptide fragment of the hinge peptide yielded solely parallel-aligned

dimer.51 These important findings emphasized the likely structural role of the

hinge segment in mediating correct alignment of the IgG1 chains. More

recently, studies on the oxidative folding of the synthetic A- and B-chains of

mabinlin II showed that the absence of a redox buffering system led to

acquisition of only dimers of the individual chains themselves.52 Addition

of GSH/GSSG to the oxidation solution also failed to produce the desired

products with only glutathione adducts of the chains being obtained. Successful

combination of the protein was achieved in a remarkable 50% overall

yield when oxidative folding was carried out at pH 8.0 and room temperature

in the presence of reduced and oxidized Cys.52 These results highlight the

need for careful optimization of oxidative folding conditions on a case by

case basis.

By far the greatest attention has been applied to insulin superfamily peptides,

particularly insulin itself given its obvious biological and medical significance.

For this reason, the following sections will deliberately focus on the oxidative

folding of insulin and its homologs.

6.4.4.2 Insulin and Insulin-like Peptides

The pioneering work of Anfinsen, which showed that the disulfide bonds within

native ribonuclease A could be reduced and the resulting single-chain linear

protein regenerated by re-oxidation, was a milestone in both protein chemistry

and structure-function relationship research.53 It highlighted that the tertiary

structure of a protein is largely dictated by its primary structure. However, it is

little known that this Nobel Prize-winning study was, in fact, preceded by the

successful oxidative assembly of insulin from the individual reduced A- and

B-chains. In the mid 1950s and in the lead-up to the successful chemical synthesis

of porcine insulin, chemists at the Shanghai Institute of Biochemistry found that

insulin could be reduced with b-mercaptoethanol and then re-oxidized in high

pH buffer to generate biologically active insulin.54 However, yields were very

low leading to the subsequent examination and use of the S-sulfitolysis method

developed by Swan55 to prepare S-sulfonated forms of the A- and B-chains that

could be more readily handled and purified. The two chains could then be

refolded and oxidized in the presence of a reducing agent (b-mercaptoethanol)

in overall yield of about 10%.56 Without being aware of this development in

Shanghai, Dixon and Wardlaw published a seminal paper in 1960 that reported

the reduction and reoxidation of insulin chains to generate native insulin in

1–2% yield and thus confirming the hitherto-unpublished Chinese studies.57
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These early findings clearly showed that the primary structure of the peptide

chains were the key determinants for the correct alignment and subsequent

cystine formation, itself remarkable given that the number of statistically pos-

sible disulfide heterodimers of the two insulin chains is 12. There is, of course,

virtually a limitless number of higher molecular weight disulfide isomers that

can also be formed. These early studies also showed that the S-sulfonated chains

were incapable of folding and producing disulfide-bonded insulin and that the

presence of a large excess of reducing agent, typically b-mercaptoethanol, was

required. It further became apparent that oxidative folding under physiological

conditions (pH around 8.0, 37 1C), in fact, proceeded poorly. Exhaustive

investigations by the Chinese group led to further incremental refinement of

their insulin oxidative refolding method in which the A-chain was added in

excess (1.2–2.0) and a lower temperature (4 1C) used for combination in high pH

(9–12) buffer. These modified conditions led to a reported yield of insulin of an

astonishing 50% calculated on the basis of limiting B-chain and were subse-

quently employed for the successful chemical synthesis of porcine insulin.58 At

about the same time, competing groups in Germany and the USA announced

the successful chemical syntheses of ovine and human insulins following oxida-

tive refolding of the synthetic A- and B-chains.59,60

A detailed study by Katsoyannis and Tomesko showed that significantly

improved yields of insulin could be obtained if a much greater excess of A-chain

was used to compensate for the resulting greater losses of this chain following S-

reduction of the S-sulfonate form and the separation of the S-thiol peptide from

the reducing agent (b-mercaptoethanol) by ethyl acetate extraction instead of

centrifugation. A remarkable 60–80% yield of insulin was reported.61 Despite

these notable achievements, use of this approach has generally provided low and

variable overall yields of insulin analogs regardless of the source of the indivi-

dual chains (either chemically or recombinant DNA-derived) thus restricting

progress into structure-function studies of this important hormone. Further

incremental improvement in this oxidative refolding methodology was afforded

by replacement of the previously used large excess of b-mercaptoethanol with a

modest excess of DTT.62 Combination of the two S-sulfonated chains is carried

out in the presence of this reducing agent as its oxidized form is readily sepa-

rated from the reaction products. Use of these conditions has since enabled the

preparation of many insulin analogs although overall yields were generally

much lower than for the native peptide chains. It is now abundantly clear that

even subtle changes in the secondary structure of the chains afforded by either or

both truncation or substitution of certain amino acids can significantly impact

upon the efficiency of the reoxidation process.63–65

Curiously, the mixed S-sulfonate/thiol approach was found to work poorly

for the folding and reoxidation of the A- and B-chains of relaxin.66 The primary

problem was the very poor solubility of the B-chain whether in its reduced or

S-sulfonate form. This limitation was overcome by the use of only reduced

peptide chains in a complex buffering system, which contained both organic

solvents and denaturing agents such as guanidine hydrochloride. Upon

reduction of the concentration of the latter and subsequent addition of both
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reduced A-chain and DTT, combination of the two chains was then able to

proceed, although reaction times were variable and occasionally long.67 Overall

yields could be as high as 50% relative to the starting B-chain. Remarkably,

and in contrast, no in vitro oxidative refolding conditions could be found under

which successful combination of the two chains of human relaxin-3 could be

achieved. Recourse to chemical regioselective disulfide-bond synthesis was

required in order to obtain this peptide for subsequent biological study (see

Section 6.4.5).68

Of other two-chain members of the human insulin superfamily, only INSL3

has been successfully prepared by oxidative folding and combination of the

individual A- and B-chains. In contrast to relaxin, both the reduced chains of

this peptide are freely soluble in the oxidation buffer and very good yields of

native peptide (ca. 20%) were obtained using the conditions developed for

relaxin oxidative refolding.69 Again, however, the preparation of modified

analogs of INSL3 is considerably more difficult and recourse to chemically

directed methods is required. The oxidative refolding of both INSL5 and 6 has

been examined in this author’s laboratory and was found to be similar to that

of relaxin in that yields were very low as a consequence of poor chain solubility.

6.4.5 Regioselective Disulfide Formation

Without question, instrumental to the acquisition and study of insulin and

related peptides has been chemical peptide synthesis. Following Du Vigneaud’s

at-the-time benchmark assembly of the nonapeptide oxytocin in the mid 1950s

by solution methods,70 the synthesis of insulin by China’s Shanghai Institute

of Biochemistry, and the groups of Katsoyannis in the USA and Zahn in

Germany, were landmark achievements.58–60 However, the tedious assembly of

the two chains in solution (typically requiring enormous manpower) and their

subsequent random (although modestly efficient) combination were obviously

severe limitations to detailed structure-function studies of this important hor-

mone. Merrifield’s development of the solid phase peptide synthesis metho-

dology71 is considered by many to be a turning point in the ready acquisition of

peptides and, indeed, was used to successfully prepare insulin in weeks rather

than many months.72 However, as elegant as the new methodology was, the

individual chains of insulin each presented significant synthetic challenges

because of their inherent physicochemical properties with the result that,

typically, low yields of purified peptides were obtained which, in turn, afforded

very low overall yields of chain-combined product. In particular, the A-chain

was recognized at a very early stage to be not only difficult to sequentially

assemble due to a plethora of both cysteine and bulky, hydrophobic residues

(a now-recognized ‘‘difficult’’ sequence), but also its very poor solubility made

its purification and subsequent handling cumbersome and difficult.61,73,74

Indeed, the A-chain was recently shown to possess the property of inducing

fibrillogenesis leading to the formation of not only insoluble fibrils itself but of

insulin, too.75,76 This clearly has important implications for its clinical use in
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high concentration. While the solid phase peptide synthesis methodology was

being further refined and optimized, proponents of the solution phase metho-

dology continued important studies on the preparation and assay of analogs of

insulin. Of particular interest, Sieber and his colleagues reported a successful

and very elegant synthesis of human insulin using a fragment condensation

approach in which protected peptide segments were sequentially assembled

together with regioselective disulfide-bond formation.77 Possibly the most

important segment was the peptide 1-13 of the A-chain, which contained three

cysteine residues, two of which are involved in the intramolecular disulfide

bond. Advantage was taken of the unique chemical properties of the two thiol-

protecting groups that were employed in this segment, the acid-labile trityl (Trt)

and the acid-resistant acetamidomethyl (Acm), such that the pair of Trt groups

on Cys6 and Cys11 were selectively removed and the intramolecular disulfide

bond simultaneously formed by iodolysis in trifluoroethanol whilst the S-Acm

derivative of Cys7 remained intact (for abbreviations of protecting groups see

Section 6.2.2).78 This segment was the last to be attached to the sequentially

assembled insulin intermediate and the final disulfide bond, between CysA7 and

B7 was formed by iodolysis of the Cys(Acm) derivatives in acetic acid. The

capacity to scale up the assembly was of particular importance as was the

bypassing of the random chain oxidative combination with its accompanying

variable and low yields thus allowing the preparation of analogs. However, the

substantial synthetic efforts required for this approach were a severe limitation.

Nevertheless, the successful use of different thiol-protecting groups for the

subsequent sequential construction of disulfide bonds was an important turning

point in the chemical synthesis of double-stranded cystine peptides. The stra-

tegies developed and their applications have been comprehensively reviewed

elsewhere (for additional detailed information see Chapter 6.2).79–83 A sig-

nificant advance in the synthesis of insulin-like peptides was heralded by the

assembly of human relaxin-2 via regioselective disulfide-bond formation, in

which each of the three disulfide bonds was formed sequentially by stepwise

removal of pairs of orthogonal S-protecting groups followed by oxidation of

the resulting thiol groups.84 In this approach, a complex eight-step strategy

(Figure 6.4.3A) was followed in which the A-chain containing three different S-

protecting groups was assembled by the Fmoc method. After cleavage of the

Figure 6.4.3 Strategies for the regioselective disulfide bond assembly of insulin-like
peptides. Pairs of cysteine residues and related derivatives, which are
successively disulfide cross-bridged are shown in identical colors. A)
Synthesis of human relaxin-2: (I) I2/50% acetic acid, (II) HF, (III) pH
4.5, 37 1C, 24h, (IV) I2/70% acetic acid, (V) OH�, (VI) I�/90% TFA. B)
Synthesis of bombyxin: (I) air oxidation, pH8.0, 4 1C, 5 days, (II) DPDS,
TFMSA/TFA, (III) pH8.0, 30min, (IV) I2/95% acetic acid. C) Synthesis
of human insulin: (I) DPDS, 2-PrOH/acetic acid, 40min., (II) 8M urea,
pH8.5, 50min, (III) I2/80% acetic acid, (IV) CH3SiCl3/PhS(O)/TFA.
Abbreviations: DPDS, 2,20-dipyridyldisulfide; HF, hydrogen fluoride;
TFA, trifluoroacetic acid; TFMSA, trifluoromethanesulfonic acid; for
abbreviations of thiol-protecting groups see Chapter 6.2.
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peptides from the solid support by treatment with TFA, two side-chain-

deprotected cysteines were oxidized with I2 in 50% acetic acid and the resulting

intramolecular disulfide-bond-containing peptide treated with HF to deprotect

the C-terminal Cys residue. The B-chain, prepared by Boc-solid phase synth-

esis, contained Cys(Acm) and Cys(Npys) residues, the latter of which reacts

with thiols such as that present within the A-chain intermediate to produce

the intermolecular disulfide bond in pH4.5 buffer. The final intermolecular

disulfide bond was formed by iodolysis of the pair of Cys(Acm) residues. The

two Trp residues within the B-chain were protected at the indole group as

formyl derivatives and the Met residue as sulfoxide. The formyl groups were

removed without corresponding damage to the three disulfides via treatment

with base. Finally ammonium iodide in aqueous TFA was used to back-reduce

Met-sulfoxide to Met. Overall yield of native human relaxin-2 was very low as a

consequence of the numerous intermediate purification steps.

The silkworm insulin-like peptide, bombyxin-IV, was the next to be suc-

cessfully assembled by regioselective disulfide-bond formation between the two

synthetic chains. The strategy was simpler and employed only Fmoc-based

solid phase synthesis for the two chains that were selectively S-protected with a

combination of Trt, Acm and tert-butyl (tBu) groups (Figure 6.4.3B).85 Fol-

lowing A-chain intramolecular disulfide-bond formation by air-oxidation of

the two free thiols, treatment of the resulting peptide intermediate with 2,20-

dipyridyldisulfide (DPDS) in trifluoromethanesulfonic acid led to displacement

of the C-terminal S-tBu group and formation of the Cys(Pys) derivative, which

reacted with the free thiol of Cys22 of the B-chain to form the first inter-

molecular disulfide. The second and final intermolecular disulfide was gener-

ated by iodolysis of the pair of Cys(Acm) residues.86

An important regioselective disulfide assembly of human insulin by a sim-

pler, wholly Fmoc-based strategy was reported by Kiso and associates

(Figure 6.4.3C).87 In this synthetic route, the two chains were first linked by an

intermolecular disulfide bond formed by thiolysis of B19Cys(Pys) with A20Cys.

The second intermolecular disulfide bond was formed by iodolysis of the two

Cys(SAcm) residues in A7 and B7. Finally, the intramolecular disulfide bond

within the A-chain was generated by treatment of the corresponding Cys(tBu)

residues with methyltrichlorosilane/diphenylsulfoxide. The overall yield was

approximately 1% relative to the starting B-chain. This elegant approach is not

suited to Trp-containing peptides such as the relaxins because this residue is

destroyed by the final reaction conditions via chlorination of the indole ring.88

A detailed unpublished study in this author’s laboratory on the regioselective

disulfide synthesis of relaxin by the Fmoc-chemistry showed that the strategy

used for the synthesis of bombyxin-IV provided the best overall yields although

these remained low, largely due to the ongoing difficulty with the solubility of

the B-chain intermediate. Careful placement of the thiol-protecting groups was

also required in order to minimize the detrimental effect of the final iodine

oxidation step used for disulfide linking of the Cys(Acm) residues. This strategy

led to the first-ever acquisition of human relaxin-3, which was previously shown

to be refractive to production via the random chain refolding approach.68
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The quantity of peptide thus obtained enabled its tertiary structure determi-

nation by 2-D NMR spectroscopy in which it was shown to possess, not

unexpectedly, the characteristic insulin-like fold.89 A similar synthetic strategy

also allowed the preparation of relaxins from other species including horse, rat,

dog and mouse.90,91 The strategy of regioselective disulfide-bond formation has

also enabled a detailed structure-function relationship study to be undertaken

on human INSL3 and the subsequent identification of a short span within its

B-chain to be its receptor binding site.92 The successful acquisition of human

INSL5 by similar synthetic approaches has also been reported by others.18

As impressive as each of these achievements were, the multiple steps required

for not only the separate chain syntheses but also the subsequent individual

disulfide-bond formation invariably lead to overall low yields of target peptide

(generally less than 10% relative to the limiting chain). This may not be critical

for the preparation of analogs of insulin-like peptides for structural and

functional study but presents severe limitations for the acquisition of adequate

material for clinical use. Consequently, further improvements are unques-

tionably required in the chemical synthesis of such peptides, in particular, in

still higher yields of solid phase peptide synthesis of the chains, novel S-

protection that affords yet additional levels of orthogonality, improved or

alternative chemical disulfide formation that avoid damage to other residues

such as tryptophan and tyrosine and, finally, refined purification procedures.

6.4.6 Oxidative Folding of Single Chain Precursors

In vivo ribosomal synthesis of insulin occurs in the b cells of the pancreas as a

single-chain precursor, the proinsulin, bearing a signal peptide at the N-terminus

of the B-chain followed by a connecting (C-) peptide which links the C-terminus

of the B-chain to the N-terminus of the A-chain (Figure 6.4.4). Following

ribosomal release, the signal sequence is enzymatically cleaved in the endo-

plasmic reticulum and the B-C-A proinsulin sequence folds with assistance of the

competent folding enzyme catalysts. The two-chain insulin is then produced

following liberation of the 35-residue C-peptide (Figure 6.4.4) by prohormone

convertases that cleave at the sites of pairs of basic residues, which link it at

either end to the B- and A-chains and further enzymatic trimming of the terminal

dibasic residues by enzymes.93 The high efficiency of in vitro oxidative folding

of human proinsulin (as high as 80%94) has prompted many to believe that

C-peptide acts as a key mediator for correct native peptide production.95,96

Remarkably, however, in vitro recombinant DNA expression of an ‘‘inverted’’

proinsulin in which the C-terminus of the A-chain is connected to the N-terminus

of the B-chain by the C-peptide could be obtained in high yield (70%) when

converted to the S-sulfonate form and subjected to oxidative folding at high pH

in the presence of Cys �HCl.97 This suggests that the C-peptide is acting more to

hold the two chains together in near proximity for a successful folding rather

than to direct the folding process itself. Consequently, there has been much

investigation into the use of linear insulin analogs, either as precursors to the
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preparation of two-chain peptides or as tools to examine the in vitro folding

pathways.

6.4.6.1 Head-to-tail Constructs

Markussen98 showed that insulin could be treated with trypsin to remove the C-

terminal residue (Thr at position 30) of the B-chain followed by enzymatic for-

mation of a peptide bond between B29 Lys and the A1 Gly a-amino group. It is a

by-product of the enzymatic conversion of porcine to human insulin. The

resulting ‘‘mini-proinsulin’’ surprisingly possesses native foldability but is biologi-

cally inactive despite a near-native tertiary structure, indicating that a free

a-amino group at the N-terminus of the A-chain is required for activity. These

findings together with the work on A- and B-chains cross-linked with bifunc-

tional reagents and cleavable bridges such as oxaloyl-bis-Met99,100 (Figure 6.4.4)

fostered intensive research on artificial proinsulins.

6.4.6.2 Precursors with Mini-connecting Peptides

Molecular modeling studies led to the C-peptide being replaced with a short

turn-forming pentapeptide (Tyr-Pro-Gly-Asp-Val), and expression of the

resulting single-chain insulin analog (called M2PI) (Figure 6.4.4) by recombi-

nant DNA methods in E. coli was followed by S-sulfonation and oxidative

folding in the presence of b-mercaptoethanol in 50 mM glycine buffer, pH 11.5,

at 4 1C.101 The refolding yield of M2PI under these conditions was determined

to be 20–40% better than that of native proinsulin indicating that the short

turn-forming peptide was more effective than the much longer C-peptide. In

B-chain C-peptide A-chain

-RR-EAEDLQVGQV
ELGGGPGAGSLQ
PLALEGSLQ-RR-

YPGDV

GGGPGKR

AK

Human proinsulin93

M2PI101

Mini-proinsulin102

Porcine insulin

precursor (PIP)104

M
Human insulin

precursor105

Figure 6.4.4 Proinsulin and artificial proinsulins. The proinsulin is enzymatically
processed via cleavage at the Arg-Arg sequences (italic) by prohormone
convertases and the terminal Arg-Arg sequences are further removed
enzymatically to produce the mature double-stranded insulin.
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similar studies by others,102 the C-peptide was replaced by the turn-forming

heptapeptide (Gly-Gly-Gly-Pro-Gly-Lys-Arg) (Figure 6.4.4B). The resulting

mini-proinsulin analog was more potent than native proinsulin itself but less

active than the 2-chain insulin. It was used in gene therapy experiments to

successfully cause remission of diabetes in streptozotocin-induced diabetic rats

and autoimmune diabetic rats.102

A porcine insulin precursor (PIP) is a single-chain analog in which B30 Ala

and A1 Gly are joined by the dipeptide, Ala-Lys (Figure 6.4.4). Recombinant

DNA expression of this peptide can be achieved efficiently but,

as well, following S-reduction, it can undergo efficient oxidative refolding

in vitro.103 The resulting PIP can be converted to human insulin via transpep-

tidation in vitro.104 More recently, Marglin reported preliminary studies in

which the 35-residue insulin C-peptide could be substituted by a single

methionine residue (Figure 6.4.4). The resulting synthetic ‘‘proinsulin’’ was able

to fold and the Met was subsequently removed by cyanogen bromide

cleavage.105

All these studies on short artificial linkers fully confirm that the insulin

A- and B-chain contain sufficient information for the oxidative folding into the

native structure and that the role of the connecting C-peptide is to bring and

keep the two chains together.

Relaxin has also been obtained via a single-chain precursor. In contrast to

proinsulin, the C-peptide of relaxin is 102 residues long. The reason for such a

length is unknown although it may relate to more efficient secretory granule

storage. However, it could be replaced by a short 13-residue ‘‘mini-C’’ sequence

that was chosen principally from the comparable primary sequence in IGF-I

together with appropriately selected residues at the B-C and C-A junctions.

After expression of the ‘‘mini’’-C prorelaxin in E. coli and partial purification,

the reduced (not S-sulfonated) peptide could be efficiently refolded in high yield

at pH8.0 in the presence of oxidized and reduced glutathione. Removal of the

‘‘mini’’-C-peptide was accomplished by sequential treatment of the refolded

protein with Asp-N and Arg-C enzymes. Following further purification, the

native two-chain relaxin was obtained in overall yield several fold higher than

that obtained from an optimized two-chain process.106

6.4.7 Folding Pathways of Insulin

The past 20 years has witnessed a substantial number of studies into the

mechanism of oxidative folding of not only the two insulin chains but also of

single-chain proinsulins to provide insights into the principles that dictate the

hierarchic processes that occur via a series of folded intermediates.22,107–112

Insulin lends itself particularly well to such studies given that its small globular

nature together with its readily modified disulfide bonds allow a clear deter-

mination of the sequence of events leading to association of the two insulin

A- and B-chains in vitro with simultaneous local structure and disulfide-bond

formation. By use of highly controlled conditions, the rate of oxidative folding
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can be sufficiently slowed so that intermediates can be trapped and subsequently

analyzed to provide a descriptive pathway whereby the final folded peptide is

obtained. However, such conditions are necessarily artificial and very unlikely

mimic those that occur in vivo.

Numerous studies have been undertaken to determine the effect on insulin

oxidative folding by replacement of one or more of the three disulfide bonds of

insulin together with domain modification and substitution of secondary

structural elements. The broad conclusions are that the intramolecular disulfide

bond A6-A11 forms first during the folding process, and that this leads to local

secondary structure formation which in turn directs the pairing of the two

intermolecular disulfide bonds at approximately equal rates.22,112 In the

absence of the disulfide bond A6-A11, combination of the A- and B-chain

occurs in unexpectedly high yield and in the correct alignment.113 Similar

results were obtained in parallel studies using single-chain insulin analogs and

show that the formation of the intrachain disulfide is not an important element

per se in the chain folding pathway. Instead, its importance lies in the accel-

eration of the nucleation of secondary structure elements, which does not

include the N-terminal a-helix of the A-chain as its modification had little

impact on folding efficiency. Of the two intermolecular disulfide bonds,

replacement of A20-B19 had the greatest impact on subsequent oxidative

folding indicating that it is a critical element.22

Similar studies on the chain combination and oxidative folding of human

relaxin-2 led to somewhat similar conclusions. Unlike with insulin, however, it

was postulated that the N-terminal a-helix of the A-chain is the initiation

element which, upon its generation, leads to the intramolecular disulfide bond

A10-A15 (relaxin numbering) forming first (like in insulin). This so-called

oxidized A-chain intermediate is followed by rapid alignment and combination

with the B-chain to generate native relaxin-2.114 Such a folding pathway is able

to explain the inability to produce human relaxin-3 by oxidative folding

methods. Despite considerable effort, no conditions have been found under

which the two chains of relaxin-3 will combine. RP-HPLC time course mon-

itoring does not reveal the presence of an oxidized A-chain intermediate,115

which suggested that the N-terminal A-chain a-helix was not forming as a

prelude to subsequent disulfide bond linking. Analysis of the primary

structure of human relaxin-3 (Figure 6.4.1) shows that the N-terminal sequence

of the A-chain has a stretch of three Ser residues which is not predicted to be

favorable for a-helix formation which is required to act as a folding initiation

element.

Numerous studies have been undertaken to determine the in vitro oxidative

folding pathway of single-chain insulin peptides including the IGFs.116–118 As

these were not used to subsequently produce double-stranded cystine peptides,

they are beyond the scope of this review. However, it can be stated that insulin

and IGF I have significantly different folding pathways that likely reflect dif-

ferences in primary structures and the presence of the C-domain in the latter.

However, there are also key similarities which must ultimately derive from their

common evolutionary origins.
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6.4.8 Concluding Remarks

The oxidative folding of double-stranded cystine peptides has been the subject

of intense study for more than 50 years. It remains a source of astonishment

that two separate peptide chains can generally combine in vitro with such high

efficiency and with little evidence for formation of the numerous isomers. As

the genome of various species including the human is subjected to new or

further detailed analysis, it is likely that new double-stranded cystine peptides –

both hetero- and homodimeric – will be discovered including additional insulin-

like ligands.119 The study of their oxidative folding will unquestionably

continue unabated as an important precursor to the determination of their

biological functions.
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Multiple-strand Cystine Peptides
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6.5.1 Introduction

The most important family of proteins that consist of multiple polypeptide

chains cross-linked by disulfide knots for stabilization of the higher order

structure are the collagens. These secretory proteins constitute the main com-

ponents of the extracellular matrix where they provide mechanical strength and

structural integrity to the connective tissues. Their stability arises from unique

structural features. All collagens are formed by three polypeptide chains, which

are assembled into homotrimers or heterotrimers with the latter consisting of

two or three distinguishable a-chains. The common structural motif of all

collagens is a rigid rod-shaped triple helix that either spans the entire molecule

from the N- to the C-terminus, as in the case of fibrillar collagens, or is

interspersed by non-collagenous (NC) domains resulting in increased overall

structural flexibility. The (GXY) tripeptide repeats of the triple-helical seg-

ments represent a second characteristic feature. The presence of a repeating

glycine residue in every third position is a steric requirement for the close

packing of the three chains. The X and Y positions are most frequently

occupied by proline and hydroxyproline, respectively. This imino acid-rich

sequence composition favors an extended left-handed polyproline II-helix of

the single a-chains, which are supercoiled in a right-handed manner around a
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central axis into a triple helix, with a stagger of one residue between the

adjacent chains.1–3

The biosynthesis of collagens involves a unique pathway including extensive

post-translational modifications, proper chain selection and correct chain

registration. The final assembly requires nucleation of the triple helix with

subsequent propagation from the C- to the N-terminus, followed by additional

enzymatic processing of the folded procollagens to produce the mature pro-

teins.4–6 The pro-a-chains contain one or more collagenous (COL) domains,

which are generally flanked by two NC domains, although there are cases where

one of the NC domains is missing. In most types of collagens the folded

C-terminal NC domains serve as recognition modules, which first select then

bind and register the three proper a-chains into homo- or heterotrimers. This

process is controlled by shape complementarity, electrostatic interactions and

hydrophobicity. One exception is the assembly of transmembrane collagens

where the N-terminal NC domains rather than the C-terminal NC domains

dictate the trimerization process and thus the folding pathway.7,8 The homo-

or heterotrimerization of the C-terminal propeptides of procollagen involves

extensive intra- and interchain disulfide-bond formation catalyzed by protein

disulfide isomerase.9,10 In the case of fibrillar collagens this interchain disulfide

cross-linking of the three a-chains precedes nucleation and propagation of the

native triple helix in the COL domains of the molecules.9,11–14 However, inter-

chain disulfide-bonding, between either the C-propeptides or C-telopeptides, is

not required for chain association and triple-helix formation as long as the triple-

helical domains are brought together in close proximity, and are tethered at the

carboxy terminus.15–18 This is in contrast to the situation when collagens lacking

C-propeptides are refolded after denaturation in vitro. Unless interchain disulfide

bonds are present at the C-terminal end of the chains (as in the case of collagen

type III),19,20 these chains are unable to fold into the correctly aligned helices.

Indeed, absence of such interchain cross-links impedes a fast and correct

refolding, and results in mis-matched triple helices differing in length and

stability.21–23 As a consequence, kinetic as well as mechanistic studies of triple-

helical folding have almost exclusively been performed with procollagens and

related fragments, which contain cysteine residues in the N- and C-propeptides

that are involved in the formation of the interchain disulfide knots, as exempla-

rily shown for procollagen type III in Figure 6.5.1. Type III collagen retains a

cystine knot even in the mature form as a result of interchain cross-linking of two

vicinal cysteine residues at the junction between the triple-helical domain and the

telopeptide.24 Therefore this collagen or fragments of its proform have served as

ideal model systems for the detailed investigations of the zipper-like propagation

of the triple helix as well as of the impact of the cis-to-trans isomerization of the

aminoacyl-proline/hydroxyproline bonds on the folding kinetics.19,20,25

Collagens as well as related fragments are experimentally cumbersome, while

synthetic collagenous peptides are more amenable to detailed biophysical and

biological studies. Unfortunately self-association of monomeric peptides into

homotrimers occurs in a concentration-dependent manner thus leading to

equilibria more or less shifted to the trimeric state. Indeed the midpoint of
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thermal unfolding of self-associated triple helices strongly depends on the

concentration of the collagenous peptide in the entropic term (Tm¼DH0/

DS0+Rln (0.75c0
2).3 Moreover, hysteresis, which is more prominent for long

natural collagens, is also observed for short collagen triple helices resulting in a

strong time-dependency for full equilibration.2,3 These inconvenient properties

of self-associated triple helices and the early observation that collagens refold

correctly when the chains are tightly packed or covalently cross-linked at the C-

terminus19,20 have fostered intensive research towards the development of

artificial templates for C- and particularly N-terminal cross-linking of the three

chains.26–29 By this strategy the unfavorable entropy of self-association of the

collagenous peptides into homotrimers is considerably reduced and the triple-

helical fold significantly stabilized.

6.5.2 Synthesis of Disulfide Cross-linked Homotrimeric

Collagenous Peptides

Unlike the synthetic scaffolds, native or de novo designed cystine knots have

only recently found successful applications in the oxidative or regioselective

assembly of trimeric collagen peptides. For recent reviews on the subject see

references 29 and 30.

6.5.2.1 Oxidative Assembly of Collagenous Homotrimers

with the C-Terminal Cystine Knot of Collagen Type III

A covalent homotrimeric assembly of synthetic model peptides following the

design of the C-terminal cystine knot of collagen type III (see Figure 6.5.1) has

(GXY)10GSOGPOGICESCPT (GXY)340GPOGAOGPCCGGVGAA

N-propeptide triple-helical domain C-propeptide

Figure 6.5.1 Schematic representation of human type III procollagen. In the trimeric
C-propeptides four cysteine residues of each chain are involved in
intrachain and four in interchain disulfide bonds; at the junction between
the triple-helical domain and the C-telopeptide two adjacent cysteine
residues form an intrachain cystine knot, which is retained in the mature
type III collagen upon enzymatic processing at the two positions indi-
cated by arrows. The N-propeptide (Col1-3) consists C-terminally of an
NC domain followed by a short triple-helical segment cross-linked C-
terminally by a cystine knot involving the CXYC motif and finally by a
larger NC domain containing five intrachain disulfide bridges.
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been successfully pioneered by Bächinger and associates.31,32 For this purpose

collagenous peptides of higher tendency to self-associate into triple helices were

C-terminally extended by the bis-cysteinyl-sequence GPCCG and then subjected

to air or GSH/GSSG oxidation at lower temperature under slightly basic con-

ditions. The disulfide-bridged homotrimers were obtained in satisfactory yields.

In the absence of specific recognition epitopes as in the case of the C-

propeptides of collagens16 a directed alignment of the chains and induced

nucleation of the triple helix cannot occur. Therefore, mixtures of differently

aligned triple helices, which differ in their structural stability, are expected to

form at equilibrium, as shown in Figure 6.5.2. It seems that under oxidative

conditions the correctly registered and thus most stable trimers are trapped by

formation of the disulfide knot. This explanation is experimentally supported

by the successful oxidative folding of synthetic collagenous peptides, which are

capable of self-associating into triple helices, independent of a C-terminal or

even N-terminal location of the bis-cysteinyl motif.33,34 As expected, the built-

in cystine knot thermodynamically induces a marked increase in the thermal

stability of the triple helix, and folding/unfolding becomes a concentration-

independent process. The oxidative folding, however, failed when the hydro-

xyproline of the native C-terminal sequence of collagen type III was replaced

with proline.35 These results support the notion that nucleation of the triple

helix and thus folding of procollagens requires 4-hydroxylation of at least two

C-terminal triplets,15 and clearly suggest that prefolding of the triple helix is

essential for correct oxidative formation of the cystine knot. This fact was fully

confirmed by a systematic study with the synthetic collagen molecules Ac-

(POG)nPCCGGG-NH2 where n was varied from 3 to 7.36 Indeed only with

nZ 5CD spectra characteristic of higher contents of triple-helical homotrimers

were monitored upon equilibration at low temperature (7–8 1C) and at 1 mM

concentration. Performing the oxidation experiments after pre-equilibration

at a temperature below the Tm value of the self-associated homotrimers, i.e. at

7–8 1C, air oxidation led to product distributions consisting of the average of

H-GPO-(GPO)2-GPO-GPO-OH
H-GPO-(GPO)2-GPO-GPO-OH

H-GPO-GPO-(GPO)2-GPO-OH

+

H-GPO-(GPO)3-GPO-OH

1 mM,4-5 °C

H-GPO-(GPO)3-GPO-OH

H-GPO-(GPO)3-GPO-OH

H-GPO-(GPO)3-GPO-OH

Figure 6.5.2 Self-association of collagenous peptides at low temperature and higher
concentration to overcome the entropic penalty is expected to produce
variously aligned homotrimers at equilibrium which differ in the number
of registered triplets and thus the triple-helix stability.
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approximately 70% trimer, while the oxidized monomer formed the major side

product. Although chromatographic and NMR structural analysis confirmed

formation of a well-defined cystine-knot isomer, the exact cysteine pairings

could not be unambiguously assigned (Figure 6.5.3).36

The enhanced formation of a vicinal intramolecular disulfide bridge within the

monomer was unexpected because disulfide bridges between adjacent cysteine

residues are known to be conformationally very disfavoured.37–40 These are

rarely found in folded proteins,41–43 although their appearance is often asso-

ciated with productive intermediates that readily undergo disulfide reshuffling in

order to generate the final correct cystine framework.43–45 In the case of the

collagen model peptides even operating with GSH/GSSG as redox buffer a

reshuffling to the homotrimers with correspondingly higher yields of the cor-

rectly folded constructs was not observed.36 However, oxidative folding of a

collagen peptide containing the a1b1 and a2b1 integrin adhesion motif of col-

lagen type I and the C-terminal bis-cysteinyl motif almost exclusively produced

the disulfide-bridged homotrimer (Figure 6.5.4).46 This unexpected high yield

was attributed to the Arg and Glu residues that may facilitate the correct stag-

gered alignment by electrostatic interactions, thus increasing the probability of

the cysteine residues being in juxtaposition for the oxidative disulfide formation.

6.5.2.2 Oxidative Assembly of Collagenous Homotrimers

with the Cystine Knot of FACIT COL1-NC1 Junctions

FACITs are collagens, which are associated with fibrils and unique for their

short triple-helical domains interpersed with non-triple-helical domains.6 All

FACIT collagens are homotrimers, except for collagen type IX, which is

Ac-(POG)n-PCCGGG-NH2

Ac-(POG)n-PCCGGG-NH2

Ac-(POG)n-PCCGGG-NH2 (     ) knot Y

(     ) knot X

Figure 6.5.3 The two most plausible cystine knots derived from NMR structural
analysis and MD simulations. While type Y cystine knot seems more
compatible with the triple-helical conformation in terms of dihedral
angles, the type X knot represents the intuitively simplest structure
formed by the three disulfide bonds.

S-(GPO)2-GFOGER-(GPO)3-GPCCGGG

O2,1 mM at 7-8 °C 
yield: 100 %

[S-(GPO)2-GFOGER-(GPO)3-GPCCGGG]3

Figure 6.5.4 Oxidative folding of a synthetic peptide containing the GFOGER
sequence of collagen type I as adhesion epitope and the bis-cysteinyl motif
of collagen type III for formation of the C-terminal cystine knot.
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composed of three different a-chains. Even though FACITs have significantly

shorter C-terminal NC domains in comparison to fibril-forming collagens, they

share a remarkable sequence homology in the first collagenous domain (COL1)

and contain two strictly conserved cysteine residues separated by four residues

in their COL1/NC1 junctions. These cysteine residues are responsible for an

interchain disulfide knot in the completely folded trimers; however, exact di-

sulfide connectivities have yet to be determined. In vivo folding has been

extensively studied using different constructs of the homotrimeric collagens XII

and XIV. These studies strongly support a folding mechanism that involves both

the COL1 domain at the COL1/NC1 junction, which contains the first cysteine

residue, and the NC1 domain containing the second conserved cysteine.47–51 A

recent work on various type IX collagen constructs showed that the a-chains can

associate in the absence of COL1 and NC1 domains to form the triple helix, but

that the COL1-NC1 region is important for chain specificity.52

Lesage et al.53 have studied the intrinsic propensity of the highly conserved

cystine-knot sequences of FACITs for oxidative trimerization in vitro. For this

purpose a synthetic model peptide derived from the COL1/NC1 junction of

collagen type XIV was N-terminally extended with three (GPO) repeats, the

strongest triple-helix stabilizing triplets,54–56 to replace the GSQGPAGPO

sequence of type XIV human collagen. As expected, oxidation of the bis-cysteinyl

peptide itself exclusively generated the intrachain-disulfide bridged monomer.

Upon extension of the N-terminus with the (GPO)3 sequence as well as exposing

the peptide to the triple-helix favoring environment of aqueous methanol54,57 the

homotrimer was found to be the major product next to smaller amounts of the

oxidized monomer and dimer (Figure 6.5.5). Increased temperatures and lower

concentrations compromise the stability of the self-associated homotrimeric triple

helix. As a result, the yields of homotrimer were dramatically reduced. Therefore,

even with the FACIT cystine knot motif trimerization into the triple-helix register

via the (GPO)3 repeats is apparently essential for successful oxidative formation

of the disulfide framework. The triple-helical structure of the homotrimer was

confirmed by CD spectral analysis, however NMR structural analysis did not

allow an unambiguous differentiation between the cystine knots 1 and 2 (Figure

6.5.5).53 It can be speculated that an increase of the triple-helix stability would

significantly reduce the amount of oxidized monomer as side product, thus

enhancing the yields of target homotrimers.

This model study strongly supports the use of the collagen type XIV bis-

cysteinyl motif for an efficient oxidative assembly of homotrimeric collagen

peptides. Conversely, the CXYC motif of the N-propeptide of collagen type III

(Figure 6.5.1), so far, has not been investigated for such purposes.

6.5.2.3 Assembly of Homotrimeric Collagen Peptides

by Regioselective Disulfide Formation

Following essentially a reaction scheme discussed in detail in Section 6.5.3.2,

Barth et al.36 have compared the triple-helix stabilizing properties of the
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collagen type III cystine knot (vide supra) with a simpler, artificially designed

cystine knot shown in Figure 6.5.6. This comparative study employed the

(GPO)5 sequence as the shortest collagenous sequence known to self-associate

into stable triple-helical homotrimers.58,59

Differently from the observations made in the regioselective disulfide assem-

bly of trimers from collagenous peptides lacking a higher tendency to self-

associate into triple helices (vide infra),60–63 with an increasing propensity for

triple-helix formation in aqueous solution conformation-dependent side reac-

tions became critical in the synthesis of the heterotrimer consisting of only five

(POG) triplets adjacent to the artificial cystine knot (trimer B of Figure 6.5.6).64

Attempts to regioselectively cross-link the unprotected chains with disulfides in

successive steps failed entirely. However, protecting the peptides with O-tert-

butyl groups, prevents self-association into homotrimers, and the heterotrimer

was successfully produced following the scheme outlined in Figure 6.5.7.64 This

trimer differs from the trimer A of Figure 6.5.6 only in the type of cystine knot.

The simplified and thus more flexible artificial cystine framework of the trimer B

leads to a thermal stability of the triple helix (Tm¼ 55.7 1C) only slightly

(GPO)3-GYCDPSSCAG

(GPO)3-GYCDPSSCAG

(GPO)3-GYCDPSSCAG

(GPO)3-GYCDPSSCAG

(GPO)3-GYCDPSSCAG
(~10%)(~35%)

(GPO)3-GPOGPOGYCDPSSCAG

(GPO)3-GPOGPOGYCDPSSCAG

(~55%)

O2 or GSH/GSSG 
-20 °C, MeOH/buffer (30:70), pH 8.5

Figure 6.5.5 Oxidative folding of a synthetic collagen peptide consisting of the bis-
cysteinyl motif of the COL1/NC1 junction of collagen type XIV
N-terminally extended with GPO triplets. The major product was
the homotrimer. The most probable disulfide connectivities are the knot
1 (—) and 2 (---) according to NMR structural analysis.

Ac-(POG)5-PCCGGG-NH2

Ac-(POG)5-PCCGGG-NH2

Ac-(POG)5-PCCGGG-NH2

(A)

Ac-(POG)5-CG-OH

Ac-(POG)5-PCCG-NH2

Ac-(POG)5-CG-NH2

(B)

Figure 6.5.6 (POG)5 trimers C-terminally cross-linked by the collagen type III C-
terminal cystine knot (A) and an artificial cystine knot established by
regioselective thiol chemistry.
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decreased in comparison to the more rigid native collagen type III knot of trimer

A (Tm¼ 66.2 1C).36 NMR structural analysis of the trimer B confirmed an

extension of the triple-helical hydrogen bonding network into the cross-linked

cysteines. This discovery was more recently exploited in the synthesis of self-

complementary collagenous peptides that are able to aggregate into collagen-

like triple-helical structures of sizes mimicking those of natural collagen.65,66

6.5.3 Synthesis of Disulfide Cross-linked

Heterotrimeric Collagenous Peptides

In contrast to the more or less efficient cysteine motifs available for the oxi-

dative assembly of homotrimeric collagen peptides, formation of heterotrimers

requires specific chain-selection and -registration by structural elements enco-

ded mostly in the C-terminal non-collagenous domains. So far, only little

attention has been paid to the identification of such recognition elements that

could be exploited for heterotrimerization of de novo designed collagen

molecules.16

+
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+ α1

SH

SH

α´1 +
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StBu

(tBu)5

(tBu)5

(tBu)
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(tBu)5 (tBu)
5
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5
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5

(tBu)
5
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Figure 6.5.7 Regioselective disulfide-bond formation for assembly of the trimer B of
Figure 6.5.6.

374 Chapter 6.5



6.5.3.1 Oxidative Assembly of Collagenous Heterotrimers

with the Cystine Knot of Collagen Type IX

Results from a study analyzing the contribution of the C-terminal portion of

the COL1 and the N-terminal part of the NC1 domain towards the oxidative

folding of heterotrimeric constructs of FACIT collagen type IX67 initially

suggested a more or less explicit involvement of the COL1 domains in the

preferred heterotrimeric assembly of this collagen. These findings, however, do

not agree with the self-association and oxidation experiments performed by

Bächinger and associates,68 who employed synthetic peptides corresponding to

sequences of the three a-chains at the COL1/NC1 junction and the short NC1

domains of human collagen type IX. A stoichiometric mixture of these three

chains was unable to self-assemble into a heterotrimer. Therefore, the peptides

were N-terminally extended with the adjacent natural (GXY)5 sequences of the

COL1 domains replacing all proline residues in the Y position with hydroxy-

prolines. Oxidative folding was found to generate a product mixture consisting

of about 10% heterotrimer in addition to monomers, dimers and higher

oligomers under conditions which were unfavorable for the prefolding of the

N-terminal collagenous extensions into a triple helix. This observation would

suggest that at least with the entire NC1 domain a prefolding does not seem to

be essential for the selective heterotrimerization and cystine-knot formation. So

far, this structural motif of the collagen type IX NC1 domains has not been

further analyzed for its usefulness in the production of synthetic or recombi-

nant heterotrimeric collagen models. Yields of disulfide cross-bridged triple-

helical heterotrimers may possibly be enhanced by incorporation of elements

that promote specific interchain interactions, such as the electrostatic interac-

tions used recently for self-association of three different synthetic a-chains in

collagenous heterotrimers.69

6.5.3.2 Assembly of Heterotrimeric Collagen Molecules

by Regioselective Disulfide Formation

To date only trimerization procedures for the assembly of homotrimeric col-

lagen molecules have been developed, with the exception of the COL1/NC1

junction of collagen type IX68 discussed in the preceding Section 6.5.3.1.

Therefore, for studies focusing on structural and functional properties of het-

erotrimeric collagens, such as collagen type I and IV, a new strategy was

required that would result in regioselective cross-bridging of three peptide

chains in order to establish the correct chain registration. For this purpose

Ottl et al.60 devised an artificial C-terminal cystine knot with minimal steric

clashes within the triple helix. Since attempts to apply the information encoded

in native sequences for a preferential oxidative assembly of such artificial

cystine knots failed completely,60 regioselective cysteine pairing procedures, as

shown in Figure 6.5.8, were applied for cross-bridging the single chains by

disulfides into defined heterotrimers. This strategy relies on regioselective
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activation of cysteine residues as pyridyl- or nitropyridylsulfenyl derivatives

followed by thiol-disulfide exchange reactions. The slightly acidic conditions

prevent scrambling of already formed disulfides.60,61

The general scheme is outlined in Figure 6.5.8 and has been applied with some

variations in the orthogonal thiol protecting groups for the successful assembly

of various heterotrimers in solution61–63,66,70,71 and on solid support.65 Slatter

et al.72 developed a more facile synthesis using a thiol-activated species of the

monocysteinyl-a1-chains in excess over the bis-cysteinyl-a2-chain, which places

the incorporation of the artificial cystine knot under the control of reaction

kinetics rather than regioselective disulfide chemistry. The desired heterotrimer

was produced in up to 30% yield. Side products in the reaction mixture were

removed using chromatographic separations in order to isolate the trimer.

The synthetic route using regioselective disulfide bridging of heterotrimers

did not encounter any difficulties, as long as the peptide monomers or dimers

lacked the characteristics which promote their self-assembly into triple helices.

But with increasing propensity for triple-helix formation in aqueous solution

conformation-dependent side reactions were encountered.73 The percentage of

side products formed reached a considerable level in the synthesis of the trimer

consisting of only five (POG) triplets adjacent to the artificial cystine knot

(trimer B of Figure 6.5.6).64

P(C4H9)3

Acm

StBu

α1

SH

α1

SH

α1’

Acm

StBu

Npys
α2

α2

α2

Acm

Npys-Cl

Npys

α1α1

α2

StBu

α1’

α1’

α1

α2

1. P(C4H9)3 
2. (Npys)2

pH 5.0

pH 5.0

P(C4H9)3

+

Figure 6.5.8 Reaction scheme for regioselective cross-bridging of three peptide
strands into heterotrimers in aqueous solution with defined disulfide
connectivities.
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Despite the complex synthetic steps required for such regioselective strate-

gies, important new insights into the structural properties of collagens were

collected with the heterotrimeric collagen constructs. Particularly the structural

plasticity of the triple helix in the regions containing recognition elements

specific for interaction with proteins such as the collagenases,74,75 integrins76,77

or chaperons78 was well documented.

6.5.4 Concluding Remarks

Homotrimeric collagen constructs that are cross-linked N- or more effectively

C-terminally with the collagen type III cystine knot are readily accessible by

synthesis and recombinant technologies, while the production of collagen

heterotrimers still remains a challenging task. Possible new perspectives may be

derived from the proper use of the heterotrimeric collagen type IX cystine knot,

although a well-defined registration of the chains by this approach requires

more detailed insights into the role of the NC1 and/or COL1 domain during

chain selection. Since the registration of the a-chains has been found to sig-

nificantly affect the plasticity of triple-helical functional epitopes in model

heterotrimers,75,76 a defined chain alignment can so far only be achieved with

regioselective interchain disulfide formation. Heterotrimeric foldons of specific

chain alignment properties could offer a valid alternative for tethering and

registration of the chains, when identified in other heterotrimeric proteins.

Indeed homotrimeric foldons such as the short foldon domain of bacteriophage

T4 fibritin have already proven to be a highly promising alternative to the

C-propeptides to bring collagen peptides in close proximity for the oxidative

formation of the interchain cystine knot.35,79
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45. M. Čema�zar, S. Zahariev, J. J. Lopez, O. Carugo, J. A. Jones, P. J. Hore

and S. Pongor, Proc. Natl. Acad. Sci. USA, 2003, 100, 5754–5759.

46. L. Barth, E. K. Sinner, S. A. Cadamuro, C. Renner, D. Oesterhelt and

L. Moroder, in Peptides for Youth, E. Escher, W. D. Lubell and S. Del

Valle, eds., American Peptide Society, 2008, in press.

47. G. P. Lunstrum, A. M. McDonough, M. P. Marinkovich, D. R. Keene,

N. P. Morris and R. E. Burgeson, J. Biol. Chem., 1992, 267, 20087–20092.

48. M. Mazzorana, H. Gruffat, A. Sergeant and M. van der Rest, J. Biol.

Chem., 1993, 268, 3029–3032.

49. M. Mazzorana, C. Giry-Lozinguez and M. van der Rest, Matrix Biol.,

1995, 14, 583–588.

50. M. Mazzorana, A. Snellman, K. I. Kivirikko, M. van der Rest and

T. Pihlajaniemi, J. Biol. Chem., 1996, 271, 29003–29008.

51. M. Mazzorana, S. Cogne, D. Goldschmidt and E. Aubert-Foucher, J. Biol.

Chem., 2001, 276, 27989–27998.
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L. Moroder, FEBS Lett., 1996, 398, 31–36.

61. J. Ottl and L. Moroder, J. Am. Chem. Soc., 1999, 121, 653–661.
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CHAPTER 7

Cystine-based Scaffolds for
Functional Miniature Proteins

RUDOLF K ALLEMANN

School of Chemistry, Cardiff University, Main Building, Park Place,

Cardiff CF10 3AT, UK

7.1 Introduction

Natural proteins rely for activity on large complex folds that hold in place a

relatively small number of residues to bind to their targets or to catalyze reac-

tions. The selectivity, specificity and in the case of enzymes, enormous catalytic

efficiency has long tempted chemists to design synthetic peptides and proteins

that rival the exquisite performance of natural proteins. Functional macro-

molecules can be created using two approaches. The first exploits a system that

selects a few active biomolecules from a large pool of randomly generated (and

mainly inactive) molecules; catalytic antibodies or target binding peptides

selected by methods such as phage display are obtained in this way. The second

approach involves the rational design of an active biomolecule that relies for

activity on a predefined three-dimensional structure. True de novo design of

functional proteins has proven difficult due to our incomplete understanding of

the biophysical basis of protein folding and stability. The design of small peptides

that display functional activities as a consequence of adopting structurally well-

defined structures and bind targets such as DNA or proteins or show catalytic

activity provides an attractive alternative.1 Small peptides, however, only rarely

adopt well-defined conformations with functional activities. One way to over-

come this problem is to graft an array of pre-organized functional groups onto
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stable, naturally occurring scaffolds thereby combining the high efficiency of

natural proteins with the versatility and high stability of many small peptides.2–14

7.2 Pre-organization of Amino Acid Side-chains

The active sites of enzymes provide an organized environment in which the

amino acid side-chains are optimally organized to bind and chaperone substrates

along often complicated reaction paths. In many cases the remainder of the

protein serves little function other than to provide a scaffold for the active site. A

series of de novo designed oxaloacetate decarboxylases showed that it is possible

to implement such active site geometries on the surface of small peptides without

specialized binding pockets. Oxaldie-1 and -2 are 14-residue peptides composed

of only three residues, namely leucine, lysine and alanine, and designed to fold

into amphiphilic a-helices in a concentration-dependent manner.15–17 Their

structure is stabilized by aggregation into bundles of approximately four helical

turns. Oxaldies-3 and -4, which were based on the natural peptide scaffold

provided by the pancreatic polypeptides, catalyzed the decarboxylation even at

concentrations as low as 2mM.6,7 The peptides showed Michaelis–Menten

saturation kinetics and rate enhancements of 3–4 orders of magnitude relative to

catalysis by simple amines; this is not insignificant when compared to 108-fold

rate enhancement in natural (metal-dependent) oxaloacetate decarboxylases.18

These experiments revealed for the first time that pre-organization of active site

residues to bind a target and to catalyze a reaction can be achieved on the surface

of relatively small peptides. Later work indicated that miniature proteins can

also be used for the catalysis of more complex reactions such as the hydrolysis of

esters. Based on the pancreatic polypeptide fold, Art-Est was designed to cata-

lyze the hydrolysis of mono-p-nitrophenyl esters with bell-shaped pH depen-

dence and through an acyl enzyme intermediate (Figure 7.1).9

Figure 7.1 Representation of the three-dimensional structure of the designed esterase,
Art-Est (amino acids involved in catalysis are highlighted) and the
mechanism of the Art-Est catalyzed decarboxylation of mono-p-nitro-
phenyl fumarate.9
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These examples show that miniature proteins can display catalytic and sta-

bility properties similar to those of natural enzymes. For many applications,

however, it is desirable to generate efficient catalysts that can function under

non-physiological conditions such as high temperature or extreme pH values or

show increased stability to chemical denaturants. Typical strategies to increase

the stabilities of miniature proteins include the introduction of metal-binding

sites or non-peptidic staples into natural polypeptides and the use of naturally

occurring cystine-rich peptides.

7.3 Natural Linear Cystine-stabilized Peptides

and Cyclotides

Many bioactive linear peptides of different sources and biological activities such

as endothelins, sarafotoxins, bee and scorpion venom toxins, contain a com-

mon cysteine pattern of the type Cys-(X)1-Cys/Cys-(X)3-Cys (Figure 7.2).19–22

In the endothelin/sarafotoxin family of peptides two disulfide bridges to an

extended b-type structure stabilize an a-helix with either a parallel or an anti-

parallel arrangement of the two elements of secondary structure (see also

Figure 7.2 Representations of the disulfide stabilized peptides endothelin (A),19

apamin (B),21 scorpion toxin (C)20 and kalata B1 (D).29,30
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Section 6.3.2). In the case of the honey bee venom toxins, a globular overall

fold that consists only of an a-helix containing the Cys-(X)3-Cys portion is

cross-linked to the b-strand with a crossed disulfide pattern. Scorpion toxins

contain three disulfide bridges and are composed of an a-helix and a two- or

three-stranded antiparallel b-sheet. In several growth factors a third cystine

penetrates the Cys-(X)1-Cys/Cys-(X)3-Cys motif to form a cystine knot,23 a

rigid and stable structure that has been exploited for molecular engineering

applications and for the development of lead compounds for drug design (see

Section 6.3.4).24,25

Such disulfide-stabilized peptides show remarkable resistance to denatura-

tion. For example, CD-spectroscopy of the 18-residue neurotoxic peptide

apamin from Apis melifica indicated that the secondary structure of apamin

was maintained for temperatures up to 75 1C.8,28 Only above this temperature a

gradual change in the CD-spectrum was observed, most likely indicating a

gradual change of the overall structure rather than a loss of helicity. Similarly,

apamin shows significant resistance to chemical denaturants and pH; its sec-

ondary structure is not affected by concentrations of guanidinium chloride as

high as 6M and by pH values as low as 2.8,28 The remarkable structural

robustness of the apamin fold was further underlined by the design, synthesis

and characterization of NTH-18, an apamin-derived peptide, in which the

arrangement of the elements of secondary structure were reverted relative

to apamin; an N-terminal a-helix was connected through a reverse turn to a

C-terminal extension of non-canonical secondary structure, which was linked

to the helix through two disulfide bonds (Figure 7.3).29 Air-oxidation of the

fully reduced NTH-18 led to the production of two-disulfide linked peptides;

Figure 7.3 Diagrams of an ensemble of NMR-structures of NTH-18 (left), in which
the order of the elements of secondary structure is reversed relative to the
neurotoxic peptide apamin (Figure 7.2),29 and of the X-ray-crystal struc-
ture of the Cu21 complex of MINTS (backbone conformations and the
orientations of the two histidine side-chains are shown for both peptide
chains in the asymmetric unit).30 The right panel of this figure was taken
from reference 29. (Copyright ACS. Reproduced with permission.)
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the major component (B60%) was characterized by a parallel pattern of di-

sulfide bonds, while NTH-18 contained crossed disulfides and was stable over a

wide range of pH and temperature as had been observed for apamin.

In the plant gene-encoded cyclotides, a cystine knot-like motif of three di-

sulfide bonds is combined with a circular backbone to generate the so-called

cyclic cystine knot (Figure 7.2).26,27,31 The knotted disulfide arrangement

combined with the circular backbone renders the cyclotides extremely stable

(see Section 6.3.2).32,33 They are resistant to thermal and enzymatic degrada-

tion by proteases as shown by the retention of biological activity after boiling in

medicinal applications (kalata B1, the first cyclotide to be discovered is used in

native African medicine to induce contractions of the uterus; it is extracted by

boiling the plant Oldenladia affinis). Studies of acyclic permutants of kalata B1

showed that while open-chain analogs maintained the basic three-dimensional

structure, they are intrinsically less stable than the circular proteins. Clearly, the

disulfides are central to the formation of tertiary structure of cyclotides, which

are further stabilized through cyclization. The exceptional stabilities of cyclo-

tides may in the future make them valuable for drug design applications despite

potential problems with the degradation of such hyperstable drugs after action.

While the potential of the cyclic cystine knot as a scaffold for the presentation

of biologically active peptide epitopes has recently been demonstrated (see

Section 6.3.3),34,35 the discussion here will deal with miniature proteins derived

from linear polypeptide scaffolds only.

7.4 Cystine-stabilized Miniature Proteins

The miniature decarboxylases and esterases described above indicate that small

proteins can be designed that catalyze chemical reactions with transparent

reaction mechanisms and catalytic activities that are not insignificant when

compared to their much bigger natural counterparts. However, for many

applications it is desirable to generate miniature proteins of high stability and

with the ability to regulate their activity through external triggers. More than

10 years ago Claudio Vita described the first examples of the use of cystine-

stabilized peptides as scaffolds for the generation of functional miniature

proteins,36,37 the activity of which could be controlled through changes in the

redox-conditions. Other approaches for the creation of tunable miniature

proteins can be based for instance on the introduction of cross-linkers38–40 or

metal-binding sites.

7.4.1 A Metal Ion Induced Helical Foldamer

Metal-binding sites can be used in miniature proteins to control structure

formation in response to metal ion concentrations. This strategy is also used in

many natural proteins where metal ions often stabilize a-helices. Based on the

‘‘reversed’’ apamin peptide NTH-18,29 a high affinity Cu21-binding peptide

(Metal Ion Induced N-terminally Stabilized Peptide, MINTS41) was designed
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through the introduction of two histidine residues in the solvent exposed face of

the a-helix of NTH-18.30 The presence of the two histidines was expected to

reduce the a-helical character of the peptide. However, the spacing of the two

histidines of approximately one helical turn apart implied that they might be

ideally placed to promote helix formation through coordination of transition

metal ions such as Cu21. As had been observed for NTH-18 and contrary to

observations with apamin, air oxidation of the reduced peptide led to the

formation of two products of identical mass corresponding to peptides with

crossed and parallel arrangements of the disulfide bridges. The solution of the

X-ray crystal structure of the Cu21-complex of the more helical of these pep-

tides confirmed the presence of a crossed disulfide pattern (Figure 7.3).

CD-spectroscopy revealed that only 26% of the residues of MINTS adopted

an a-helical conformation as compared to 44% observed for NTH-18

confirming the strong helix-destabilizing effect of the two histidines. This

observation was supported by NMR-spectroscopy, which suggested that the

metal-free peptide adopted a poorly defined structure (unpublished). However,

the addition of certain transition metal ions allowed the reformation of a stable

a-helix. CD-, NMR- and EPR-spectroscopy as well as MALDI-TOF mass

spectrometry indicated that in solution MINTS bound to Cu21 to form a 1:1

complex via the imidazoles of the two histidine side-chains with a dissociation

constant of 5 nM at pH8, which is the lowest reported value for a designed

Cu21-binding peptide. MINTS displayed more than 100-fold selectivity for

Cu21 over Zn21, Ni21 and Co21.

Metal-dependent foldamers like MINTS may have applications as oxidation-

state sensitive affinity tags, for the generation of artificial models of active sites

of metalloproteins, and as reagents to selectively target interfaces involved in

protein-protein and protein-nucleic acid interactions that often rely on a-helices.

7.4.2 ApaMyoD: A Miniature DNA-binding Protein

DNA binding proteins have evolved to deal with a problem not normally

encountered by enzymes, namely that the substrate, which is a specific DNA

fragment, is immersed in a sea of other DNA sequences.42 This sequence dis-

crimination is often the basis of significant physiological differences. The pro-

duction of the basic helix-loop-helix (bHLH) transcription factor MyoD in a

wide variety of cell types, including fibroblasts and myoblasts, activates a

cascade of genes eventually leading to cellular differentiation and the produc-

tion of muscle cells.43,44 However, in stark contrast to its high physiological

specificity, MyoD displays only limited DNA binding specificity in vitro.45,46

Similar to many other DNA binding reactions, the DNA binding reactions of

bHLH proteins are characterized by a transition from a largely unfolded to a

mainly a-helical conformation of the bHLH-domain.45 The limited DNA

binding specificity of bHLH proteins has been postulated to be a consequence

of their conformational flexibility due to high solvent accessibility.47 To test the

hypothesis that increasing the stability of the DNA recognition helix of MyoD
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enhances its DNA binding specificity, a hybrid protein, ApaMyoD, was

designed in which a sequence based on the peptide apamin was fused to the N-

terminus of the bHLH domain of MyoD (Figure 7.4).48

CD-spectroscopy had revealed previously that the bHLH-domain of MyoD

was largely unfolded at concentrations below 5mM.45At the same concentration,

approximately 19 amino acid residues of oxidized apaMyoD corresponding to

the whole DNA recognition helix were in an a-helical conformation. This value

was slightly higher than would have been expected from the addition of a di-

sulfide-stabilized apamin-like segment21 and indicated that the apamin helix

served as a nucleus for a helix that extended for a further 10 residues; the whole

of the basic DNA recognition helix was apparently held in a predominately

helical conformation by the apamin extension. Like bHLH-MyoD, reduced

apaMyoD was largely unfolded in solution indicating that the stabilization of the

secondary structure of apaMyoD was a direct result of the formation of the

disulfide bridges.

Addition of DNA to oxidized apaMyoD induced a conformational change to

a mostly folded conformation. This DNA complex underwent a cooperative

thermal unfolding reaction with a midpoint of B50 1C, 13 1C higher than the

Figure 7.4 Construction of ApaMyoD as a hybrid between the DNA binding protein
MyoD and the disulfide stabilized peptide apamin.48 The recognition helix
of MyoD is stabilized through two crossed disulfide bonds to an apamin-
like N-terminal extension. To generate ApaMyoD, two amino acids in the
solvent exposed face of the DNA recognition helix of MyoD were replaced
with cysteines to allow the formation of disulfide bridges to the N-terminal
apamin extension leading to a hybrid DNA binding protein where the
recognition helix of MyoD was stabilized through two crossed disulfide
bonds. Helices are depicted as tubes. This figure was taken from reference
48. (Copyright Elsevier. Reproduced with permission.)
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melting temperature observed for the DNA complexes of the bHLH-domain of

MyoD and of reduced apaMyoD, indicating that the addition of the apamin

extension conferred significant additional stability to the DNA complexes of

MyoD.

ApaMyoD bound to E-box (CANNTG) containing DNA sequences,45,49 the

targets of MyoD in the promoters and enhancers of genes, with significantly

enhanced affinity relative to MyoD-bHLH (Table 7.1). Interestingly, the affi-

nity of apaMyoD for heterologous DNA sequences was increased only

approximately 2-fold. Limiting the number of accessible conformations of the

recognition helix of apaMyoD appeared to stabilize the interaction with specific

DNA and destabilize the complex with non-specific DNA leading to a 10-fold

increase in the DNA-binding specificity of the hybrid protein through local

stabilization of the DNA binding domain that results in a reduction of the

conformational flexibility. The enhanced specificity was clearly a consequence

of the disulfide-stabilized intramolecular interactions, as the reduced form of

apaMyoD displayed specificity similar to that of MyoD-bHLH.

ApaMyoD is the first example of a designed transcription factor that binds

to DNA with significantly increased DNA binding affinity and specificity

as a consequence of disulfide-dependent intramolecular stabilization of the

DNA recognition helix and suggests a possible resolution of the mechanistic

paradox between the impressive physiological specificity displayed by bHLH

proteins and their modest DNA-binding specificity in vitro. The intramole-

cular interactions between the N-terminal apamin-like extension and the basic

region in apaMyoD can be seen as a model for the modulation of the DNA

binding properties of transcriptional regulators through intermolecular inter-

action between their DNA recognition elements and other components of the

transcription complex such as the members of the MEF-2 family. MEF-2C,

a potent co-regulator of MyoD, could stabilize a specific conformation of

the basic region of MyoD thereby altering its intrinsic DNA binding speci-

ficity.50–52 Unlike protein-protein interactions, the properties of apaMyoD

and hence of transcriptional activation can be controlled through changes

in the redox conditions with many biotechnological and pharmacological

applications.

Table 7.1 DNA binding parameters of MyoD–bHLH46 and apaMyoD48 in its

oxidized and reduced forms.48

MCK–Sa NOE–Boxa

[P]1/2 (nM)b KD
c(M2) [P]1/2

b(nM) KD
c(M2) Specificityd

MyoD–bHLH 28.3 8.0� 10�16 30.0 9.0� 10�16 1.13
ApaMyoDRed 20.0 4.0� 10�16 27.7 7.7� 10�16 1.93
ApaMyoDOx 6.4 4.1� 10�17 21.2 4.5� 10�16 10.98

aMCK-S contains an E-box DNA sequence (CANNTG); NOE-Box is heterologous DNA.
bProtein concentration for which 50% of the DNA binding sites are filled.
cApparent dissociation constants, KD¼ ([P]1/2)

2.
dSpecificity of the DNA binding reaction is defined as the ratio KD(NOE-Box)/KD(MCK–S).
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7.4.3 Apoxaldie-1: A Miniature Oxaloacetate Decarboxylase

The rational redesign of enzymes is a difficult task due to the delicate balance

between stability and catalytic activity and the intrinsic instability of many

naturally occurring proteins. One way to overcome this problem is to create

catalysts by grafting active site residues onto stable polypeptide scaffolds. A

wide range of natural protein motifs have been used to create miniature

enzymes, which present functional groups on the surface of specific elements of

secondary structure. Examples include a bba motif, a-helical bundles, mixed

polyproline/a-helices and triple-stranded b-sheets.6–7,13,17,53–58 Such scaffolds

often require oligomerization for stability and functional activity. In addition,

their stability with respect to heat, denaturants such as guanidinium hydro-

chloride or urea and extreme pH values is normally rather low. As discussed

previously, the reduced thermal stability of miniature proteins is thought, at

least in part, to result from their small size and hence low number of stabilizing

interactions between different parts of the peptide chain.

Based on a general understanding of the amine-catalyzed decarboxylation of b-

keto-acids, a reaction that proceeds through a protonatable imine intermediate,59

the oxaldies were designed, a series of peptides that folded in solution and dis-

played catalytic activity as oxaloacetate decarboxylases.6,7,17 These designs were

successful in that imine formation, which is the slow step during the decarbox-

ylation of b-keto-acids by simple amines, was no longer rate determining in

reactions catalyzed by these peptides. However, the folding and the activity of

these peptides were concentration dependent, suggesting that these scaffolds were

stabilized by oligomerization and aggregation (Table 7.2). Their stability to

denaturation by elevated temperature, denaturants or changes in pH was low.6,7

Hence based on our success with disulfide-stabilized transcription factors,38–39,48

a miniature oxaloacetate decarboxylase (Apoxaldie-1) was designed based on

the stable structure of apamin (Figure 7.5).8 Three solvent exposed amino acids

in close proximity in consecutive turns of the a-helix of apamin were replaced

with lysine residues to provide an active site similar to that of oxaldies-2 to -4. As

with apamin, intramolecular disulfides formed spontaneously on air oxidation

and only the crossed disulfide pattern was observed.

Table 7.2 Kinetic parameters for the catalyzed decarboxylation of oxaloacetate.

Peptide kcat (10
�3 s�1) KM (mM) kcat/KM (M�1 s�1)

Oxaldie-2 (200 mM)17 7.5 48.0 0.16
Oxaldie-2 (100 mM)17 15.0 210.0 0.07
Oxaldie-36 86.0 49.4 1.74
Oxaldie-47 229.0 64.8 3.53
Apoxaldie (oxidized)8 66.0 29.8 2.22
Butylamine8 – – 0.0005
Phe-OEt8 – – 0.0061
Spontaneous17 0.013 – –
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The CD-spectrum of Apoxaldie-1 was concentration independent as would

be expected for a monomeric protein and closely resembled that of unmodified

apamin28 with an a-helical content of B35%, suggesting the formation of

approximately two turns of an a-helix, a value that is lower than would have

been expected from the structure of apamin (B44%). This suggested that the

C-terminal end of Apoxaldie-1 might have been frayed; an interpretation that

was supported by MD-simulations, which indicated an unraveling of the three

N-terminal residues of Apoxaldie-1 either as a consequence of the three posi-

tively charged lysine residues on the solvent exposed face of the helix or due to

the formation of a 310-helix rather than an a-helix. The structure of oxidized

Apoxaldie-1 was dependent on the disulfide bonds since on reduction of the

disulfide bonds, the peptide adopted a random coil-like structure.

In contrast to most natural oxaloacetate decarboxylases and the previously

described Oxaldie-1 to -4,6–7,17 Apoxaldie-1 was highly resistant to denatura-

tion. Thermal unfolding experiments revealed that it maintained its secondary

structure at temperatures in excess of 75 1C. Apoxaldie-1 also showed sig-

nificant resistance to chemical denaturants; only a slight change in the structure

was suggested by the CD-spectra for concentrations of guanidinium chloride in

excess of 3M (Figure 7.6). Apamin itself was resistant to denaturation by

guanidinium chloride indicating a slightly reduced stability of Apoxaldie-1,

most likely from the unfavorable interaction of the lysine side-chains. Both

peptides maintained their structure to pH values as low as 2.2.

Despite its small size and the absence of a binding pocket, Apoxaldie-1

displayed saturation kinetics in its oxidized form (Figure 7.6) with kcat of 0.0660

(�0.02) s�1 and a Michaelis constant KM of 29.8 (�5)mM. It catalyzed the

decarboxylation of oxaloacetate through a protonatable imine intermediate by

almost four orders of magnitude thereby rivaling the performance of the best

Figure 7.5 Apoxaldie-1 is a highly denaturation resistant oxaloacetate decarboxylase
in which the ‘‘active site’’ is stabilized through two crossed disulfide
bonds.8 This figure was taken from reference 8. (Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.)
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Figure 7.6 High stability of Apoxaldie-1 against chemical denaturants (top). Changes
of mean residue ellipticity at 222 nm in the CD-spectrum of Apoxaldie-1
with increasing concentrations of guanidinium chloride (J). For com-
parison the mean residue ellipticities at 222 nm are also given for reduced
(’) Apoxaldie-1 as well as of apamin (m). Oxidized Apoxaldie-1 displays
saturation kinetics for the decarboxylation of oxaloacetate (OAA) (K).
For comparison, rate profiles for reduced Apoxaldie-1 (’) and for apa-
min (m) are also indicated. This figure was adapted from reference 8.
(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.)
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synthetic oxaloacetate decarboxylases reported to date (Table 7.2). In contrast

to the catalytic properties of the Oxaldies, the kinetic efficiency kcat/KM of

Apoxaldie-1 was not dependent on the concentration of the peptide. Reduction

of the cystines led to almost complete loss of catalytic activity (Figure 7.6)

indicating that both the disulfide-stabilized, folded structure and the presence

of the three lysines within the a-helix of oxidized Apoxaldie-1 were central to

the catalytic activity of Apoxaldie-1.

Naturally occurring (metal-dependent) oxaloacetate decarboxylases speed up

the decarboxylation reaction by approximately eight orders of magnitude

relative to simple amines such as n-butylamine,17,59 while Apoxaldie-1

enhanced the rate of decarboxylation by almost four orders of magnitude. Even

relative to a catalyst such as phenylalanine-ethylester, which for catalysis at

physiological pH has the nearly optimal pKa of 7.2, Apoxaldie-1 speeded up the

reaction almost 400-fold (Table 7.2). Despite having a 100-fold lower molecular

weight, the catalytic performance of Apoxaldie-1 was equal to that of the

catalytic antibody 38C2 that efficiently decarboxylates 2-(30-(400-acet-

amidophenyl)propyl)acetoacetic acid.60

7.5 Conclusion

In this brief review, recent progress in the use of small cystine-stabilized protein

scaffolds as templates in the design of metal sensors, DNA-binding proteins and

enzymes has been described. Due to their small size and high stability such

miniature proteins provide versatile agents for the study of fundamental bio-

chemical processes like enzymatic catalysis, protein-nucleic acid and protein-

protein interactions and for applications at high temperature, non-physiological

pH-values and high concentrations of chemical denaturants, where natural

proteins do not normally display good activity.

Acknowledgements

The author would like to thank Rhiannon Evans and Neil Young for

generating Figure 7.2 and the UK’s BBSRC and EPSRC for funding.

References

1. A. J. Nicoll and R. K. Allemann, Recent Res. Devel. Chem., 2004, 2,

227–243.

2. B. Imperiali and J. J. Ottesen, Biopolymers, 1998, 47, 23–29.

3. B. C. Cunningham and J. A. Wells, Curr. Opin. Struct. Biol., 1997, 7,

457–462.

4. P. A. Nygren and M. Uhlen, Curr. Opin. Struct. Biol., 1997, 7, 463–469.

5. L. Martin, P. Barthe, O. Combes, C. Roumestand and C. Vita, Tetra-

hedron, 2000, 56, 9451–9460.

392 Chapter 7



6. S. E. Taylor, T. J. Rutherford and R. K. Allemann, Bioorg. Med. Chem.

Lett., 2001, 11, 2631–2635.

7. S. E. Taylor, T. J. Rutherford and R. K. Allemann, J. Chem. Soc., Perkin

Trans. 2, 2002, 751–755.

8. C. J. Weston, C. H. Cureton, M. J. Calvert, O. S. Smart and R. K. Alle-

mann, ChemBioChem, 2004, 5, 1075–1080.

9. A. J. Nicoll and R. K. Allemann, Org. Biomol. Chem., 2004, 2, 2175–2180.

10. W. F. DeGrado, FASEB J., 1999, 13, A1431–A1431.

11. J. K. Montclare and A. Schepartz, J. Am. Chem. Soc., 2003, 125,

3416–3417.

12. J. W. Chin and A. Schepartz, Angew. Chem. Int. Ed., 2001, 40,

3806–3809.

13. J. W. Chin and A. Schepartz, J. Am. Chem. Soc., 2001, 123, 2929–2930.

14. N. J. Zondlo and A. Schepartz, J. Am. Chem. Soc., 1999, 121,

6938–6939.

15. R. K. Allemann, Evolutionary guidance as a tool in organic chemistry,

Ph.D. thesis, ETH-Zürich, 1989.
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17. K. Johnsson, R. K. Allemann, H. Widmer and S. A. Benner, Nature, 1993,

365, 530–532.

18. J. R. Rozzell, Immobilized Aminotransferase for Amino Acid Production,

Academic Press, New York, 1987, Vol. 136, pp. 479–493.

19. R. W. Janes, B. A. Peapus and B. A. Wallace, Nat. Struct. Biol., 1994, 1,

311–319.

20. D. Housset, C. Habersetzerrochat, J. P. Astier and J. C. Fontecillacamps,

J. Mol. Biol., 1994, 238, 88–103.

21. J. H. B. Pease and D. E. Wemmer, Biochemistry, 1988, 27, 8491–8498.

22. H. Tamaoki, R. Miura, M. Kusunoki, Y. Kyogoku, Y. Kobayashi and

L. Moroder, Prot. Engineer., 1998, 11, 649–659.

23. M. P. Schlunegger and M. G. Grutter, Nature, 1992, 358, 430–434.

24. S. Krause, H. U. Schmoldt, A. Wentzel, M. Ballmaier, K. Friedrich and

H. Kolmar, FEBS J., 2007, 274, 86–95.

25. L. Chiche, A. Heitz, J. C. Gelly, J. Gracy, P. T. T. Chau, P. T. Ha, J. F.

Hernandez and D. Le-Nguyen, Curr. Prot. Pept. Sci., 2004, 5, 341–349.

26. K. J. Rosengren, N. L. Daly, M. R. Plan, C. Waine and D. J. Craik, J. Biol.

Chem., 2003, 278, 8606–8616.

27. O. Saether, D. J. Craik, I. D. Campbell, K. Sletten, J. Juul and D. G.

Norman, Biochemistry, 1995, 34, 4147–4158.

28. A. I. Miroshnikov, E. G. Elyakova, A. B. Kudelin and L. B. Senyavina,

Bioorg. Khim., 1978, 4, 1022–1028.

29. A. J. Nicoll, C. J. Weston, C. Cureton, C. Ludwig, F. Dancea, N. Spencer,

U. L. Günther, O. S. Smart and R. K. Allemann, Org. Biomol. Chem.,

2005, 3, 4310–4315.
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CHAPTER 8

Selenocystine Peptides –
Synthesis, Folding and
Applications

MARKUS MUTTENTHALER AND PAUL F. ALEWOOD

Institute for Molecular Bioscience, University of Queensland, 4072 Brisbane,

Australia

8.1 Introduction

Sulfur incorporated in proteins in the form of cysteine, methionine and its

various different oxidation states participates unlike any other element in an

amazingly complex and diverse range of biologically essential reactions

including structure formation and stabilization, redox pathways, exchange and

radical reactions as well as atom-, electron- and hydride transfer reactions.

Many sulfur-rich proteins and their function in the human body have been

characterized and well studied. By contrast, the very similar, though distinct,

family of selenopeptides and selenoproteins remains poorly understood and, as

more selenoproteins are discovered and characterized, the more it becomes

apparent that the emerging selenium biochemistry will be a fascinating way to

explore this novel and still untouched field. Selenium incorporated in biomo-

lecular structures leads to changes in catalysis, hydrolysis and redox proper-

ties1–3 that can be utilized in a variety of applications (see Table 8.1).
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8.2 Selenium – Isosteric Replacement for Sulfur

8.2.1 Selenium

The non-metal selenium occurs in the earth’s crust in the inorganic forms of

selenide (Se2�), selenate (SeO2�
4 ) and selenite (SeO�

3 ), and its abundance is

about four magnitudes lower than that of sulfur, which is also reflected in the

natural abundance of these elements in biological systems. A number of

radionuclides and six stable isotopes exist for selenium with the most abundant

isotopes 78Se (23.52%) and 80Se (49.82%) being responsible for the unique

mass peak distribution (see Figure 8.1).

The element belongs to the group of chalcogens. Except for tellurium these

elements are fundamental constituents of functional groups of amino acids and

are important contributors to the chemistry and structure of peptides and

proteins. Various oxidation states of selenium within proteins have been

observed such as the reactive selenol, selenic acid, selenoxide, selenylsufide and

the only just recently discovered diselenide bond.4 The comparable physico-

chemical properties of selenium and sulfur indicate that similar effects should

be expected from a substitution of these two elements. However, the question to

what extent the chemical, electrochemical and pharmacological properties of

biomacromolecules will change by such an interchange and how this could be

of use to the scientific community captured the interest of many research

groups over the years and will be a main focus in the following sections.

For a period selenium was considered a poison in biology especially

when field research indicated that selenium poisoning was the leading cause of

alkali and blind staggers, a disease which threatened livestock upon eating

selenium accumulator plants of the genus Astragalus during periods of

droughts in western USA and China.5,6 Furthermore, laboratory studies led

to declaring selenium a potential carcinogen.7,8 Groundbreaking work of

Schwarz and Foltz in 1957 changed that view significantly when they identified

selenium as an essential trace element for bacteria, birds and mammals.9 Later,

Table 8.1 Applications involving selenocysteine.

Structural, functional and
mechanistic probe

77Se-NMR spectroscopy, X-ray crystallography, SAR
(Structure Activity Relationships) studies, specific radi-
olabeling, PET (Positron Emission Tomography)
studies

Robust drug scaffold
design

Improvement of bioavailability of disulfide-bond-rich
peptides in reducing environment

Directed peptide and pro-
tein folding

Induction of selective folding and examination of trapped
intermediates

Enzyme function and
kinetics

Change of specificity or function of enzymes by placing
selenocysteine into the active site

Peptide conjugation Introduction of dehydroalanine as a site-specific pre-
cursor for nucleophilic addition (e.g. for the preparation
of lanthionines, glycopeptides or lipopeptides)
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Flohe et al.10 demonstrated in 1973 that selenium is an integral part of the

active site of the mammalian glutathione peroxidase – covalently bound in

stoichiometric quantities. This triggered a continuous increase in biomedical

interest and the emergence of selenium biochemistry as a field of research.11

Many selenoproteins have been identified in all lineages of life,12,13 the largest

repertoire found in fish with 30 individual selenoproteins, followed by humans

and rodents with 25 and 24, respectively.14 Selenium has been established as a

biologically essential element for cellular redox balance, immune responses,

cancer prevention and inflammation protection.15–17 Some of these seleno-

proteins are already well characterized, such as glutathione peroxidase and

thioredoxin reductase, though the precise function of many is still unknown

leading to a growing interest in the synthesis and study of selenopeptides and

-proteins.

8.2.2 Selenocysteine – the 21st Proteinogenic Amino Acid

Selenium is present in proteins of all three lines of descent, eukaryota, archaea

and eubacteria.18 It is predominantly present in the form of the naturally

occurring amino acid selenocysteine (Sec), which Cone et al. showed for the

first time in 1976, on analysis of the selenoprotein component of clostridial

glycine reductase.19 Selenomethionine is another important form in which

Figure 8.1 Characteristic isotopic selenium abundance seen in an MS spectrum of a
peptide with one diselenide bond.
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selenium has been observed in proteins.20,21 Selenocysteine is often found in

enzymatic active sites, where its known function is acting as a nucleophile, a

metal ligand or a redox element.22,23 The importance of selenoproteins became

very apparent when the selenocysteine-tRNA gene (necessary for the incor-

poration of Sec into proteins) knock-out experiment in mice resulted in early

embryonic death.24 Bioincorporation of selenocysteine is genetically controlled

and occurs by a specific mechanism (see Section 5.2.1), and selenocysteine can

therefore be referred to as the 21st proteinogenic amino acid.25

8.2.3 Selenocysteine as an Isosteric Replacement for Cysteine

The similarities between sulfur and selenium summarized in Table 5.1 of

Chapter 5 indicate that a mutation of cysteine to selenocysteine represents a

very conservative substitution. The largely isosteric character of selenocysteine

has been exploited in the chemical syntheses of a wide range of bioactive

peptides such as oxytocin,26–29 somatostatin,30 a-rat atrial natriuretic pep-

tides,31 endothelin-1,32,33 apamin,34 interleukin-8,35 BPTI,36 ribonuclease A,37

glutaredoxin 338 and the a-conotoxins39 either to elucidate structure activity

relationships or to improve their stability in reducing environments.

All selenium analogs folded correctly, bioactivities were retained and struc-

ture analysis by NMR and CD spectroscopy further confirmed the isosteric

character of the diselenide bond. Indeed, the substitution of a Cys residue with

Sec has significant advantages over a substitution with other chemical moieties

such as carba,40 lactam,41 thioether,42 homocysteine or penicillamine,35 which

can all impart structural distortions that may compromise bioactivity and

selectivity.

8.2.4 Selenocysteine and its Role as a Mechanistic Probe

Selenocysteine plays an important role in the elucidation of structural,

mechanistic and functional features in many biomacromolecules. Functional

information can be obtained by replacement of active-site Cys residues by Sec

based upon the differences in redox properties and nucleophilicity demon-

strated with selenosubtilisin,1,43 metalloselenonein,44 interleukin-835 and

selenoglutaredoxin 3.38 Incorporation of selenocysteine into proteins for the

purpose of X-ray crystallography significantly facilitates the phasing problem,

and the lengthy and problematic heavy-atom screening procedure can be

avoided.45–47 The difference in bond length between Se-C and S-C does not

affect the properties of proteins or peptide analogs since the structures generally

retain sufficient plasticity and flexibility to accommodate the selenium residues

within the geometries of the wild type (see Figure 8.2).

Selenium has six isotopes 74Se (0.87%), 76Se (9.02%), 77Se (7.58%), 78Se

(23.52%), 80Se (49.82%) and 82Se (9.19%). Only one of them, 77Se, has a

nuclear spin quantum number of I¼ 1/2 and can be employed in high-

resolution NMR spectroscopy.49,50 Uniform mutation of Cys resi-

dues by Sec should theoretically allow specific resonance assignment and
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conformational analysis of unknown disulfide-bond connectivities in Cys-rich

peptides and proteins by 1H-77Se correlated NMR experiments.51 However,
77Se[1H], 1H-HMBC experiments performed on an oxidized diselenide gluta-

redoxin fragment at natural 77Se abundance did not allow for assignment of the

diselenide connectivity52 and reports on the use of this methodology are gen-

erally very rare. Recent advances on the rather expensive 77Se-selenocysteine

building blocks51,53 should facilitate the labeling process, as 77Se can now

readily be incorporated into peptides and proteins by synthesis and native

chemical ligation.

8.2.5 pKa, Nucleophilicity and Reactivity

Despite the resemblance between the elements selenium and sulfur, the amino

acids selenocysteine and cysteine exhibit significantly distinct chemical prop-

erties. Even though Sec has similar electronegativity to Cys, it is a stronger

nucleophile54–56 and a better leaving group than its sulfur analog.57 Further-

more, in pKa determination studies selenocysteine exhibited a much higher

acidity than cysteine (pKa(Sec)¼ 5.24–5.63, pKa(Cys)¼ 8.25),54,58,59 which means

at physiological pH the Sec residue will be present largely in its reactive anionic

form, the selenolate, while the cysteine residue would still be largely proto-

nated. In pH-dependent titration studies it was also shown that selenocysteine

reacted with iodoacetate or iodoacetamide at pH values much below the pKa of

the selenol.54 Generally it is well established that exposed selenols are a very

reactive species and readily oxidized by air.60 1H-NMR studies of selenoenzyme

selenosubtilisin revealed that the enzyme-bound selenol and seleninic acid have

unusually low pKa values when compared to typical selenium compounds and

were found to be deprotonated at all accessible pHs.61 Intriguingly, Sec residues

in peptides are found to be fully oxidized directly upon deprotection via

hydrogen fluoride (P. Alewood and M. Muttenthaler, unpublished results, and

communication with P. Dawson, Scripps). Investigations towards pKa deter-

mination of Sec residues incorporated in peptides and proteins though not

trivial would certainly be of great value.

Figure 8.2 Superimposition of the crystal structures of PnIA and Sec[3,16]-[A10L]-
PnIA illustrating the isosteric character of the diselenide bond in red and
with the disulfide bond in yellow.48
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Considering the low pKa and high reactivity of the selenolate at physiological

pH the question arises as to which form of the catalytic selenium is present

within a selenoenzyme. Crystallographic data on the selenoenzyme glutathione

peroxidase showed that the well-conserved tryptophan and glutamine resi-

dues constitute a catalytic triad in which the selenolate is both stabilized and

kept activated by hydrogen bonding with the imino group of the tryptophan

and the amido group of the glutamine residue (see Figure 8.3).62,63 In the case

of selenosubtilisin the active selenolate is likewise stabilized by hydrogen

bonding of a histidine and asparagine residue in close spatial proximity (see

Figure 8.3).64

Most human selenoproteins have cysteine homologs, which are generally

weaker catalysts. Mutations of a Sec residue to Cys in selenoenzymes confirm

this, showing a 100- to 1000-fold decrease in catalytic activity.57,65–67 Kinetic

analysis of thioredoxin reduction by selenium analogs of glutaredoxin 3 sug-

gested that it is the selenium’s nucleophilicity that is the primary reason for the

strong increase in activity rather than its role as the better leaving group.38 This

difference in pKa and nucleophilicity can be used to discriminate between

Sec and Cys, and is the underlying principle of the BESThio assay. BESThio

(30-(2,4-dinitrobenzenesulfonyl)-20,70-dimethylfluorescein) initially used as a

fluorescent probe for thiols,68 was shown not to react with thiols at pH values

o7 (see Scheme 8.1). Consequently, when performed at a pH 5.8 in presence of

DTT, this assay can be used for rapid identification and quantification of

NH+

Gln 79

O

+H2N

Trp 153

45 Sec Se-

Asn 155

O

+H2N

Se-

221 Sec

N
H

NH

His 64

Figure 8.3 Left: Selenolate stabilization in the catalytic triad of glutathione peroxi-
dase: Right: Selenolate stabilization in the catalytic triad of selenosubtilisin.

OO

Me Me

COOH

O S

O

O

O2N

NO2
OO

Me Me

COOH

OH

pH 5.8

R-SeH

R-SHBESThio Active Fluorophore

DTT

Scheme 8.1 Fluorogenic reaction of BESThio with selenols and thiols.
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known and unknown selenoproteins, which was demonstrated on the seleno-

proteins glutathione peroxidase and thioredoxin reductase.69

8.2.6 The Redox Potential of Selenocysteine

The redox potentials of thiols and selenols in peptides and proteins are usually

extracted from the equilibrium constants of exchange reactions with reference

redox systems such as DTT or glutathione. For this purpose apparent redox

potentials of �323mV70,71 and �240mV,72 respectively, are generally used for

calculating the apparent redox potentials by the Nernst equation (see Section 3.7).

Studies on aliphatic and aromatic compounds as well as on peptides showed that

the reduction of the diselenide bond is possible in the presence of excess irre-

versibly reducing agents such as NaBH4, tris(2-carboxyethyl)phosphine (TCEP)

and tris-n-butylphosphine, or the strongly reducing DTT.45,60,73–75,78 Excess of

TCEP has been observed to lead to deselenation, similar to the well-established

desulfurization reaction of disulfides in the presence of basic tris(ethylamine)-

phosphine.76,77Cyclic voltammogram studies of cystine and selenocystine showed

a striking difference in redox potential between them.21 The highly negative redox

potential of selenocystine (�488mV) compared to that of cystine (�223mV)78

suggests a very different behavior in redox reactions, which has captured the

interest of various research groups in recent years. Reinvestigation of the redox

potential of selenocystine led to a value of �386mV as electrode potential and

�388mV against DTT at pH7,79 which is almost identical to that determined for

an unstructured linear bis(selenocysteinyl)peptide (�381mV at pH7.0 and 25 1C)

using DTT (�323mV) as reference redox system80 (see Table 8.2).

In general, the proximity of neighboring Cys and Sec residues and overall

structural differences influence the redox potential significantly (see Table 8.2).

In the case of Cys residues it can vary from approximately �125mV for

DsbA81 to �270mV for thioredoxin.82 This diversity in potentials is also

reflected in the various functions that these thiol/disulfide oxido-reductase

proteins play in vivo, ranging from protein reduction to disulfide-bond for-

mation see chapters in Section 1 of this book.21

Further comparative studies on diselenide, selenylsulfide and disulfide bonds

in linear unconstrained glutaredoxin fragments as well as in folded gluta-

redoxin 3 analogs were conducted, providing more relevant values for thiol/

selenol oxidation.38,80 The observed difference in redox potentials (111–

166mV) of the disulfide and the diselenide bond (see Table 8.2) in combination

with the higher nucleophilicity of selenium suggest a highly favored diselenide

or selenylsulfide bond formation over a disulfide bond. This hypothesis was

experimentally confirmed on selenium analogs of native and non-native di-

sulfide/diselenide analogs of the bee venom toxin apamin (see Section 5.3.1).34

8.2.7 Selenocystine in Reducing Environments

In stability studies, the globular selenium analogs of a-conotoxin ImI were

exposed to various reducing conditions in several biological systems (blood
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plasma, glutathione, albumin, thioredoxin). While the all-Cys-peptide scram-

bled into a mixture of ribbon and globular isomers within 24 h in all of the

conditions applied (see Scheme 8.2), the selenium analogs retained their three-

dimensional structure and no diselenide/disulfide shuffling was detected. In

addition, it seems that substitution of only one disulfide bond by a diselenide

bond is sufficient to achieve complete structural and bioactive integrity in two-

disulfide-bond containing peptides.39

8.3 Incorporation of Selenocysteine into Peptides
and Proteins

Selenocysteine has been used as a mechanistic probe for structure-activity

relationships since the beginning of selenium chemistry and there is more than

one method to incorporate selenocysteine into peptides and proteins. This

chapter focuses on purely chemical approaches. Incorporation of Sec through

biosynthetic cell machinery such as transfection of eukaryotic cells and

recombinant selenoprotein production techniques are reviewed in Section 5.2.

8.3.1 Peptide Synthesis

Chemical incorporation of Sec residues into peptides is largely achieved by

solid phase peptide synthesis and in combination with native chemical ligation

Table 8.2 Redox potentials of cysteine, related peptides and proteins and their

selenocysteine analogs.

Compounds Potential Ref. Structure/active motif

Cystine21 �233mV NHE

+H3N COO-

X

2

Cystine78 �223mV GSSGa

Selenocystine21 �488mV NHE
Selenocystine79 �388mV DTTb

Glutathione72 �240mV Lipoic acid
-O N

H

X

H
N

O-

O O

O

O

NH3
+ 2

Selenoglutathione83 �407mV DTTc

Glutaredoxin 1 (Grx1)84 �233mV Trxe -CPYC-
Glutaredoxin 3 (Grx3)84 �198mV Trxe -CPYC-
[C11,C14]-Grx-(10-17)85 �215mV GSSGa Ac-GCPYCVRA-NH2

[U11,C14,K19]-Grx-(10-17)80 �326mV DTTd Ac-GUPYCVKA-NH2

[U11,U14,K19]-Grx-(10-17)80 �381mV DTTd Ac-GUPYUVKA-NH2

[U11,U14]-Grx338 �309mV Trxe -UPYU-
[U11,C14]-Grx338 �260mV Trxe -UPYC-
[C11,U14]-Grx338 �275mV Trxe -CPYU-

aDetermined with E0

0¼�240mV for GSSG.
bWith E0

0¼ –332mV for DTT.79
cWith E0

0¼�327mV for DTT.
dWith E0

0¼�323mV for DTT.71
eWith E0

0¼�270mV for Trx.82

403Selenocystine Peptides – Synthesis, Folding and Applications



it is regarded as a very effective tool in rational peptide/protein design. Sele-

nocysteines are usually assembled in the form of the Fmoc-Sec(Mob)-OH

derivative for Fmoc/tBu and as the Boc-Sec(MeBzl)-OH derivative for the Boc/

Bzl strategy. These building blocks behave like their Cys analogs; coupling

efficiency is high, chain assembly works smoothly and there are many examples

in the literature where this method has been successfully applied.

The early syntheses of Sec-peptides were performed in solution and the

benzyl (Bzl) group was used exclusively for the selenol protection, which was

introduced predominantly as the Z-Sec(Bzl)-OH intermediate.26–30,86–88 Its

lability in alkaline media and the deprotection step with sodium in liquid

ammonia provoked significant b-elimination of the phenylmethaneselenolate

(BzlSe–) resulting in low yields. It is now well known that BzlSe� is a much

better leaving group than the corresponding thiolate.89 An even better leaving

group is the benzeneselenolate PhSe�, which is used as a precursor for the

introduction of dehydroalanine through mild oxidative elimination (see Section

8.5.2).90,91

Following the development of Cys protection compatible with the Fmoc/tBu

and Boc/Bzl chemistries the two protecting groups 4-methoxybenzyl (Mob) and

4-methylbenzyl (MeBzl) in the form of Fmoc-Sec(Mob)-OH31,73 and Boc-

Sec(MeBzl)-OH44 were introduced. The Mob protection was used intensively

S S
SS SR

S S
SS SR

S S
S SRS

S S
S SRS

Scheme 8.2 Possible disulfide-bond scrambling in presence of free thiols.
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by various groups,31,32,34,36,56,73,80,91–94 but was shown to be prone to racemi-

zation during activation and coupling steps. Another drawback is the high

tendency to deselenate via b-elimination during iterative piperidine-mediated

Fmoc-deprotection steps resulting in dehydroalanine and consequently piper-

idyl adducts.92,95,96 The deselenation and racemization could be largely sup-

pressed by keeping the exposure to piperidine to a minimum and using

pentafluorophenyl esters without the addition of base.92 To avoid these side

reactions completely, Boc/Bzl chemistry came back into focus, where depro-

tection, coupling and cleavage are carried out in acidic to neutral medium, e.g.,

via the in situ neutralization protocol.97 The optical purity of the Boc-Sec

(MeBzl)-OH residue and its behavior during peptide synthesis was assessed

showing that the stereochemical integrity was conserved and no major side

reactions have been reported so far.38,39

8.3.2 Deprotection, Cleavage

The Mob group can be removed either in TFA in the presence of strong Lewis

acids such as trimethyltrifluoromethane sulfonate31,73 or with I2 in acetic acid,

which can cause complications and low yields if other intramolecular Sec or

Cys residues are present, because of the selenolanthionine formation.33,93,95

Deprotection with mercuric acetate is unsuccessful as it leads to the forma-

tion of mercuric diselenide, which is stable to treatment with excess thiols for

the displacement of the heavy metal.92,95 The most applicable method to date is

deprotection in TFA in the presence of DMSO, which leads directly to dis-

elenide or selenylsulfide formation (see Scheme 8.3).31,33,92,93,95

Deprotection of Sec(Mob) can also be achieved under milder conditions via

the addition of sub-stoichiometric amounts of 2,20-dithiobis(5-nitropyridine)

(DTNP) in TFA, where Sec(Mob) is converted to the 5-nitropyridylsulfenyl-

selenide derivative, which can subsequently be cleaved by thiolysis.98 This

CH2CH2

Se Se

Mob Mob

CH2CH2

Se Se

Mob Mob

10% DMSO
TFA

4º C, 20 min

CH2CH2

Se Se

S+

CH3

CH3

OH

CH2CH2

Se Se

Mob S

CH2CH2

Se Se

Mob OH

CH3

OH
H3C

Scheme 8.3 Sec(Mob) deprotection with DMSO/TFA.
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method can be used for desired selenylsulfide bond formation99 and was also

shown to produce vicinal selenylsulfide bonds.100

In the Boc/Bzl strategy the Sec(MeBzl) is deprotected by standard hydrogen

fluoride methods at 0 1C within 1 h and without particular difficulties.35,38,39,44

A very interesting feature is that upon deprotection the Sec residues are found

to be already fully oxidized to the corresponding diselenide or mixed sele-

nylsulfide bonds even at pHB1. This observation has also been confirmed by

Phil Dawson et al. (personal communication) in his work on selenogluta-

redoxin 338 and is probably due to the high reactivity and low pKa of the selenol

within peptides and proteins as discussed in Section 8.2.5.

8.4 Synthesis of Selenocysteine Building Blocks

8.4.1 Overview

The increase in publications over recent years reflects the versatility of sele-

nocysteine in its role in probing biological mechanisms and drug design.

Quantitative amounts of Sec building blocks were required for the synthesis of

analogs for structure-activity studies, which drove the development of novel

and robust scaleable syntheses to yield optically pure compounds. This Section

will give an overview of various synthetic approaches, discuss reaction key

features and will compare yields, efficiency and applications.

Selenocystine was initially prepared by Fredga in 1936,101 but it was Soda

and co-workers who made the synthesis of selenocystine feasible by reacting

excess (to prevent monoselenide formation) in situ generated disodiumdise-

lenide with b-chloro-alanine.102–104 Stocking et al.51 improved this method by

reacting dilithiumdiselenide with the Boc-protected b-iodo-alanine-methylester

yielding the Boc-protected selenocystine methylester, which upon deprotection

could be converted into optically pure selenocystine (Scheme 8.4).

A different approach was introduced later by Siebum et al.53 who took up the

challenge of economically introducing the isotopes 13C, 15N, 17O, 18O and 77Se

to produce site-directed isotopomers for NMR studies. This method utilized

the efficient Mitsunobu reaction to incorporate the expensive 77Se into the

building block (Scheme 8.5).

Boc-HN
O

O

I

Li2Se2

THF
Boc-HN

O

O

Se

2

20% TFA/DCM

HCl

89%

+H3N
O-

O

Se

2

92%

Scheme 8.4 Synthesis of selenocystine.51
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8.4.2 Selenol Protection

Currently the most used selenol protections are the MeBzl and Mob groups,

whereas the Sec(Ph) protection is now predominately used as a precursor for

dehydroalanine and is incorporated either as Boc-Sec(Ph)-OH or Fmoc-

Sec(Ph)-OH.90,91

8.4.3 Building Blocks for Fmoc/tBu Chemistry

The first optically pure Sec(Bzl) derivatives were reported in the late 1960s by

Walter and co-workers.88,105 The synthetic approach involved nucleophilic

displacement of the O-tosyl moiety of L-serine derivatives by the benzyl sele-

nolate anion (BzlSeNa). This key reaction was developed further by the group

of van der Donk into a robust and scaleable synthesis to access Fmoc-Sec(Bzl)-

OH, Fmoc-Sec(Ph)-OH and Fmoc-Sec(Mob)-OH in high yields and with

simple recrystallization workup (Scheme 8.6).93

An alternative approach for the synthesis of phenylselenocysteine is the

reduction of diphenyldiselenide with sodium metal followed by reaction with

Boc-serine-b-lactone.106,107 This procedure was slightly modified by Okeley

et al.91 performing the reduction with sodium trimethoxyborohydride

(NaBH(OMe)3) in situ and converting the Boc protecting group into the Fmoc

derivative. Fmoc-Sec(Mob)-OH can also be obtained by reduction of seleno-

cystine with NaBH4 and in situ reaction with 4-methoxybenzyl chloride,

followed by acylation with Fmoc N-hydroxy-succinimide.73

8.4.4 Building Blocks for Boc/Bzl Chemistry

Boc-Sec(MeBzl)-OH was synthesized by reaction of suitable b-halo-alanines

with in situ generated disodium or dilithium,51,53,104 leading to optical pure

Boc-HN
OtBu

O

OH Ph3P, Br2

imidazole

N2H4, Se

NaOH

Boc-HN
OtBu

O

Se

2

NaBH 4/EtOH

TFA/HCl

60%

+H3N
O-

O

SeH

85%

Scheme 8.5 Synthesis of selenocysteine.53

Fmoc-HN
OH

O

OH

2) TsCl, pyr
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R1 = All

TFA or Pd 01) R1-X

50%
71%

Fmoc-HN
OR1

O

OTs

R1 = Dpm

R1 = All

R1 = All

75 %

89 %

87 %

Fmoc-HN
OR1

O

SeR2

R2 = Ph

R2 = Bzl

R2 = Mob

Fmoc-HN
OH

O

SeR2

98 %

94 %

99 %

R2 = Ph

R2 = Bzl

R2 = Mob

R2SeH

DMF
NaOH

Scheme 8.6 Synthesis of Se-protected N-Fmoc-selenocysteine derivatives.93
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selenocystine, which is used as a precursor for further building blocks.44,102

This method was originally introduced by Oikawa et al.44 but it was Alewood

and co-workers who developed it into a fast and efficient synthesis for Boc-

protected selenocysteine derivatives, amendable to scale-up with easy workups

(Scheme 8.7).39

Alternatively Boc-Sec(MeBzl)-OH can be obtained analogous to the synth-

esis of the Fmoc building blocks, including significant changes such as the

synthesis of the 4-methylbenzyl-diselenide, using elemental selenium under

bubbling CO,108 and the mild deprotection of the methyl ester using Me3SnOH,

also a very robust and scaleable synthetic route.38,109

8.5 Reactions with Selenocysteine

8.5.1 Selenocysteine-mediated Native Chemical Ligation

Native chemical ligation110 has proven to be a very attractive approach to the

synthesis and semisynthesis of a wide range of proteins and it is now possible to

study selenoproteins by selenocysteine-mediated native chemical ligation. The

native peptide bond is formed between a C-terminal peptide thioester and

another peptide containing an unprotected Sec residue at its N terminus when

mixed together in presence of a reducing agent. Without a reducing agent no

ligation takes place supporting the mechanism of initial attack of the selenolate

on the thioester to give a selenoester, followed by acyl migration from the Se- to

the N-terminus to yield the thermodynamically more stable product (see

Scheme 8.8).36,94

The first example of a Sec-mediated ligation was achieved with two peptides

related to ribonucleotide reductase.93 Although a faster and more efficient

reaction was anticipated due to the higher nucleophilicity, the lower pKa of

H2N
OH

O

Cl

H2N
OH

O

Se

2

NaBH 4

4-MeBzl-Cl

62%

H2N
OH

O

Se(MeBzl)

92%

Na2Se2

H2O

Boc2O / K 2CO 3

Boc-HN
OH

O

Se(MeBzl)

72%

Boc-Sec(MeBzl)

Scheme 8.7 Synthesis of N-Boc, Se-MeBzl protected selenocysteine.39
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Scheme 8.8 Selenocysteine-mediated native chemical ligation.
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selenocysteine and the faster aminolysis of the selenoester, the ligation only

proceeded slowly and with low yields. The rate of the ligation seems to depend

on the equilibrium between the reactive selenolate and its oxidized diselenide or

selenylsulfide form. The use of only weakly reducing thiophenol is most likely

the reason for slow reaction times as only little of the selenolate will be present

for the nucleophilic attack due to higher stability of diselenide and sele-

nylsulfide bonds. Indeed, in model studies on ligation of acetyl-glycine thioe-

sters with Cys and Sec it was shown that once the selenolate was generated (in

this case with the stronger and irreversibly reducing agent TCEP), the ligation

proceeded faster than with cysteine. At a pH of 5 a 103-fold faster rate of

product formation was observed, indicating that Sec-mediated chemical liga-

tion can be chemoselective.56 A drawback of using excess of TCEP can be

deselenation, which leads to monoselenide formation, similar to the well-

established desulfurization reaction of disulfides in the presence of basic tris-

(ethylamine)phosphine.76,77 An overview of native chemical ligation reactions

incorporating a selenocysteine is given in Table 8.3.

Sec-mediated native chemical ligation was applied to the synthesis of a

selenium analog of the three-disulfide bond BPTI. The peptide fragments

BPTI(1-37)-thioester and [C38U]-BPTI(38-58) were synthesized by Fmoc/tBu

synthesis on solid support and ligated in presence of TCEP (1 eq) and 3% (v/v)

thiophenol to reduce the selenylsulfide bond and to initiate the ligation by

generating the reactive selenolate.36 [C38U]-BPTI was then subsequently folded

to its fully active native structure. Another example is the synthesis of a 15-mer

selenopeptide (15SeP) by ligating the fragment 1-14 thioester to selenocystine

under reducing conditions yielding the 15SeP diselenide dimer.112 Standard

native chemical ligation in the presence of fully oxidized fragments (diselenide

and selenylsulfide bond) was shown to be possible in the synthesis of the

complete set of selenocysteine variants of glutaredoxin 3, which provided

insights into the catalytic machinery of selenoenzymes.38

Intramolecular Sec-mediated ligation can be used for N-to-C terminal

backbone cyclization for the formation of stable cyclic peptides. A linear 16-

mer-diselenide dimer was cyclized in 0.1M phosphate buffer at pH 7.5, con-

taining 3% thiophenol (v/v). The reaction was complete after 3 hours, resulting

in a mixture of the diselenide dimer and the mixed selenylsulfide with thio-

phenol (Scheme 8.9).94

8.5.2 Dehydroamino Acids – Versatile Precursors

The a,b-unsaturated amino acid dehydroalanine is often found in biological

polypeptides and natural products,113,114 and from a synthetic point of view

represents a useful electrophilic precursor for preparation of peptide conjugates

such as glycopeptides and lipopeptides. Introduction of dehydroamino acid can

be achieved by various methodologies115 with the most common ones being the

activation and elimination of serine residues or Hoffmann elimination of 2,3-

diaminopropionic acid.116 These methods might be useful for selected peptides,

but lack overall sufficient chemoselectivity. A more versatile approach is the
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Table 8.3 Overview of native chemical ligation reactions incorporating selenocysteine.

Ligation reaction Reactants Yield

Ac-LVPSIQDDG-SBzl+UESGACKI-Ac-LVPSIQDDGUESFACKI 4% PhSH, 6M GnHCl 60%93

Ac-LVPSIQDDG-SBzl+CESGAUKI - Ac-LVPSIQDDGCESFAUKI 4% PhSH, 6 M GnHCl 76%111

Ac-LVPSIQDDG-SBzl+UESGAUKI - Ac-LVPSIQDDGUESFAUKI 4% PhSH, 6 M GnHCl 48%111

LYRAG-SEt+Selenocystine - (LYRAGU)2 diselenide dimer 3% PhSH, 1.7 eq TCEP, 6 M GnHCL NA36

BPTI(1-37)-SEt+[C38U]-BPTI(38-58) - [C38U]-BPTI 3% thiophenol, 1 eq TCEP, 6 M GnHCL NA36

[C11X]-[C14X]-Grx3(1-37)-MPAL-thioester+[A38C]-Grx3(38-82) -
[C11X]-[C14X]-[A38C]-Grx3 with X¼U/C

1.5% thiophenol, 3 mM peptide 40–50%38

14P-SEt+Selenocystine - 15SeP diselenide dimer 5% thiophenol, 6 M GnHCL 25%112

UYAVTGRGDSPAASSG-SEt - c[UYAVTGRGDSPAASSG]
+{c[—UYAVTGRGDSPAASSG]}2

3% thiophenol Quant.94

4
1
0

C
h
a
p
ter

8



oxidative elimination of cysteine derivatives, but that precludes other protected

cysteine residues. With the selenocysteine residue being a better leaving group

than the cysteine residue it enables selective access to dehydroalanine and other

non-natural amino acids in a facile and convergent way. Selenocysteines can

either be introduced site-specifically as phenylselenocysteine during the synth-

esis or by choosing the ligation site utilizing selenocysteine-mediated chemical

ligation. It can then either be converted to dehydroalanine by mild oxidative

elimination with hydrogen peroxide or sodium periodate,90,91 or directly

transformed into an alanine residue by reduction of the relatively weak Se-C

bond under hydrogen atmosphere using Raney nickel and TCEP (see Scheme

8.10).94

Once electrophilic dehydroalanine is obtained, modification can take place

by nucleophilic attack or other compatible chemoselective reactions such

as Michael addition. The oxidation conditions tolerate functionalities such as

tryptophan and methionine and are compatible with thiol protection such as

the trityl and tert-butylthio group. One application for the electrophilic handle

is the intramolecular Michael addition of a trityl-deprotected cysteine to gen-

erate the lanthionine (see Scheme 8.11). Interestingly the formation of only one

single diastereoisomer was observed.93

YAVTGRGDSPAASSG

SeR

H2N

O

SEt

YAVTGRGDSPAASSG

O
H
N

SeR

R = Mob, Se-pep (dimer) R = SPh, Se-pep (dimer)

pH = 7.5

3% thiophenol
3h

Scheme 8.9 Selenocysteine-mediated backbone cyclization.
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Scheme 8.10 Sec(Ph) – a versatile precursor.
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The incorporation of dehydroamino acid into peptides serves as a com-

plementary chemoselective ligation approach and enables the access of highly

complex biomolecules containing multiple site-specific modifications.

8.6 Concluding Remarks and Perspectives

Without a doubt selenium can be seen as the most conservative substitution to

sulfur and its properties may be exploited in such roles as spectroscopic and

mechanistic probes.43,45,117 When incorporated into biomolecular structures,

the resulting changes in catalysis, hydrolysis and redox properties1–3 can be

utilized in a variety of ways. Examples of future applications might be found in

drug scaffolds, folding analysis and enzymatic reaction design.

8.6.1 Scaffold Design

Selenocysteine’s isosteric character as a cysteine analog combined with the

distinct physicochemical properties make it an interesting tool in rational drug

design. The much lower redox potential and higher nucleophilicity can be used

to direct peptide folding into desired isomers, which by design will have an

overall more stable structure towards reducing environments. Scrambling of

the disulfide-bond connectivity usually leads to structural changes that can

lower the activity,118 which can be suppressed by the presence of diselenide

bonds. Hence from a drug developmental perspective using selenocysteines

means not only having the advantage of an increase in bioavailability of a

possible therapeutic peptide without losing bioactivity, but also having a more

efficient oxidative folding procedure as many purification steps of the usually

employed orthogonal protection strategies become unnecessary. A small di-

sulfide/diselenide bond peptide could therefore be used as a robust scaffold with

a bioactive drug motif incorporated in a suitable position. Head-to-tail cycli-

zation and addition of conjugates and/or tags could further lead to improve-

ment towards bioavailability or detection (see Figure 8.4).

8.6.2 Folding Pathways

With the exponentially growing number of possible isomers in Cys-rich poly-

peptides, correct oxidative folding is often not straightforward and ways to
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Pro Gly

NH
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Scheme 8.11 Lanthionine formation via intramolecular Michael addition of a
cysteine onto a dehydroalanine.
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increase the folding efficacy are sought. Selenocysteine may be a useful tool

both to direct folding and to trap out specific intermediates, and therefore help

to elucidate folding pathways. Care must be taken, due to the fact that di-

selenides do not scramble, which is often essential in the folding process.

Nevertheless it should be possible to obtain important complementary infor-

mation concerning folding pathways.

8.6.3 Tailoring of Enzymatic Reactions

Examples such as selenosubtilisin,1,43,119 monoclonal antibodies2,120 and phos-

phorylating glyceraldehyde 3-phosphate dehydrogenase (GAPDH)3 show

clearly that introduction of selenocysteine into the active site can change the

specificity or function of an enzyme. This certainly is valid for many other

enzymes, but the question is still open if it will eventually be possible to engi-

neer enzymes with novel reaction mechanisms or functions.
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chemistry, 1994, 33, 3404–3412.

46. J. F. Sanchez, F. Hoh, M. P. Strub, J. M. Strub, A. Van Dorsselaer,

R. Lehrer, T. Ganz, A. Chavanieu, B. Calas, C. Dumas and A. Aumelas,

Acta Crystallogr. D: Biol. Crystallogr., 2001, 57, 1677–1679.

47. M.-P. Strub, F. Hoh, J.-F. Sanchez, J. M. Strub, A. Böck, A. Aumelas
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