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Preface

Cytoskeletal and extracellular matrix proteins have many features in common regarding
their 3-dimensional structure, interactions and assembly properties. In- and outside the cell
filaments, fibres and more complex supramolecular assemblies are in dymanic equilibrium
with molecular building blocks exhibiting many common structural motifs and having a high
potential for in vitro self-assembly. In addition, the two systems can communicate with each
other through receptor molecules spanning the plasma membrane and interacting via their
extracellular and cytosolic domains with specific components of the two.

Biophysical research has made substantial contributions to our present knowledge and
understanding of the often complex biological functions and interactions of the cytoskeleton
and the extracellular matrix. The three-dimensional structure of the constituent proteins, the
dynamics of their interactions, the thermodynamics of assembly and the mechanisms of
regulatory processes, as well as the architecture and molecular organization of complex
structures all represent problems that are approached by a large repertoire of biophysical
methods. The polymerization mechanisms underlying actin filament formation, the regulation
of their spatial and temporal distribution by actin-binding proteins, their interaction with
myosin in force generation, the growth and dynamic remodelling of micotubules, collagen
fibrillogenesis, the multidomain structure of cell attachment molecules such as laminin, the
supramolecular organization of basement membranes and of the nuclear pore complex are only
a few examples for successful biophysical research. The fascinating discoveries of receptor
molecules establishing a link between components of the extracellular matrix and the
cytoskeleton, and the observation of dramatic changes in the cytoskeleton in response to
extracellular stimuli represent a new challenge to biophysicists for exploring the underlying
molecular events and mechanisms.

The present book is based on the contributions made at a recent Symposium of the
European Biophysical Societies Association (EBSA) held in Gwatt, Switzerland,
from 4th to 7th September, 1988 which was supported by the Swiss National Science
Foundation, the Swiss Academy of Sciences, the Maurice E. Miiller Foundation of
Switzerland, and the Interpharma Association in Basel. The Symposium was organized with
the idea to bring together researchers from "both sides of the cell membrane" to present to and
discuss with each other the current research in the two fields, to exchange experience and
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ideas, and to stimulate collaboration. Not only the related methodologies and approaches but
also the need for a more integral approach to systematically evaluate the structure, function and
interactions of the proteins of the cytoskeleton and the extracellular matrix made such a
symposium timely. We intentionally did not limit the scope to "pure" biophysics but tried to
incorporate relevant biochemical and cell biological work. To all of us this Symposium was
very informative and stimulating and we are hoping that this also holds true for the present
book which is trying to give a representative sampling and up-to-date picture of current
research in the two fields. Each section contains a number of articles written by experts
which, in addition to just presenting new data, also try to review the state of knowledge in a
particular area. This, we hope, will make the book useful also to non-experts and will help to
follow the many new results reported in 65 contributions. We obviously had to be selective
and were unable to cover all interesting ongoing work in the two fields. To help bridge this
gap, sufficient references and an index are provided with the hope of the editors to make this
book an useful source for gathering information and stimulate further reading in these two
exciting and rapidly evolving fields of research.

Basel, November 1988 Ueli Aebi and Jiirgen Engel
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SECTION I
Cytoskeletal Proteins and Their Supramolecular
Assemblies



Functional Properties of $-Iubulin In Vivo

Daniel M. Bollag, Michael D. Rozycki and Stuart J. Edelstein
Department of Biochemistry

University of Geneva

1211 Geneva 4, Switzerland

Microtubules, cytoskeletal organelles composed of of tubulin
heterodimers, are implicated in a wide variety of cell functions
including nuclear division, intracellular transport and cell motility
(Dustin, 1984). Neither the specific roles nor the detailed structure of
the individual tubulin subunits have been established, since the
conditions necessary for separating the heterodimer result in loss of the
subunits’ ability to repolymerize. We have used plasmids which allow
regulated overexpression of B-tubulin alone or both tubulin subunits in
the yeast Saccharomyces cerevisiae to dissect the properties of the
tubulin subunits in vivo. Under conditions of tubulin induction, B-
tubulin overproducing cells are shown to accumulate fibrous structures
associated with the cell membrane, as revealed by immunofluorescence
microscopy. Simultaneous overexpression of both «- and B-tubulin subunits
also yields membrane-associated filamentous arrays. We conclude that B-
tubulin subunits are competent to assemble into elongated supramolecular
structures, essentially devoid of «-tubulin subunits.

A high level expression plasmid for use in the budding yeast S.
cerevisiae was constructed by fusing the cloned yeast tubulin gene TUB2
(Neff et al, 1983) to the GAL10 promoter (Fig. 1la). Exonuclease
digestion was used to remove tubulin regulatory sequences which had been
shown to interfere with introduction of high copy numbers of the B-
tubulin gene into yeast cells. The resulting multicopy 2u plasmid, pGT2,
was transformed into yeast strain F808 (Rose & Fink, 1987) for these
studies. A similar 2u plasmid, pDB68, containing both TUB1 (a-tubulin;
Schatz et al., 1986) and TUB2 genes under control of the GAL10 promoter
was a kind gift from D. Burke, Univ. of Virginia, Charlottesville (Fig.
1b). Induction of yeast cells containing these plasmids was carried out
in minimal media by transferring the cells from a glucose to a galactose
carbon source. Cells were induced for 10-14h before being harvested for
analysis. Levels of induction were estimated in lysed cell extracts by
gel immunoblotting and detection with specific o or B-tubulin
antibodies (Fig. 2). By comparing the antibody signal intensity in a
dilution series of crude extract protein, the amount of soluble tubulin
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protein relative to that in uninduced cells could be estimated. In FLT12
cells simultaneously overproducing both subunits, o- tubulin was induced
up to twenty-fold (Fig. 2 left, lane 4) and B-tubulin fifty-fold (Fig.
2 right, lane 6) compared to the levels in uninduced cells. Strain FUT2,
expressing 8- tubulin, contained similar levels of the induced protein
with no corresponding increase in o-tubulin expression.

Cells overproducing only B- or both o- and B-tubulin subunits were
examined by immunofluorescence microscopy (Kilmartin & Adams, 1984).
Induction resulted in a 20-30% increase in cell size and a markedly
stronger fluorescence (Fig. 3). Uninduced cells wusually displayed
tubulin fluorescence only in the nucleus or as cytoplasmic microtubules
connecting nuclei in replicating cells (Fig. 3 a and b). However, in
cells overproducing either B-tubulin alone or both subunits, three
classes of unusual structures were observed, all colocalizing with a
membrane. Primarily, a ring or halo was seen closely following the cell

Fig. 1. Plasmids used for tubulin overexpression. a, Plasmid pGT2
contains the yeast B-tubulin gene TUB2 (Neff et al, 1983) under the
regulated control of the GAL10 promoter in plasmid pCGS109, a multicopy
2u shuttle vector with the URA3 selectable marker gene (obtained from J.
Schaum and J. Mao, Collaborative Research). pGT2 was transformed into
yeast strain F808 (Rose & Fink, 1987) and the resultant strain was called
FUT2. b, Plasmid pDB68 contains both the yeast o-tubulin gene TUBI1
(Schatz et al, 1986) and the yeast B-tubulin gene TUB2 fused to the
regulated GAL10 promoter. The LEU2 gene is used as a selectable marker
and the 2u origin maintains the plasmid in multiple copies in the yeast
cell. pDB68 was transformed into yeast strain F808 and the strain was
called FLT12.



membrane. Tubulin fluorescence was also observed, but less frequently, at
the neck between budding cells or forming a ring around the nuclear
membrane. In FLTI12 cells overproducing both tubulin subunits (Fig. 3¢, d
and e), the fluorescent rings contained o- and B- tubulin, whereas 8-
tubulin overproducing FUT2 cells appeared to contain essentially no -
tubulin in these structures (Fig. 3f). The tubulin fluorescence at the
bud neck in both FLT12 and FUT2 cells was detected only with the B-
tubulin antibody, suggesting that this subunit possesses a special
affinity for this region. Additional evidence for a bundled fiber

1 2 3 4 5 6 7 8 9 1 2 3 4586 7 89

Fig. 2. Immunoblots of crude extracts from galactose-induced FLT12 yeast
cells expressing both e-and B-tubulin. Induction followed published
methods (West et al, 1984) and will be described in detail elsewhere.
Extracts from tubulin-overproducing cells were obtained by glass bead
lysis, subjected to electrophoresis on polyacrylamide gels (Laemmli,
1970) and electrophoretically transferred to nitrocellulose filters
(Towbin et al, 1979). The filters were probed with rat monoclonal o-
tubulin antibody YOL1/34 (Kilmartin et al., 1982) or rabbit polyclonal B-
tubulin antibody 124C (Bond et al, 1986) and subsequent binding of a
horseradish peroxidase-conjugated goat anti-rat or anti-rabbit second
antibody (Sigma or Bio-Rad, respectively) permitted detection of tubulin
protein. The gels were loaded with 20, 10, 5, 3, 1, 0.5, and 0.1ug of
crude extract protein (lanes 1-7), prestained molecular weight markers of
180kD, 116kD, 84kD, 58kD, 48.5kD, 36.5kD, and 26.6kD (lane 8), and
partially purified yeast tubulin protein (lane 9). Left, immunoblot
probed with YOL1/34 (e-tubulin). Right, immunoblot probed with 124C (8-
tubulin). At least 20ug of crude extract protein from uninduced cells
were needed to obtain an antibody signal on immunoblots.



Fig. 3. Tubulin localization in Saccharomyces cerevisiae cells by
indirect immunofluorescence microscopy. Cells were harvested and
prepared for immunofluorescence as described (Kilmartin & Adams, 1984).
Monoclonal rat o-tubulin antibody YOL1/34 (Kilmartin et al., 1982) or
polyclonal rabbit B-tubulin antibody 124C (Bond et al, 1986) were used
in combination with DAPI staining of DNA. Fluorescein- and rhodamine-
conjugated goat anti-rat or anti-rabbit second antibodies (Sigma) served
to visualize the anti-tubulin antibodies. a and b: uninduced F808 cells
containing plasmid pCGS109. DAPI staining is shown in a and the
corresponding fluorescein staining of o-tubulin is shown in b. ¢, d and
e: induced FLT12 cells. DAPI staining is shown in c, fluorescein
staining of o-tubulin is shown in d, and rhodamine staining of B-tubulin
is shown in e. f: induced FUT2 cells. Fluorescein staining of B-tubulin
is shown in f.



arrangement of tubulin in the rings of overproducing cells was obtained
when such cells were treated with zymolyase, an enzyme which disrupts the
yeast cell wall, prior to fixation. The rings observed after this
treatment appeared frayed, and a fluorescence signal resembling
individual fibers liberated from the main bundle gave the impression of a
gyroscope when focussing through such cells.

Before the advent of recombinant DNA techniques, it had not been
possible to isolate individual tubulin subunits in a functional form,
making it difficult to dissect the contributions of the o- and B-tubulin
subunits to microtubule formation. Our demonstration of a filamentous
structure almost entirely comprised of B-tubulin suggests that this
subunit possesses an essential property for the formation of fibers. A
likely candidate for a catalytic property controlling assembly is the
binding site of an exchangeable and hydrolyzable GTP located on the 8
subunit (Nath et al., 1985). Since the «-and B-tubulin genes are thought
to be derived from a single ancestral gene, B-tubulin may possess the
salient structural features needed for polymerization while o-tubulin may
have evolved to provide regulatory regions needed for organizing
microtubules into specialized structures. The localization of the 8-
tubulin subunit alone at the bud neck is interesting in light of recent
reports of arrays of microtubules emanating from the bud neck in other
yeasts (Hagan & Hyams, 1988 and Barton & Gull, in the press) and may
suggest a role of B-tubulin in the initiation of microtubule formation.
Work in progress with individual tubulin subunits purified from yeast
should permit new insights into the contributions of individual o- and B-
tubulin subunits to microtubule structure and regulation.

We would like to acknowledge the skilled technical assistance of I.
Tornare, R. Stalder and A.-M. Paunier Doret. We thank Profs. B.-K. Tye
for support and encouragement, D. Burke for providing plasmid pDB68S, F.
Solomon for supplying B-tubulin antibody 124C and sharing results prior
to publication, and U. Laemmli for making available the fluorescence
microscope. This work was supported by a grant from the Swiss National
Science Foundation.
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Paracrystals of Tau Protein — A Molecular Accordion

B. Lichtenberg, E.-M. Mandelkow, T. Hagestedt and E. Mandelkow
Max-Planck-Unit for Structural Molecular Biology
c/o DESY, Notkestrape 85, D-2000 Hamburg 52, F.R.G.

ABSTRACT

Tau is one of the microtubule-associated proteins (MAPs) in mammalian brain
(Weingarten et al., 1975). It occurs mainly in axons and is a component of the
neurofibrillary tangles of Alzheimers disease (Kosik et al., 1986; Wood et al.,
1986). In this report we summarize some structural features of paracrystals of
tau studied by electron microscopy and image processing at a resolution of 5-6
nm (Lichtenberg et al., 1988). The paracrystals are polar, indicating that the
subunits are aligned with the same orientations. Up to seven regions of protein
density can be distinguished. In contrast to other known paracrystals, the
repeats of tau vary over a wide range (from 22 nm to 68 nm) while retaining the
relative positions of their protein domains. This suggests that tau has unusual

elastic properties.

METHODS

The methods of protein preparation, paracrystal formation, and image
analysis are described in more detail elsewhere. Briefly, microtubule protein
was prepared from porcine brain by a modified temperature cycle method
(Mandelkow et al., 1985), boiled for 15 min (Fellous et al., 1977), followed by
a clearing spin. The supernatant was then applied to a Pharmacia FPLC Mono-S
column and eluted with a NaCl gradient. The protein was precipitated with 2.5%
perchloric acid to remove the non-tau MAPs (Lindwall & Cole, 1984). The
supernatant containing tau was precipitated in 45% ammonium sulfate, and the

pellet was redissolved in 20 mM PIPES pH 6.9 with 1 mM each of EGTA, MgSOa,
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dithiothreitol, and 50 mM NaCl. SDS-PAGE shows the usual 4-5 isotypes in the
range 50-70 kDal (Weingarten et al., 1975). Paracrystals were grown by grid
dialysis (Van Bruggen et al., 1986) against 10-50 mM Na acetate buffer, pH
5.4-6.5, 20-50 mM MgClz, using copper grids coated with collodion/carbon.

Staining was done with 1% uranyl acetate. The specimens were examined on a
Philips CM12 microscope at 35-45,000 magnification. For the image analysis the
electron micrographs were screened by optical diffraction, digitized, and

computer processed (Fourier transformation, noise filtering, reconstruction).

RESULTS

The paracrystals are usually straight (Fig. 1), but highly coiled ones are
also observed (Fig. 2), indicating that the structures can accomodate internal
stress. They show patterns of light and dark transverse bands, typical of
structures where elongated molecules are aligned parallel to one another along
the axis. The structures with the largest repeats (above about 60 nm) show the
most detailed pattern, with up to 7 transverse striations per repeat. The most
prominent bands (termed 0 and 2, Fig. 1) are separated by roughly 1/3 of the
repeat. Between them one observes two faint striations (bands la and 1b); three
more bands (3, 4, 5) occur between band 2 and 6 (equivalent to band 0). The
polarity of the pattern is most easily seen from the dark "gap" preceding band 0
in Fig. la. The polarity means that the molecules must be arranged in the same
direction. In this regard the paracrystals are similar to those of collagen
(Doyle et al., 1975), but different from tropomyosin where subunits are packed
with antiparallel orientations (Caspar et al., 1969). As the repeat decreases
the banding pattern changes gradually; for example, bands la and 1b merge into
one another, and bands 3-5 become more evenly spaced. Thus the contracted
pattern usually shows less polarity (Fig. 1b). Nevertheless the relative
positions of the striations remains roughly the same. Evidence described
elsewhere (Lichtenberg et al., 1988) suggests that the ends of the molecules are

near the bright bands (0 and/or 2); this 1is incorporated into the model
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discussed later.

A striking feature is the wide range of repeats (between 22 and 68 nm).
The variation is observed not only by comparing different particles (Fig. 1a,
b), but is also within a given particle; for example, the repeats tend to shrink
towards the ends (not shown). In the coiled specimen of Fig. 2 the repeat on
the outside is 45 nm, but on the inside it is only 22 nm, i.e. half of the
outside repeat. In spite of this compression the banding pattern is preserved.
This suggests that the molecules themselves are elastic, i.e. the structure

behaves like an accordion.

Diffraction patterns of well-ordered paracrystals show reflections up to
the 11th order. Thus the density distribution can be reconstructed to 5-6 nm
resolution (not shown). When scaling different reconstructions to the same
repeat it becomes apparent that the bands can be nearly superimposed. In other
words, the reconstructed densities can be transformed into one another simply by
stretching or compressing. This can only be explained if the molecules are
highly elastic, consistent with the flexibility of the paracrystals (e.g. Fig.
2).

These observations lead to the working model of tau protein in Fig. 3. It
consists of several domains connected by springs. In the paracrystals different
molecules are joined roughly head-to-tail, with the same polarities, and with
little overlap. The maximum length would be given roughly by the maximum
repeat, about 68 nm (top diagram). The bottom diagram shows a contracted state;
all domains move towards one another with little change in their relative

positions.
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Fig. 1. Paracrystals of tau protein. (a)
Periodicity 63 nm. The two most prominent bands
(0 and 2) are marked. There are two faint
striations between bands 0 and 2 (1a and 1b), and
three striations between band 2 and the next” band
0 (3, 4,5). The dark gap to the left of band 0
allows the polarity to be observed by eye (long
arrow). (b) Periodicity 53 nm. Bands 1a and 1b
are no longer resolved, and the gap preceding band
0 has largely disappeared, resulting in a more
symmetrical appearance. A given paracrystal may
contain more than one type of banding pattern.
Bar = 100 nm.

Fig. 2: Coiled paracrystal. The periodicity
varies from 22 nm at the inner edge to 45 nm at
the outer edge (reminiscent of an accordion).
Note that the relative arrangement of the
striations remains unchanged and is similar in the
coiled and straight portions. Blurred regions
showing no striations are probably explained by
internal disorder.

Fig. 3: Model of the structure of tau molecules
and their packin%uin the paracrystal. The filled
blocks represent high protein density (= bands in
the parac?lstals), the springs indicate the
elasticity of the molecule. The distinction
between structural and elastic elements is
exaggerated for clarity. The top and bottom
diagrams show the molecules in an extended and
contracted state. A single tau molecule begins
roughly at band 0 and ends roughly at the next
band 0. The overlap between successive molecules
is probably small, so that the maximum repeat (68
nm) is close to the maximum molecular length (all
springs extended). This is consistent with the
o%scrvation that the separation of the bands
changes nearly proportionally to the overall
repeat (Fig. 3). Figures reprinted from
Lichtenberg et al., 1988.

R 9982 v aas

012 3 4

LI

30408

ué-

= §4



13

DISCUSSION

Tau is an abundant microtubule-associated protein in mammalian brain; thus
far it 1is the only one whose sequence is known (Lee et al., 1988) and which
forms ordered arrays amenable to structure analysis (Lichtenberg et al., 1988).
In the paracrystals up to seven striations can be discerned per repeat, two of
which are particularly prominent (bands 0, 2). This could mean that tau
consists of several structural domains. This would be consistent with the idea
that tau has regions responsible for binding to the microtubule surface and
others that project away from it, and with the observation that tau contains
three internal sequence repeats (possibly microtubule-binding regions).
However, it is not yet possible to assign such functions to the densities

detected in the paracrystals.

Perhaps the most interesting and unusual property of tau is the flexibility
and elasticity. The structure can extend and/or contract by more than 300%,
i.e. from a minimum of 22 nm to a maximum of 68 nm. This variability is not
due to a change in overlap between adjacent tau molecules, but reflects an
intrinsic property of the protein. In this regard tau differs from all other
paracrystal-forming proteins known to us so far. One would expect that this is
somehow related to the wunusual amino acid sequence which contains a high
proportion of Pro, Gly, and hydrophilic residues. However, the way in which
this composition might be translated into elasticity is unclear at present.
There is some similarity to the elastic protein elastin in that both have a high
proportion of Pro (Raju & Anwar, 1987), but otherwise there are no obvious
sequence homologies. In any case it 1is likely that the elasticity of tau
observed in vitro is important for its function in vivo. For example, the
protein could stabilize microtubules (by virtue of its interaction with the
microtubule surface) and at the same time confer elasticity to the cytoplasmic
ground substance. Such a property would be important for allowing the passage

of vesicles and organelles along microtubule tracks during axoplasmic transport.
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Another notable feature of tau is that it forms a major component of the
neurofibrillary tangles observed in Alzheimer's senile dementia (Kosik et al.,
1986; Wood et al., 1986). These structures contain paired helical filaments
twisting around one another (Crowther & Wischik, 1985). The crossover points
are spaced about 70-80 nm apart, a value close to the maximum repeat of the tau
paracrystals. At present there is still a debate on whether the paired helical
filaments consist of tau and/or some other protein(s); and on the other hand we
have not detected helical structures in the tau paracrystals. Nevertheless, the
fact that tau protein can associate into regular structures in vitro suggests a
possible relationship with the tangles occurring in vivo which merits a more

detailed investigation.
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INTRODUCTION

Intermediate filament (IF) proteins, actin, and tubulin are the troika of the eukaryotic
cytoskeleton, in that fibrous polymers of these three classes of protein abound in virtually all kinds
of cells. However, as our knowledge of their molecular properties grows, it is becoming
increasingly apparent that IF proteins (Steinert & Roop. 1988) differ in many respects from actin
(Pollard & Cooper, 1986) and tubulin (Kirschner & Mitchison, 1986), but have much in common
with another important and long-studied component of the cytoskeleton, albeit one that is
somewhat less ubiquitous - myosin (Harrington & Rodgers. 1984; Warrick & Spudich, 1987). It is
the purpose of this contribution to summarize some recent lines of evidence emerging from
biophysical and molecular biological experiments concerning both static and dynamic properties of
IF proteins; to examine how far their resemblance to myosin extends; and to explore its
implications for the functions - still rather vaguely defined - that are exercised by IF in cells.

Actin and tubulin are filamentous proteins only at the supramolecular level, having globular
monomers. In contrast, IF proteins are already filamentous at the molecular level (Fig. 1), and the
structural hierarchy that leads to fully assembled IF entails several further levels of filamentous
organization (Aebi et al, 1983). Moreover, unlike actin and tubulin which are evolutionarily very
conservative, IF proteins are notably diverse, forming a family of about 40 different members per
mammalian species, whose monomer molecular weights run from ~ 44 kDa to ~ 115 kDa.
However, each cell expresses only a few members of the family, and based primarily on

this criterion, IF proteins have been operationally assigned to six different classes: desmin
(muscle), vimentin (mesenchymal cells), glial fibrillary acidic protein - GFAP (astrocytes),
neurofilament NF proteins (neurons), keratins (epithelia), and lamins (constitutive expression).

Now-abundant amino-acid sequence information on IF subunits has clarified the molecular basis. of
this diversity and suggested another more fundamental classification of these proteins. The
hallmark of an IF polypeptide chain is the presence of a characteristic “rod domain” sequence that
is conserved in length (~ 314 residues, extended to ~ 356 in the case of lamins (McKeon et al,
1985; Fisher et al. 1986), and secondary structure (segmented «-helix with a propensity to form
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coiled-coils) and, to a greater or lesser extent, homology. This rod domain is bounded by "end-
domain” sequences which are highly variable in length (thus accounting for the spread in subunit
molecular weights) and amino-acid composition; moreover, they are generally not «-helical. On
the basis of proximity of homology of the rod domains and, to a somewhat lesser extent, end-
domain properties, IF proteins fall into the following Types (Hanukoglu & Fuchs, 1983; Steinert
et al, 1985a): Type I (acidic keratins); Type 11 (neutral/basic keratins); Type 111 (vimentin,
desmin, GFAP); Type IV (neurofilaments NF-L, NF-M. NF-H); and Type V (lamins A,B.C).

OLIGOMERIC COMPLEXES OF IF PROTEINS

(a) The 2-chain Molecule:  The first level of higher-order structure is the dimeric molecule
whereby the rod domains of two IF polypeptide chains come together in parallel and in axial
register to form a 2-stranded coiled-coil rope (Ahmadi et al. 1980: Geisler & Weber. 1982;
Woods & Inglis, 1984; Parry et al. 1985). The expected length of this molecule is about 46nm
(314 residues x 0.149nm axial rise per residue). but is not known precisely because of 3-4 helix-
breaking interruptions in the coiled-coil (Conway & Parry. 1988) and uncertainty as to the
contribution of the end-domains. The major interruption is a "linker” peptide (L12), 16 or 17
residues in length. that divides the rod domain into two segments of approximately equal length,
"segment 1" and "segment 2" (for a more detailed account. see Conway and Parry - this volume).
The absence of stagger between the paired rod domains has the advantage of ensuring that all of
their coiled-coil interruptions are in phase. thereby maximizing the length of the coiled-coil tracts.
and presumably contributing to their stability. It appears that all IF polypeptide chains pair into
molecules in essentially the same way via their conserved rod domains.

(b) 4-chain Complexes and Higher Oligomers: The next level in the hierarchy involves
combinations of molecules, of which the simplest case is a pair of molecules (4-chain complex).
There are numerous reports of such complexes (or proteolytic fragments thereof) obtained by
exposing IF to dissociating conditions. Electron microscopy of such preparations has visualized
rod-like particles 40-50nm in length, suggesting a side-by-side pairing of molecules with little if
any axial offset; however, these data do not distinguish between parallel or antiparallel
arrangements. Addressing this point, Geisler et al (1985) found a majority of dumbell-shaped
particles in electron micrographs of desmin labelled with an antibody against a determinant
located near one end of the rod, implying labelling at both ends. and therefore an antiparallel
association of molecules. On the other hand, Ip (1988) also applied an antibody-labelling
technique to desmin and rarely encountered double-ended labelling. Accordingly, the issue of this
complex’s polarity - which has important implications for whether or not the filament itself is a
polar or a non-polar structure (Steinert & Steven, 1985) - cannot be regarded as settled.

It is not, in principle. possible to construct a filament out of IF molecules without employing
more than one mode of association between them. Of other possible modes of association,
attention has focused on complexes in which the paired molecules are offset by about half a
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molecular length (Steinert et al, 1985a). There are three possibilities for such 4-chain complexes,
having the molecules oriented - (a) in parallel; (b) antiparallel, with overlapping N-terminal halves
(segment 1) ; (c) antiparallel with overlapping C-terminal halves (segment 2). In each case, the
particles should be ~ 65-75nm long. Particles in this length range were hypothesized by Ahmadi et
al (1980). Experimentally, a particle containing four fragments of helix 1 has been isolated from a
proteolytic digest of wool keratins (Woods & Inglis, 1984), pointing to model (b). There is a
preliminary report of vimentin particles in the 65nm range (Potschka. 1986). However, the
particles of about this length visualized by Ip et al (1985) were interpreted as 8-chain complexes
(two half-staggered 4-chain 45nm particles).

We have employed low-angle rotary shadowing electron microscopy to examine particles obtained
by solubilizing heteropolymer Type 111 IF (vimentin + desmin) extracted from BHK cells (Fig.

1). The populations of particles in these preparations are notably heterogeneous, although they
contain several recurring types (Fig. la-e). These include - short rods 20-25nm long (Fig. la);
straight particles in the 40-50nm range (Fig. 1b); and particles of the same length. but kinked
near their middles (Fig. Ic). We also observe longer (70-80nm) particles that are straight and not
necessarily uniform in width (Fig. 1d). as well as other particles of similar length that are kinked.
often at points about two thirds along from one end (Fig. Ie). These subsets of particles can all be
accounted for as variants of a 45nm particle (or oligomers thereof) with a central hinge or point of
flexibility - presumably the linker L12 inferred from rod domain sequence analyses. Thus the
20-25nm particles would be produced by folding 45nm rods through 1800 about their hinge-point.
and through a smaller angle to produce the kinked particles (Fig. 1(c)). An approximately half-
staggered association of molecules (or 4-chain complexes. or both), with one of these particles
bent at its hinge-point would produce the longer asymmetrically kinked particle (Fig. 1(e)). Thus.
although these species do not account for all the particles observed in these preparations. they
provide evidence in support of a predicted point of flexibility at or near the middle of a 40-50nm
particle, and for at least two modes of association between IF molecules that are generally in line
with the intra-filament packing schemes advanced by several authors (Geisler et al (1985), Ip et al
(1985), Fraser et al (1986). They also point to the existence of states in which several different
oligomers and conformers may co-exist, presumably in dynamic equilibrium, which would tend to
subvert experiments which presuppose a monodisperse suspension.

Although rotary-shadowing electron microscopy is a straightforward and informative technique for
the study of fibrous proteins, it has limitations - in particular, uncertainty as to how many
molecules may actually be present in a given complex. This uncertainty arises primarily because
shadowing tends to amplify dimensions (especially the width of fibrous particles) through mobility
of the incident platinum, and particularly so at room temperature. As a result, their perceived
width is several-fold greater than that of an «-helical coiled-coil, or small aggregate thereof,
making it difficult to distinguish between these alternatives in practice. For this reason, it would
be highly desirable to have available a technique in which both the the mass (and hence the
number of molecules involved) as well as the length of each particle could be explicitly
determined. Initial studies with STEM dark-field microscopy of dissociated vimentin visualized



18

Fig 1. Low-angle rotary shadowing (Pt/C) electron microscopy of IF protein particles
(vimentin/desmin) purified from BHK cells as described by Steinert et al, 1980. The gallery (inset,
top right) shows five morphological types of particles (a-¢) recurrenily Tound in these
heterogeneous populations. Inset (f) is an intact IF (in this case, murine epidermal keratin IF
reassembled in vitro) visualized by the same technique. Bars = 100nm.
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unstained after freeze-drying have given promising results, indicating that this approach may be
feasible (S. George, ACS et al - work in progress).

FILAMENT STRUCTURE : A BUNDLE OF «-HELICAL COILED-COILS SURROUNDED
BY A PERIPHERAL SHELL OF END-DOMAINS

Although many specifics remain to be clarified, current evidence strongly favors the proposition
that all IF are built according to the same plan, viz. they have backbones that consist of helically
packed rod domains oriented approximately parallel to the filament axis, from which the end-
domains protrude (Steven et al, 1985; cf. also Fraser & MacRae, 1982). The data on which this
model is based are as follows:

(i) There are numerous observations that, with intact IF, end-domains are more susceptible to
proteolysis than rod domains, suggesting that they occupy a more exposed location (e.g. Steinert
et al, 1983; Kaufmann et al, 1985).

(ii) Contrasting of IF by low-angle shadowing accentuates an intrinsic axial repeat of about 22nm
(Fig. 1f) which has, by now, been demonstrated for virtually all kinds of IF (Milam & Erickson,
1982; Henderson et al, 1982; Sauk et al, 1984; Steven et al, 1987). Several considerations imply
that this repeat is specified by rod domain properties. In particular, like the size of the rod
domain, this axial spacing is essentially the same for IF of all kinds, except for lamins where the
repeat is longer in proportion with the extended lamin rod domain (Aebi et al, 1986). Moreover.
the 22nm spacing correlates with the expected lengths of segments 1 and 2.

(iii) The mass-per-unit-length values measured by scanning transmission electron microscopy
(STEM) for several kinds of Type III and keratin IF were found to be proportional to the average
molecular weights of the subunits contained, indicating that a given length of filament contained
the same number of molecules in each case (Steven et al, 1985). This proportionality is readily
explained if IF of all kinds were to be made up of building-blocks that have modules of conserved
length and mass (the rod domains) and modules of variable mass (the end-domains), and that IF
are assembled by packing the conserved modules together in essentially the same way.

Interpretation of the above experiments was complicated somewhat by the occurrence of
polymorphism, whereby several discrete and seemingly quantized density classes were observed,
particularly among reassembled IF (Steven et al, 1982, 1983; Engel et al, 1985). Otherwise
stated, the above conclusion (iii) was that these IF all contained the same number of molecules in
cross-section, at least within each density class. Native vimentin IF contain about 16 molecules in
cross-section, but lower density IF (10-12 molecules in cross-section) are a common and
sometimes predominant product of in vitro reassembly.
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(iv) Radial density reconstructions from STEM images of unstained frozen-dried IF reveal a core
of uniform density, that is 9-10nm in diameter for IF that contain ~16 molecules in cross-section,
and ~ 8nm for the lower density species (Steven et al, 1985, 1987). This core is surrounded by
diffuse peripheral density that tapers off to an outermost diameter of 15-16nm (respectively,
13-14nm). For the IF examined (vimentin and bovine epidermal keratin), the ratio of the core
mass to the periphery mass was found to be the same as the ratio of the rod domain mass and that
of the end-domains combined.

ANALOGY BETWEEN INTERMEDIATE FILAMENTS AND MYOSIN FILAMENTS

The architectural principle of a filament backbone composed of «-helical coiled-coils surrounded
by protruding end-domains whose foldings involve other conformations is also deployed in the
myosin filament. Upon comparison. myosin is found to resemble IF proteins in other ways.
although there are also notable differences. The myosin molecule is based on a dimer of "heavy”
chains joined via the coiled-coil formed by their respective o-helical rod domains. As with IF
molecules, a parallel, in register, mode of association is used. although the myosin rod is over
three times as long as the IF rods, and is expected to have fewer helix-breaking interruptions.
Moreover. the distributions of charged amino-acids in both rods observe a periodicity of about 9.5
residues (Conway & Parry, 1988: McLachlan, 1984). This periodicity is distinct from the
7-residue repeat (and harmonics thereof) of apolar residues that underlies the coiled-coil
interactions, and is thought to have a role in specifying higher-order structure. Whereas both IF
end-domains are often of comparable size. the myosin end-domains are lop-sided, the amino-
terminal end-domain being vestigial whereas the carboxy-terminal end-domain, subfragment [ (S-
1) is very large, ~ 100kDa. This is the domain to which the myosin light chains bind, and where
the ATPase activity essential to force generation resides.

In the myosin filament, the respective functions of the rod domain and of the end-domain are well
understood. The rod domains are polymerized into a stable inextensible filament backbone, and
the S1-crossbridges extend from this matrix to couple cyclically with another cytoskeletal element,
the actin filament, thus generating mechanical force (Warrick & Spudich, 1987). This analogy, in
addition to other arguments (Steinert et al, 1985a), implies that the end-domains of IF are the
functionally important parts of these molecules. There is, however, no evidence that IF play an
active role in motility (the involvement of NF in axonal transport, discussed by Lasek (1985),
seems to be at most an indirect and passive one). Accordingly, it appears that IF fulfill other
functions, and the observed pattern of IF gene expression most likely reflects differentiation-
specific changes in their role(s). As to what these functions are, this hypothesis predicts that some
clues may be forthcoming from an improved knowledge of end-domain structures.
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STRUCTURAL PROPERTIES OF IF END-DOMAINS

Whereas crystals of myosin S-1 have been obtained, and analysis of them is proceeding (Baker &
Winkelmann, 1986), information on the structures of IF end-domains remains sparse. However,
some insights are beginning to emerge, largely on the basis of amino-acid sequence information.
It is noteworthy that IF end-domain sequences often contain remarkably high concentrations of
particular amino-acids, for instance Gly and Ser in epidermal keratin IF, and Glu and Lys in the
long carboxy-terminal extensions of NF-M and NF-H (Geisler et al, 1984). Characteristic sets of
subdomains have been identified in the end-domains of both Type I and Type Il keratins (Steinert
et al, 1985b; Zhou et al, 1988). In both cases, the variations in size and amino-acid composition
are confined primarily to particular amino-terminal (V1) and carboxy-terminal (V2) subdomains.
The largest V1 and V2 keratin subdomains are found in the K1 and K10 subunits expressed in
terminally differentiating epidermis: these subdomains contain the high concentrations of Gly and
Ser residues mentioned above, interspersed with occasional aliphatic residues, and often
configured in tandem pseudo-repeats.

The properties of these domains are reminiscent of the characteristics of a recently proposed
secondary structure, the @-loop (Leszczynski & Rose, 1986), defined on the basis of a systematic
survey of conformations exhibited at the surfaces of globular proteins. Q-loops are 6 - 16 residues
in length; have a particularly high incidence of Gly, and to a somewhat lesser extent, of Ser; are
almost invariably found on the surfaces of proteins; and have a high accessibility to solvent. These
characteristics all apply to the VI and V2 subdomains of epidermal keratins. The only dissonance
between the properties of the VI and V2 subdomains and those of archetypal @-loops are that the
latter tend to have low temperature factors, indicating restricted mobility, whereas the residues in
V1 and V2 are highly mobile (see below), at least with isolated protein under in vitro conditions.
Nevertheless there are sufficient properties in common to raise the possibility that these
subdomains take the form of a loosely

G- G ~6
associated cluster of @-loops or related s s,
S S -S.
H S$°7°S
structures (Zhou et al, 1988) - cf. Fig. 2. g 65%s -6 & g
G, GG 66" GG G
6 66 6¢ 66 O
. . . . . V2———F Y v H Y 3 Y Y Y (:)—-
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Fig 2: Schematic diagram showing a
et al, 1987). Moreover, long flexible

hypothetical folding of the V2 subdomains of
the carboxy-terminal end-domain of human

protrusions have been observed on native and epidermal keratin subunit K10 (Zhou et al,

reassembled NF after rotary-shadowing
(Hisanaga & Hirokawa, 1988). These
structures were identified as the C-termini
end-domains of NF-M and NF-H, and their
median lengths estimated at S5nm (NF-M)

1988) into a succession of @-loops (cf.”
Leszczynski & Rose, 1986). No particular
three-dimensional arrangement of these loops
- shown here as linear arrays - is implied,
although the aliphatic groups may have a
tendency to aggregate, leading to more
compact, rosette-like, structures
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and 63nm (NF-H). The flexibility of these structures is striking and, intriguingly, this
property has also been attributed to the (chemically quite different) end-domains of
K-IF on other grounds (see below).

DYNAMIC PROPERTIES OF KERATIN END-DOMAINS PROBED BY NMR
SPECTROSCOPY

Carbon-13 and deuterium nuclear magnetic resonance (NMR) have been used to
investigate the molecular ordering and internal dynamics associated with the
subdomainal structure of epidermal keratin IF. Solid-state pulsed NMR has been
demonstrated to be useful in the study of biological macromolecules, although
isotopic labelling is generally necessary (Griffin, 1981; Keniry et al, 1984; Torchia,
1984), and we have applied this technique to mouse epidermal keratins in
subfilamentous form, viz. "prekeratin” (Matoltsy. 1965) and in intact IF (Mack et al,
1988). These proteins were metabolically labelled either in vivo (K1,K10) or in vitro
(K5,K6,K14,K 16) with amino-acids enriched in 13C or 2y .

The preponderance of glycyl residues in the V1 and V2 regions of the end-domains
of these keratins (e.g. over 60% of the total end-domain residues of K1 and K10 are
Gly). and their segregation to the end-domains (90-93% of K1 and K10’s glycyl
residues are in their end-domains) (Steinert et al, 1983: Zhou et al, 1988) led us to
choose !3C-enriched glycines as probes of end-domain ordering and dynamics. A
similar degree of confinement of leucyl residues to the rod domains led to the choice
of deuterated leucines, incorporated into keratins K5, K6, K14 and K16 synthesized

in cell culture, as probes of the structural
order of rod domains.
Figure 3A is a 3¢ spectrum, taken at A c
63MHz, of prekeratin extracted from mouse
epidermis after labelling with (-13cy glycine.
/B\/\A‘\/\,J'/\N\u °
T 200 w0 O

The glycyl carbonyl signal is the major
component of the strong resonance at ~

175ppm (a portion of this resonance is also 200 00 O

contributed by serine residues to which the Fig 3: Comparison of 13C NMR spectra of
13C 1abel was metabolized). Figure 3B shows epidermal keratin IF (A and B) with those of

. crystalline polyglycine (C) and collagen fibrils
the corresponding spectrum from unlabelled (Dy)_ A and B are_the respective spectra of IF

prekeratin and establishes that labelling labelled with [1-13C] glycine, and of unlabelled
. IF. These spectra were recorded at 259C and
strongly enhances the glycyl carbonyl signal. 63 MHz; spectrum C was recorded at 74 l Hz.
The major feature of note about the carbonyl ~The collagen fibrils were labelled with [1-°=C]
.. . glycine and [6- 3C] lysine, and their spectrum
resonance is its narrowness (~ 5ppm full-width recorded at 15 MHz. Spectra C and D were

at half-height), which contrasts with its provided by courtesy of Dr D A Torchia.
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counterpart in the NMR spectrum of collagen fibrils labelled with enriched glycine -
Fig 3D. Every third residue of the collagen polypeptide chain is Gly, and in the
triple-stranded coiled-coil collagen molecule these residues are packed inside, close
to the axis of the coiled-coil (Bornstein & Traub, 1979). Here, the carbonyl
resonance is ~ 120ppm wide, only about 30% narrower than in crystalline
polyglycine (Fig. 3C) where the peptide backbone is quite rigid. The implication for
end-domain conformation in these IF is that the mobility about the polypeptide
backbone in the immediate vicinity of the glycyl residues is far greater than in
another fibrous protein (collagen) or in crystalline polyglycine. Based on a variety of
NMR measurements, we find that motions about the glycyl peptide bonds in these
keratins are effectively isotropic, and have average correlation times in the range of
0.2 to 20ns. Moreover, this mobility is the same both for the subfilamentous form
(prekeratin) and in intact IF (Mack et al. 1988), indicating that the VI and V2
subdomains of K1 and K10 are not perceptibly constrained as a result of being
assembled into filaments, a conclusion that is entirely consistent with the peripheral
location previously attributed to these end-domains on other grounds (Steinert et al,
1983; Steven et al, 1985).

As a probe of the rod domains, L-[2H 10} leucine was incorporated into the pre-
keratins of primary mouse tissue culture.

Figures 4A & B show deuterium spectra taken

at 77MHz of labelled IF at 26° and -45°C,

and of crystalline L-[2H 10l leucine at 26°C @)

(Fig 4C). It is readily apparent that in
contrast to the narrow isotropic 13C line
observed in the glycine spectrum (Fig. 3), the
leucine deuterium lineshape is a broad powder
pattern distribution, with the major portion of (B)
the signal arising from the methyl deuterons.

This lineshape is strongly temperature-

dependent, and at -459C, very much

resembles that of the crystalline amino-acid.

Crystalline leucine is known from X-ray ©
diffraction studies to have essentially a rigidly

constrained sidechain. The higher temperature ~50
lineshapes of the labelled IF are thus inferred kHz

to represent deviations from rigidity of the Fig 4: Comparison of the deuterium NMR

i i i i spectra of L-[“H (] leucine-labelled
sidechain. Detailed analysis of the leucyl epidermal keratin 1F at 260C (A) and -450C

lineshapes has led to the conclusion that the (B) with that of crystalline leucine (C). All

peptide backbone in the rod domain is far spectra were recorded at 77 MHz using the
) . quadrupolar echo pulse sequence: A and B
more structured than in the end-domains, were each averaged over 25,000 scans, and

although the conformation is sufficiently C over 128 scans.
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flexible to accommodate sidechain motions of substantial magnitude (Mack et al,
1988). Computational simulations indicate that the observed lineshapes arise from
dynamic isomerization of the leucyl sidechains on temperature-dependent timescales
in the range of 106 to 104 s.

In summary, we find that the peptide backbone within the Gly-rich VI and V2
subdomains of keratins KI and K10 are extremely flexible. implying a virtually
complete lack of long-range order. The rod domains. however, are much more
ordered with peptide motions probably limited to torsional oscillations. Nevertheless,
sidechain motions of considerable amplitude are observed for leucine. a polar residue
supposedly confined to the hydrophobic core of the coiled-coil. This finding indicates
that the conformational stability of coiled-coils is relative (to end-domains) rather
than absolute. This freedom of movement is, moreover, consistent with a packing of
rod domains in IF backbones that is somewhat open and highly hydrated.

Acknowledgements: We thank Dr J Hay for kindly providing the BHK cells used in
these studies.
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1. Introduction

The constituent proteins of keratin, the intermediate filaments
(IF) in all epithelial cells, can be grouped into acidic (pI ¢
5.5) and basic (pI > 6.0) subfamilies. Expression patterns in
tissues and in vitro reconstitution indicate that at least one
member from each subfamily is required for full filament forma-
tion (Franke et al. 1983). In the early steps of IF assembly the
subunits interact laterally to form two stranded then four
stranded coiled coils (protofilaments) that are 40-50 nm long and
2-3 nm wide (Quinlan et al. 1986). Reconstituted IF are highly
polymorphic. Different models of the packing of protofilaments
are based on different values of filament diameter and mass per
unit length determined by scanning transmission electron micros-
copy (STEM) (Steven et al. 1983, Engel et al. 1985).

We have characterized the keratin filaments reconstituted from
material extracted from calf hoof stratum corneum and determined
their radius of gyration of the cross-section (Rx) and mass per

unit length (M/L) using X-ray solution scattering.

2. Materials and Methods

Unfractionated keratin filament polypeptides were purified from
calf hoof stratum corneum following essentially the method of
Steinert and Idler (1975). The urea buffer used for extraction

and disassembly contained 9 M urea, 50 mM Tris. HCl pH 9, 25 mM
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2-Mercaptoethanol, 1 mM NaN; and the assembly buffer had 10 mM

Tris. HCl, 25 mM 2-Mercaptoethanol and 1 mM NaN Fractionation of

3
the polypeptide mixture was carried out on an anion exchange
column and electrophoretic analyses involved nonequilibrium pH
gradient gels and SDS/polyacrylamide gels. X-ray scattering
measurement were carried out on the X33 camera (Koch and Bordas

1983) on the DORIS storage ring of Deutsches Elektronen Synchro-

tron (DESY).

3. Results and Discussion

Electrophoretic analysis of the calf hoof keratin filament
proteins in figure 1A reveals eight polypeptides in the range 49
to 64 kD. The elution profile of this polypeptide mixture on an
anion exchange column and the electrophoresis pattern of selected
peak fractions are illustrated in figure 1B. The first peak of
the chromatogram (fraction 39) contains the polypeptides with
molecular weights 64, 60 and 58 kD and the second peak (fraction
44) contains mainly the 51 and 50 kD components. The 60.5 kD
component elutes at the end of second peak and a third small peak
(fraction 53) is enriched in the 54.5 and 49 kD proteins. The
isoelectric behaviour of the unfractionated polypeptide mixture
shown in figure 1C, is in accordance with the elution profile in
that the 64, 60 and the 58 kD proteins appear as relatively basic
and the 60.5, 51, 50 and 49 kD proteins appear as more acidic.
The 54.5 kD that is fractionated on the column together with the
acidic 49 kD polypeptide however, appears on the 2D gel as a
streak across both the acidic and the basic regions. This
behaviour is not fully understood.

Electron micrographs of the assembly products of the unfrac-
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Figure 1. A: Migration pattern of calf hoof keratin filament
polypeptides on a 7.5 to 17.5% SDS/polyacrylamide gradient gel
with the estimated molecular weights. B: Chromatogram of the
Mono Q column. Broken line indicates the 0 to 500 mM salt
gradient. Insert shows the electrophoretic analysis of selected
fractions, lanes are labelled with the fraction number. Lane 0 is
the material applied to the column and lanes labelled R are the
reference proteins from top to bottom: 94 kD, 67 kD, 43 kD, 30
kD, 20 kD, 14.4 kD. C: 2D gel of the unfractionated polypeptides.
Marker proteins are (A) actin MW 42 kD pI 5.4, (BSA) bovine serum
albumin MW 67 kD pI 6.4 and (PGK) phosphoglycerate kinase MW 43
kD pI 7.5.
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-tionated sample and fractionated components are shown in figure
2. Under assembly conditions the basic proteins form nonspecific
aggregates whereas the acidic proteins assemble into short
protofilamentous structures. Short stubby structures with
apparently the same diameter as the full filaments can also be
seen on the micrographs of the reassembled acidic proteins. These

could be due to contamination from basic proteins in this fraction.

Figure 2. Electron micrographs obtained under assembly conditions
from: A: the unfractionated polypeptide mixture; B: The basic
polypeptides; C: The acidic polypeptides; D: A mixture of the
selected fractions of figure 1B at equal ratios. TMV denotes the
tobacco mosaic virus particles used for calibration.

X-ray scattering patterns of sections of native stratum corneum
display broad and weak intensity features with little preferred
orientation. In contrast, the scattering patterns of reconstitu-
ted filaments in solution or in a gel are featureless in the
range 0.02 { s & 0.50 nm—1. Cross-section plots obtained from the
scattering patterns of filament solutions reconstituted from

unfractionated polypeptides are shown in figure 3 together with

an electron micrograph of the same sample.



Figure 3. A: Electron micrograph of the filament preparation used
for X-ray scattering. B: Cross-section plots of keratin filaments
at concentrations of 1 mg/ml and 3 mg/ml. I (s) is the scattered
intensity corresponding to s = (2 sin ©) /A, where 26 is the
scattering angle and ‘Nthe wavelength.

Linearity of the cross-section plots is in agreement with a
narrow (gaussian) distribution of filament diameters. The average
Rx determined from the slope of the cross section plot is 3.47 nm
and corresponds to an equivalent solid cylinder diameter of 9.8
nm. M/L determined relative to that of actin filaments from the
intercept of the cross-section plots is 25 kD/nm. The filament
diameter determined is smaller than values previously obtained by
STEM; 11. 3-12.6 nm by Engel et al. (1985) and 15-16 nm by Steven
et al. (1983). M/L as we determine falls in the range reported by
the two groups for the major species of human epidermal IF but is
smaller than the value given by Steven et al. (1983) for bovine
epidermal keratin filaments. No evidence was found in the X-ray
patterns of reconstituted calf hoof keratin filaments for the
22-23 nm repeat observed in glycerol sprayed metal shadowed
specimens (Henderson et al. 1982). Similarly, we did not find any

features corresponding to the 47 nm repeat proposed for A=

31
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keratin fibres (Fraser and McRae, 1971). Our results suggest that
although a similar structure is seen in electron micrographs
there may be more subtle structural differences between native
and reconstituted filaments. Some caution is thus required in the

generalizations made about the 3D structure of IFs.
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Introduction

A large body of information on the primary and secondary structure of intermediate filaments
(IF) is now available [Weber et al., 1983; Steinert et al., 1985]. In the quest to ultimately understand
IF structure, function and interaction at the molecular level, next steps include: (i) establishing the
rules by which IF polypetides assemble into supramolecular structures; (ii) determining the
three-dimensional (3-D) molecular architecture of IF; and (iii) establishing correlations between the
molecular structure and function of the various IF. Because it has not been possible to obtain
crystalline arrays of IF proteins in a consistent manner - which is a prerequisite for X-ray diffraction
analysis of proteins - investigators have sought alternative techniques to approach these questions. In
our labs we have begun to apply in vitro reconstitution of filaments and scanning transmission
electron microscopy (STEM) to the study of neurofilaments (NF). This is a preliminary report on
our work with NF, including effective and reproducible separation of the three NF polypeptides, in
vitro reconstitution of NF from individual as well as specific combinations of subunits, and STEM
mass measurements of native and reconstituted NF. We have observed that in vitro reassembly of
NF takes place within strict limits of temperature, pH and salt concentration. In addition, STEM
mass measurements disclose a marked polymorphism both of native and reconstituted NF.

Native NF

Native NF were extracted from fresh or deep-frozen bovine spinal cord in 100 mM Mes, pH
6.5, containing 1 mM EGTA , 0.5 mM MgCl, and protease inhibitors, basically as described by
Delacourte et al., 1980, and suspended in 50 mM MES, 175 mM NaCl, 0.5 mM EGTA, 1 mM
DTT, pH 6.5 for further analysis or processing. Gel electrophoresis of this material (Fig. 1, inset)
revealed the classical NF polypeptide triplet consisting of NF-L (68 kDa), NF-M (~160 kDa) and
NF-H (~200 kDa). As displayed in Fig. 1, negatively stained native NF were studded with globular
structures at variable intervals (the shortest intervals being approximately 22 nm) and had apparent
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diameters ranging between 10 and 15 nm. We have not observed the thin filamentous structures
radially projecting from the core of the filaments (i.e. "sidearms") as has recently been demonstrated
after glycerol spraying/low-angle rotary metal shadowing of native NF [Hisanaga and Hirokawa,
1988]. Instead, in our pictures it appears that the sidearms have collapsed into studs along the
filament shaft - a situation which may represent a specimen preparation artifact induced by the
negative staining.

Fig. 1: Electron micrograph of native NF isolated from bovine spinal cord after negative staining with 0.75% uranyl
formate. Inset: SDS/PAGE (7.5%) of native NF (left) together with gel standards (right). Scale bar, 100 nm.

Following extraction, native NF were dissolved in 6 M urea. Subsequent removal of the urea
from the denatured native NF solution by dialysis for 23 hours at 37°C against 50 mM Mes, pH
6.25, containing 175 mM NaCl, 0.5 mM EGTA, 1mM DTT, resulted in reassembly of filaments
that were significantly less studded than the native filaments, suggesting abnormal - or reduced -
incorporation of NF-M and/or NF-H into reconstituted filaments. The optimal pH for reassembly
was 7.4 (in this case using Tris or imidazole).

Separation of NF Polypeptides

Native NF were dissolved in 6 M urea as above, and contaminants were removed by passage
over a Sephadex G-25 column. The void peak was then applied to a DEAE anion exchange column
which was eluted with a 100-250 mM linear NaCl gradient. By this step we were often unable to
achieve good separation of NF-M and NF-L. Better and more reproducible separation of NF-M and
NF-L was achieved by FPLC using a Mono Q anion exchange column (Pharmacia, Uppsala,
Sweden) and eluting it with a multi-step NaCl gradient (i.e. between 200 and 500 mM NaCl).
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Low-speed sedimentation equilibrium centrifugation analysis of separated NF-L, NF-M and NF-H
in 6 M urea, using a Beckman Model E analytical ultracentrifuge, yielded a mixture of monomers
and dimers for the protein concentrations tried (i.e. 0.2-0.5 mg/ml). To obtain more effective
dissociation into monomers, 6 M guanidine-HCI was employed.

Reconstitution Experiments with Individual NF Subunits

Fig. 2: Electron micrographs of individual NF subunits reconstituted under standard filament forming conditions
(dialyzed against 50 mM Mes, 175 mM NaCl, 0.5 mM EGTA, 1 mM DTT, pH 6.25 for >3 hours at 37°C). (a)
Reconstituted NF-L, negatively stained with 0.75% uranyl formate. (b) Dito but glycerol sprayed/low-angle rotary
shadowed with platinum-carbon. (c) Reconstituted NF-M, negatively stained as in (a). (d) Reconstituted NF-H
negatively stained as in (a). Scale bar, 100 nm (a-d).
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6-M-urea solubilized NF-L, NF-M or NF-H fractions were dialyzed for 23 hours against
"standard filament reconstitution" buffer (50 mM Mes, pH 6.25, containing 175 mM NaCl, 0.5 mM
EGTA, 1mM DTT) at 37°C. Filament reconstitution was virtually complete after three hours of
dialysis, at which time all three types of subunits had assembled into filamentous structures (Fig. 2):
NF-L assembled into long, 8-12 nm wide, filaments which appeared smooth and flexible (Fig. 2a);
both NF-M (Fig. 2c) and NF-H (Fig. 2d) formed short s-shaped - and sometimes kinked -
filaments, 8-10 nm wide, with a smooth surface. When sprayed with glycerol onto freshly cleaved
mica and rotary shadowed at low-angle with platinum-carbon, NF-L filaments looked
indistinguishable from other IF and revealed a characteristic 22-23 nm axial "beading".

Reconstitution Experiments with Specific NF Subunit Combinations

Using the same reconstitution conditions as described above, we attempted reconstitution of
various NF subunit combinations. A fraction eluted from the DEAE column containing an
approximate 1:1 mixture of NF-L & NF-M formed long filaments, 8-12 nm wide. These filaments
did not appear studded and looked similar to reconstituted NF-L filaments (Fig. 2a). Again, glycerol
spraying/low-angle rotary metal shadowing of these filaments revealed the 22-23 nm axial beading
characteristic for IF (Fig. 2b). Equimolar mixtures of NF-L & NF-M, NF-L & NF-H, or NF-L &
NF-M & NF-H led to predominantly "segregated" assembly of NF-L filaments on the one hand, and
NF-M or NF-H filaments on the other hand, without significant co-assembly of the different NF
subunits into common structures as has previously been reported by some investigators [c.f. Geisler
and Weber, 1981; Hisanaga and Hirokawa, 1988].

Systematic Variation of NF-L Reconstitution Conditions

We have performed a series of experiments to evaluate the effects of pH, temperature, and ionic
strength on the reconstitution of 6-M-urea solubilized NF-L. Based on these experiments, we have
determined the "optimal"” reconstitution conditions for NF-L to be dialysis for 23 hrs at 37°C against
50 mM MES containing 0.5 mM EGTA, 1 mM DTT, 175 mM NaCl, pH 6.25. In the range 0.2-2
mM, MgCl, seems to have no significant effect on NF-L reconstitution both in terms of the length of
the NF-L filaments, their compactness and/or apparent width. The permissive pH range for NF-L
filament formation is about 5.75 to 6.75. Below pH 5.75, an abrupt change occurs: the filamentous
assemblies become shorter (~75 to 300 nm) and wider (~15 to 25 nm) than normal NF-L filaments
(Fig. 3a). Most importantly, these structures can no longer be converted into normal looking IF
upon restoring the pH to 6.25, meaning that they represent aberrant assemblies. Raising the pH
above 6.75 yields progressively shorter filaments with a tendency to laterally dissociate into
protofibrils or protofilaments (Fig. 3b). In this case, however, normal looking IF are formed upon
lowering the pH to 6.25, indicating that the subfilamentous structures occuring at elevated pH (Fig.
3b) are true IF precursors.
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Fig. 3: Electron micrographs of negatively stained samples illustrating the effects of pH (a,b) and temperature (c) on
filament reconstitution of NF-L. (a) NF-L, 1 mg/ml, was dialyzed for 12 hours against standard filament reconstitution
buffer (S0 mM MES, pH 6.25, containing 175 mM NaCl, 0.5 mM EGTA, 1mM DTT, 37°C), except at pH 5.0. (b)
NF-L was dialyzed against filament reconstitution buffer, except at pH 7.5. (c) NF-L was dialyzed against standard
filament reconstitution buffer, except at 20°C.

Temperature appears to be another crucial parameter to achieve correct NF-L assembly:
Reconstitution of NF-L at 20°C - under otherwise optimal reconstitution conditions (see above) -
results in short filamentous structures (Fig. 3c) which, after raising the temperature back to 37°C,
can no longer form normal looking IF. Apparently, lowering the temperature significantly below
370C leads to "dead-end" precursor structures that cannot be rescued by simply restoring the proper
reconstitution temperature.

Mass Measurements of NF by STEM

Mass-per-length (MPL) values are useful to calculate the number of polypeptides per filament
cross-section, an important parameter for understanding the supramolecular organization of IF
[Steven et al., 1982; Engel et al., 1985]. We have therefore employed STEM to measure the MPL of
native and various types of reconstituted NF. Native NF revealed a histogram exhibiting a wide
distribution of MPL values which could be fitted by two Gaussian curves of similar size centered at
53 kDa/nm and 79 kDa/nm (Fig. 4a). In contrast, the MPL histogram of NF reconstituted from
6-M-urea solubilized native NF was narrower and revealed smaller MPL values, which could be
fitted by a major Gaussian centered at 47 kDa/nm and a minor Gaussian centered at 74 kDa/nm.
Finally, a rather narrow MPL histogram was obtained from filaments reconstituted from 6-M-urea
solubilized NF-L which could best be fitted by a single Gaussian centered at 23 kDa/nm, meaning
that these filaments contained 16 NF-L polypeptides per filament cross-section. These results, while
still preliminary, indicate that the previously observed MPL-polymorphism of IF [Engel et al., 1985;
see also Steven et al., this volume] may not be limited to reconstituted IF. On the contrary, our data
demonstrate that native NF are the most polymorphic filaments that we have examined, and that
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Fig. 4: MPL histograms measured from native NF (a), 6-M-urea solubilized/reconstituted NF (b), and reconstituted
NF-L (c) filaments by scanning transmission electron microscopy (STEM). Specimen preparation and MPL
measurements were performed as described [Engel et al., 1985].

some of the reconstituted forms - e.g. the NF-L filaments - exhibit minimal MPL-polymorphism.
Clearly, more work needs to be done for understanding the cause and ultimate significance of the IF
MPL-polymorphism.

Acknowledgements

We would like to thank Dr. R. Eichner for many useful suggestions and constructive
comments. This work was supported by grants from the National Institutes of Health (NIH
NS00799 to J.C.T.), the Swiss National Science Foundation (SNF 3.085-0.87 to U.A. and A.E.),
and a research award from the Maurice E. Miiller Foundation of Switzerland (to U.A. and A.E.).

References

Aebi, U., W.E. Fowler, P. Rew, and T.-T. Sun (1983). The Fibrillar Substructure of Keratin Filaments Unraveled.
J. Cell Biol. 97: 1131-1143.

Aebi, U., M. Hiner, J.C. Troncoso, R. Eichner, and A. Engel (1988). Unifying Principles in Intermediate
Filament (IF) Structure and Assembly. Protoplasma 145: 73-81.

Delacourte, A., G. Filliatreau, F. Boutteau, G. Biserte, and J. Schrevel (1980). Study of the 10-nm Filament
Fraction During the Standard Microtubule Preparation. Biochem. J. 191: 543-546.

Engel, A., R. Eichner, and U. Aebi (1985). Polymorphism of Reconstituted Human Epidermal Keratin Filaments:
Determination of their Mass-per-Length and Width by Scanning Transmission Electron Microscopy (STEM).
J. Ultrastruct. Res. 90: 323-335.
Geisler, N., and K. Weber (1981). Self Assembly In Vitro of the 68,000 Molecular Weight Component of the
Mammalian Neurofilament Triplet Protein into Intermediate-Sized Filaments. J. Mol. Biol. 151: 565-571.
Hisanaga, S., and Hirokawa, N. (1988). Structure of the Peripheral Domains of Neurofilaments Revealed by Low
Angle Rotary Shadowing. J. Mol. Biol. 202: 297-305.

Steinert, P.M, and D.A.D. Parry (1985). Intermediate Filaments: Conformity and Diversity of Expression and
Structure.Annu. Rev. Cell Biol. 1: 41-65.

Steven, A.C., J. Wall, J. Hainfeld, and P.M. Steinert (1982). Structure of Fibroblastic Intermediate Filaments:
Analysis by Scanning Transmission Electron Microscopy. Proc. Natl. Acad. Sci. USA 79: 3101-3105.

Weber, K., and N. Geisler (1984). Intermediate Filaments - from Wool a-Keratins to Neurofilaments: a Structural
Overview. In: Cancer Cells 1, "The Transformed Phenotype". Cold Spring Harbor Laboratory Press:
153-159.



Mitochondrial Creatine Kinase (Mi-CK) Forms Octameric
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Creatine kinase (CK) transphosphorylates the phosphoryl group of
phospho-creatine (CP) to ADP to regenerate ATP, the primary source
of energy in living systems. Besides the "cytosolic" brain-type
(BB-CK), muscle-type (MM-CK) and heterodimer-type (MB-CK) isoforms
(for review see: Eppenberger et al. 1983), a fourth isoform of CK,

the mitochondrial Mi-CK (Jacobs et al. 1984), is also present in

significant amounts in tissues with sudden high energy demand, e.g.,
skeletal and cardiac muscle, brain and photoreceptor cells, and
spermatozoa. Mi-CK is restricted to mitochondria and seems to be
well adapted to generate CP from ATP produced by oxidative phospho-
rylation within the mitochondrial matrix (Jacobus and Lehninger,
1973). Mi-CK whichis bound at the outer side of the inner mitochond-
rial membrane (Scholte, 1973) is thought to be functionally coupled
to the ATP/ADP-translocator (Saks et al. 1980) and was found to be
clearly different in amino acid composition, cDNA sequence and
immunological properties from B- and M-CK (Hossle et al. 1988;
Schlegel et al. 1988), but conflicting reports on its oligomeric
structure (subunit Mr = 43'000) have been published. A mild and
efficient scheme for the purification of Mi-CK from chicken cardiac
and brain mitochondria was developed which allows the fast isolation
of 5-10 mg quantities of the enzyme with a purity of = 99.5 3§
(Schlegel et al. 1988). Characterization by gelpermeation, analyt-
ical ultracentrifugation (UC) and direct mass measurement by scan-
ning transmission electron microscopy (STEM) revealed the presence
of a major octameric Mi-CK species with a Mr of 328'000+25'000(UC)
and 340'000155'000(STEM), and a minor dimer species with a Mr of
83'000+8'000(UC) (Schnyder et al. 1988). Negative staining of single
Mi-CK octamers, both from brain and cardiac mitochondria (Fig. la
and b, respectively), revealed distinct square-shaped particles with
four-fold symmetry, sides of 10 nm and a central cavity of 2,5-3 nm
filled by negative stain (Fig. 1l: gallery of Mi-CK molecules

after linear and rotational alignment (b); and averaged structure by
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Figure 1l: Electron micrograph of a field of Mi-CK octamers after
negative staining (a); computer alignment (b); and image
processing (c); simple model of the Mi-CK octamer(d).

SEMPER image processing program (c)). Rotary shadowing by heavy
metal (Ta/W) at very low temperature (-250°C) of freeze-dried single
Mi-CK molecules (Gross et al. 1985) revealed structural details (& 2
nm) of the surface relief of the octamers, e.g. cross-like, radial
indentations originating from a central pit that divide Mi-CK
octamers into the four dimeric subdomains (Fig. 2a, showing a field
of Mi-CK octamers after high-resolution shadowing). Note the
regularly sized, well preserved molecules after freeze-drying and
the extremely fine heavy metal grain. A simplified model of the
Mi-CK octamer by combining the features of negatively stained (Fig.
1) and rotary shadowed molecules (Fig. 2a) is shown in Fig. 1d where
Mi-CK 1is depicted as a cube-like structure with a central
indentation on the surface that is compatible with a pit or channel.
The octamer is shown to consist of four dimers (Mi—CK)2 (shaded area
in Fig. 1d), dimers being the common structure of the other CK iso-
forms as well. The Mi-CK dimers are arranged around a central
stain-accumulating cavity. The fact that by each method, negative
staining and rotary shadowing, only a single kind of view of the
molecule is seen (Fig. 1 and 2) indicates either that Mi-CK octamers
adsorb onto the support preferentially by two identical sides (top
or bottom) or that all six sides of the cube-like molecules are

structurally very similar as depicted in Fig. 1d. Preliminary
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Figure 2: A field of freeze-dried Mi-CK octamers after high-
resolution metal (Ta/W) shadowing at very low temperature
(-250°C) (a); Mi-CK crystals (b); and EM pictures of a
negatively stained fragment of a Mi-CK crystal (inset).

analysis of the first crystals of Mi-CK by X-ray and negative
staining revealed tetragonal packing of octameric Mi-CK within the
crystal (Fig. 2, inset). If Mi-CK as an energy channeling molecule
forms a multi-enzyme compartment at the contact sites of inner and
outer mitochondrial membranes where it is accumulated (Schnyder et
al. 1988), then the concept of Mi-CK representing an octamer with a
central channel could suggest an attractive structure-function
relationship within the CP-shuttle frame-work (Wallimann and
Eppenberger 1985). It is tempting to speculate that the total of
eight catalytic centers be directed towards the central cavity thus
providing the biochemical basis for a cooperative multi-subunit

energy channeling protein.
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The complex between rabbit skeletal muscle actin and bovine pancreatic DNase |
(Lazarides & Lindberg, 1974) can be crystallized in three different forms. The x-ray
structure of the orthorhombic form Ill has been solved to a resolution of 0.6nm (Suck,
Kabsch & Mannherz, 1981). More recently the resolution has been increased to 0.45nm
and the actin molecule has been unambigously identified in the map (Kabsch, Mannherz
& Suck, 1985). This identification was derived from knowledge of the DNase | atomic
structure (Suck, Oefner & Kabsch, 1984). In addition, only one combination of actin and
DNase | density was found which is common to both the monoclinic (form 1l) and the
orthorhombic (form 1ll) crystals. It was concluded that this unique combination must
represent the complex as found in solution.

Because of the difficulties of reproducibly preparing isomorphous heavy-atom
derivatives it became clear that any further progress could not be acchieved by using the
available method of data collectign by the rotation / oscillation film technique. Therefore, a
large effort was undertaken (Kabsch, 1988a,1988b) to develop algorithms and programs
for the automatic collection and processing of diffraction data recorded by an electronic
area detector (Nicolet / Xentronics, Madison ,WI,USA) available in our laboratory. It is
now possible to collect and process a virtually complete data set to a resolution of 0.3nm
from a single actin: DNase | crystal within two days.

Native data sets of good quality were collected from two crystals and subsequently
scaled together. After several unsuccessful attempts a useful Pb(NO3), heavy atom
derivative was prepared. Because of the reproducibility problem it was found essential to
collect a complete data set from one crystal. A second heavy - atom derivative was



Isomorphous Replacement results of type Il actin:
DNase | crystals

Resolution [nm] 0.6 0.45 0.35
Native

Figure of merit 0.83 0.65 0.47

Number of 2280 2847 4682

phased reflections

Number of 2280 2893 5092
observed reflections

Number of 2303 2980 5677
possible reflections

Po(NGs)2  [1mM, 1d]

Phasing power 1.78 1.79 1.45

Re [%] 49.3 55.3 714

Re [%] 17.5 177 18.0

Number of 2060 2695 4536
reflections

MMA [1mM, 1h]

Phasing power 1.56 1.46 1.23

Rc [%)] 575 64.6 77.8

Re [%] 19.9 19.8 23.1

Number of 2126 2750 4555
reflections

Phasing power = Fy/E
Rc = Cullis R - factor for centric reflections

RF = 2)2le— FPHI/):”:p + FpH|
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Fig. 1

Picture of the actin:DNase | map at 0.35nm resolution when looking through a fixed
window of size 2.64nm x 3.02nm in the a,c-plane of the orthorhombic type Il unit cell.
Distance between two sections is 0.094nm. The highest density in the map appears in

the lower right picture and probably represents the phosphate peak of ADP. The density
features mainly represent helices.



Fig. 2

Picture of the actin:DNase | map at 0.35nm resolution when looking through a window of
size 2.64nm x 3.02nm in the a,c-plane of the orthorhombic type I unit cell. Distance
between two sections is 0.094nm. The highest density appears in the upper left picture
and probably represents the phosphate peak of ADP.

45
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Fig. 3

Picture of the actin: DNase | map at 0.35nm resolution when looking to a fixed window of
size 2.64nm x 3.02nm in the a, c-plane of the orthorhombic type lil unit cell. Distance
between two sections is 0.094nm. The density region at the center of the DNase |
molecule is shown in the upper two pictures. The two pictures in the lower part of this
figure show the same density region when calculated from the atomic coordinates of
DNase .
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obtained by soaking in a 1mM methylmercury (MMA) solution for 1 h. The heavy-atom
positions of the two derivatives were located by the difference Fourier technique, starting
with the known native structure factors at 0.6 nm. A summary of the isomorphous
replacement results is given in the table. The numbers for the figure of merit were
calculated from the two new heavy-atom derivatives and the low resolution derivatives
described earlier (Kabsch, Mannherz & Suck, 1985). A solvent flattening procedure
similar to the method of Wang (1985) was applied to improve the phases. An electron
density map was calculated at 0.35 nm resolution. The map confirms our results obtained
at lower resolution:

Actin consists of a large and a small domain each containing a B-pleated sheet
surrounded by helices. Each sheet is built up from at least four strands. The ADP-
molecule is bound between the two domains stretching across the edges of the B-sheets.
All helices which had been identified earlier are also found in the new map including
side chain densities as expected at 0.35 nm resolution. Long stretches of the polypeptide
chain can easily be followed in the map.

Fig. 1 displays a sequence of three helices in the large domain starting at the phosphate
peak of ADP in the lower right picture. Fig. 2 shows the region surrounding the
phosphate peak of ADP (upper left picture). Two helices can be seen at the bottom parts
of the upper row of pictures. One of the helices is pointing towards the phosphate peak.
Several features in the lower row of pictures represent strands of 3-sheets.

The quality of the map can be judged from Fig. 3. The upper part of this figure shows a
portion of electron density at the center of the DNasel molecule.The lower part displays
the same region as calculated from the atomic coordinates of DNasel. From a visual
comparison of the corresponding regions we conclude that our map is of sufficient quality
to justify our expectation that an atomic model of actin will be available in the near future.
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The Structure of F-Actin Calculated from X-Ray Fibre
Diagrams and the 0.6 nm Crystal Structure
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W. Germany

The structure of the g-actin monomer complexed with DNaseI has
been solved by x-ray crystallography to 0.45nm resolution, Fig.1l
(Rabsch, Mannherz, & Suck, 1985). In the following we describe the
structure of f-actin arrived at by a search procedure: the
structure obtained from crystallography at 0.6énm is placed in all
possible orientations in the F-actin helix; the fibre diffraction
pattern is computed from the resulting structure and compared with
the x-ray diffraction data from orientated gels of F-actin (Popp,
Lednev, & Jahn, 1986) measured to 0.8 nm resolution. This process
yielded five possible solutions at low resolution (2.0nm) only one
of which successfully refined to high resolution (0.8nm). A full
account of this study is in preparation (Holmes, et al. 1989). The
best of the five possible solutions resulting £from the 1low
resolution search is shown in Fig. 2. The (intensity) R-factor is
0.12. To refine at high resolution we adopted an iterative least
squares procedure. However, no solution would refine
satisfactorily. The resulting R-factors ranged from 0.37-0.45.

High R-factors could arise if the structure of the actin monomer
complexed with DNase I is different from the structure in F-
actin. Inspection of the 0.6nm structure (Fig.l) shows the actin
molecule to consist of two domains connected by -a narrow neck.
The neck may also contain the nucleotide binding site. Therefore,
we cut the electron density through the narrowest part of the neck
and let the two domains refine separately. The five 1low
resolution structures resulting from the three dimensional search
were used as starting points for the refinement. Only one starting
point, namely the best 1low resolution solution, refined in a
satisfactory manner (i.e. the domains neither overlapped nor
drifted apart and retained a plausible stereochemical relationship
to each other) to give an acceptable R-factor and the correct
radius of gyration.

The final structure is depicted in Fig.3. The orientation of the
kidney-shaped actin molecule is approximately at right-angles to
the helix axis, as was suggested by Egelmann & DeRosier, 1983).
The large domain is at small radius with the long axis of the
domain pointing along the steep two-start actin helix. This
domain contacts neighbouring domains along the two-start helix as
well as making contacts with other large domains across the helix
axis. The small domain does not contact neighbouring small domains
and lies at large radius. Compared with the position it would have
if joined onto the large domain as in the actin-DNase-I complex,
the small domain has moved round about 80° and translated through
2.5nm. The maximum diameter is 10.0nm. The N-terminus is probably
in the small domain and therefore at large radius; the position
of the C-terminus is also thought to be at large radius from
energy transfer studies (Taylor et al. 1981) and therefore may
also be in the small domain. A comparison with the electron
micrograph reconstructions from negative stained actin monolayers
(O'Brien et al. 1983) shows that the two structures are very alike



Fig. 1 The 0.6nm resolution structure of
g-actin (Kabsch et al 1983). The dotted
line shows the helix axis in the structure
shown in Fig. 2. Note the small domain
(left) and large domain (right).

Fig. 3 A much better structure can
be obtained by letting the large
(dark) and small (light) domains
refine separately. The actin
monomer becomes bent.
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Fig.2 The best refined
structure for f-actin
using the form shown in
Fig. 1.

Fig. 4 A comparison with the
e.m. reconstruction of O"Brien et
al (1983) - left. Tropomyosin has
been added to the computed
structure (right).
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(Fig. 4). It also appears similar to the reconstruction of Trinick
et al. (1986) and resembles the structure proposed by Aebi et al
(1986). In Fig. 4 tropomyosin has been added. The reconstruction
of decorated actin (Amos et al., 1982) shows that the S1 probably
binds to the thin filament at two sites. The present study
suggests that the rigor S1 makes contact with both sides of the
small domain on both sides of the thin filament and in the process
bridges the tropomyosin. Chemical evidence (Sutoh, 1982) suggests
that myosin S1 binds to a site near the actin N-terminus, whereas
the 1light chain binds to the C-terminus, which, as suggested
above, may also be in the small domain.
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The “Lateral Slipping” Model of F-Actin Filaments

R. Millonigl:2, R. Siitterlinl, A. Engell, T.D. Pollard2, and U. Aebil2

1 Maurice E. Miiller-Institute for High Resolution Electron Microscopy,
Biocenter, University of Basel, CH-4056 Basel, Switzerland

2 Department of Cell Biology and Anatomy, The Johns Hopkins University School of Medicine
Baltimore, MD 21205, USA

Actin, one of the most abundant proteins in nature, has been shown to exist as long helical
filaments in its functional form. These filaments consist of two linear strands of actin subunits
which are helically twisted around each other in a right-handed sense, cross each other every 36
nm, have an axial repeat of 5.5 nm, and are axially staggered by 2.75 nm relative to each other
[Hanson and Lowy, 1963; Huxley, 1963]. An alternative description of the same structure is as a
one-start "genetic" helix connecting neighbouring subunits on opposite strands with 13 subunits
making 6 left-handed turns with a pitch of 5.9 nm. Although the 3-D structure of the actin filament
has been investigated for almost 20 years no consensus in the field has yet been reached in terms of
its molecular structure [Aebi et al., 1986; Amos, 1985; Holmes et al., this volume]. To avoid
interdigitation and superposition artifacts common with F-actin paracrystals [Aebi et al., 1986;
Egelman, 1985; Smith et al., 1984], we have utilized negatively stained disperse filaments and
have found a significant number of reasonably straight and well preserved filament stretches
suitable for processing and reconstruction (Fig. 1a) when a new preparation and staining method
[Aebi et al., 1986] was employed.

Fig. 1: (a) Synthetic F-actin filaments
polymerized with 2 mM MgCly & 50
mM KCl, and negatively stained with
0.75% uranyl formate, pH 4.25. The
micrograph was recorded under minimal
dose conditions at a nominal magni-
fication of 50,000x. (b) Computed
diffraction pattern of a 10-helical-repeat
long filament stretch after digital
straightening. Scale bars, 100 nm (a)
and (5 nm)1 (v).
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Computed diffraction patterns (Fig. 1b) of such filament stretches, typically 5 to 10 helical repeats
long, reveal strong 1st and 6th layerlines with weaker 2nd and 7th layerlines. Information typically
extends to at least the 13th layerline axially (i.e. (2.75 nm)-1) and to about (2.5 nm)-! radially.

We have found that the following image processing steps are crucial to obtain satisfactory and
reproducible reconstructions: (1) Filament stretches chosen for reconstruction have to be digitally
straightened. (2) The optimal helical repeat is determined by minimizing the power loss on linear
averaging over this repeat. (3) The best helix axis is searched for by minimizing the power loss on
helical filtering [Smith et al., 1983] the linearly averaged optimal helical repeat according to the
integer selection rule [ = -6n + 13m. Reproducibly, thus processed and computed 3-D reconstruc-
tions (Fig. 2a) exhibit strong connectivity along the two long-pitch helical strands and somewhat
less connectivity between the two strands (i.e. along the genetic helix). The strength of the
long-pitch helix contact relative to that along the genetic helix becomes even more apparent when
individual sections perpendicular to the helix axis are inspected. As depicted in Fig. 2b, the
interstrand contact along the genetic helix appears rather tenuous, often absent in several sections,
compared to the strong high-density intrastrand contact along the two long-pitch helices. The
greater physical strength of the intrastrand contact relative to the interstrand contact is further
supported by our observation of partially unravelled or splayed filaments [Aebi et al., 1986].

Based on sections such as those presented in Fig. 2b, we have been able to unambiguously
and reproducibly "cut-out" monomers from our filament reconstructions (Fig. 2c). Accordingly,
the actin molecule exhibits overall dimensions of 5.5 nm x ~6.5 nm x ~3.0 nm and is roughly
bilobed, with a massive base and a slender tip in the direction of the helix axis. As this monomer is
distinctly polar, it has been possible to orient the actin subunit within the filament relative to the
"barbed" and "pointed” filament ends as defined by myosin S1 decoration. To this end, we have
found that the massive base of the subunit points toward the barbed end of the filament and the
slender tip toward the pointed end (data not shown).

After reconstructing in excess of 50 filaments the only two significant differences we have
noted among reconstructions are (i) the degree of "lateral slipping" of the two long-pitch helical
strands relative to each other, and (ii) the strength (i.e. in terms of mass density) and spatial extent
of the interstrand contact. These differences can most clearly be depicted in helical projections such
as shown in Figs. 2d&e. This lateral slipping might explain the variable crossover distances
[Egelman et al., 1982], as well as the intrinsic variability in the width of the actin filament [Aebi et
al., 1986; Smith et al., 1984; Fowler and Aebi, 1983].

Recently, we have begun processing and reconstructing filaments stabilized with the highly
poisonous alkaloid phalloidin [see Cooper, 1987]. The resulting 3-D reconstructions reproducibly
exhibit less pronounced lateral slipping and stronger interstrand contacts (Fig. 2f). This suggests
that phalloidin might "stiffen" the actin filament by strengthening the genetic-helix contact thereby
preventing lateral slipping of the two long-pitch helical strands past each other and, as a

consequence, significantly altering the actin-myosin interaction during muscle contraction.
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Fig. 2: (a) Three different views of a Balsa wood model of an actin filament 3-D reconstruction contoured at a level
to include 100% mass. (b) Ten equidistant sections of an actin filament 3-D reconstruction perpendicular to the
filament axis and extending over half a subunit (2.75 nm) in the direction of the filament axis. (c) Balsa wood model
of an actin subunit "cut-out" from the filament 3-D reconstruction shown in (a). (d) Helical projection of an actin
filament 3-D reconstruction exhibiting a large amount of lateral slipping. (¢) Dito but from an actin filament 3-D
reconstruction exhibiting a relatively small amount of lateral slipping. (f) Dito but from a phalloidin-stabilized actin

filament 3-D reconstruction. (d) to (f) have the same angular orientation. Scale bars, 5 nm (a-f).
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A New Model for Actin — A Rigid Helical Backbone with
Flexible Outer Domains

Harold P. Erickson

Department of Cell Biology
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The polymer F-actin is quite strong with respect to breaking: spontaneous fragmentation is
so unfavorable that it is rarely observed except under conditions of shear or sonication. In striking
contrast, single subunits appear to be held relatively weakly at the end
of the filament, and dissociate readily under most solution conditions.
The subunits of f-actin are connected by two types of bonds:

End Association: longitudinal bonds connect the subunits within each long pitch helix,
One diagonal bond and diagonal bonds connect subunits across these helices. These are
One longitudinal bond diagrammed at the left in a flattened, untwisted projection.

Dissociation of a subunit from the end of the filament requires
breaking one longitudinal and one diagonal bond. Fragmentation
requires breaking these same two bonds plus one additional
longitudinal bond. Can the difference between fragmentation and end
dissociation be explained by the one extra longitudinal bond? A
qualitative argument would suggest that this is only possible if the

longitudinal bond is relatively strong. I have recently developed this
Fragmentation/anneal. argument quantitatively, deriving an estimate for the intrinsic bond
One diagonal bond constants for the end association reaction and for fragmentation/
Two longitudinal bonds annealing (Erickson, 1989). The longitudinal bond is estimated to be
three times stronger than the diagonal.

The strong longitudinal bond is an important contradiction to
some recent structural models for f-actin, which have shown the
longitudinal contact to be weak or absent relative to the diagonal
(Egelman, 1984; Milligan and Flicker, 1987). It should be noted,
however, that the images and model of Aebi et al. (1986) show a
prominent longitudinal interface, consistent with the stronger longitu-
dinal bond that is necessary to prevent fragmentation. The question
of the existence and strength of the longitudinal bond is particularly
important for consideration of the flexibility of the actin filament.

TORSIONAL FLEXIBILITY OF ACTIN

Egelman et al. (1982) analyzed the torsional flexibility of free actin

filaments, as indicated by variations in crossover distances, and by
diffraction patterns from electron micrographs. They postulated a very large twist, on the order of
10° between each subunit pair, varying randomly from + to - in a random walk fashion. In an entirely
different approach, Yoshimura et al. (1984) attached an eosin label attached to cys-373 and measured
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flexibility by fluorescence anisotropy decay. They found a very large rotational motion of their label,
comparable to the 10° rotation per subunit postulated by Egelman et al. Although the motion of cys-
373 could be attributed to the torsional flexibiility proposed by Egelman et al., it is just as well
explained by the new model proposed below.

The proposal of Egelman et al., for + 10° angular shifts at each subunit, suffers primarily from
lack of a convincing model based on known principles of protein structure. In the absence of
longitudinal bonds, one might have imagined a system of hinges within the subunits that would have
supported the flexibility. However, the non-covalent protein-protein bonds must be relatively rigid,
permitting movements across these interfaces no more than 1 A (Erickson, 1989), so the prominent
longitudinal bonds proposed here severely limit the possible flexibility.

One might propose that the torsional flexibility is achieved by hinges within the subunit, but I
have been unable to construct a reasonable model. The triangular arrangement of longitudinal and
diagonal bonds imposes rigidity even if the subunits themselves have hinges: each hinge within a
subunit is bridged by (rigid) diagonal and longitudinal bonds on the opposite strand. One might try
models with multiple hinges, but there is no evidence for more than two domains.

Finally, one will always have to confront what I believe is the most serious contradiction to the
proposal of Egelman et al.: to accommodate the hypothetical large angular flexibility with the well
established rigidity to bending. Several measures, reviewed by Oosawa (1980), demonstrate a
persistence length to bending of 6 um, corresponding to a bend of about 0.02° per subunit. This is
500 times less than the 10° per subunit proposed for angular flexibility. I doubt that any mechanical
model can produce a filament with this rigidity to bending, and accommodate a torsional flexibility
500 times greater.

A NEW MODEL FOR THE ACTIN FILAMENT

A resolution to the problem of how to accommodate the observed motion of cys-373 and the
other indications for angular disorder, with the arguments and evidence for rigidity, is suggested by
the new model for f-actin structure diagrammed below. The actin subunit is known from low
resolution x-ray crystallography to comprise two domains (Kabsch et al., 1985). One domain,
probably the large one, is at the center of the actin filament in most models (Egelman, 1984; Aebi et
al., 1986; Milligan and Flicker, 1987). In the model shown below, this large domain is postulated to
be attached to adjacent central domains by diagonal and longitudinal bonds, forming a rigid helical
backbone. This backbone is rigid because (a) non-covalent protein-protein bonds cannot support
bending or sliding flexibility (argued above), and (b) the domain itself is assumed to be a typical,
rigid, globular domain (no clefts or hinges are visible in any of the EM or x-ray models). The second
feature of the model is that the small domain is shown projecting outward from this helical core. Most
important, this outer domain is postulated to be attached to the inner one by a flexible hinge. This
hinge will be one or more strands of polypeptide chain that pass between the two domains and link
them. There are many precedents for such flexible hinges between domains of a protein molecule,
supporting angular motions on the order of 10-20° or more. Motions of the outer domain could be
both torsional and axial. This model therefore pictures a rigid helical backbone, composed of the
large domains of the actin connected by (rigid) non-covalent bonds, and a flexible outer shell,
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composed of the small domains attached to the helical core by flexible hinges of polypeptide chain.
The flexible shell of outer domains can explain most observations

previously attributed to torsional flexibility of the entire subunit. First,
variation in crossover distance, and more generally many of the "random"”
features of diffraction patterns, can be attributed to large random movements
of the outer domains, perhaps superimposed on a small twist (~1° per
subunit) of the helical core. Second, the motion of the residue cys-373
(Yoshimura et al., 1984) is predicted by the flexible shell model. This
residue is on the outside of the actin filament, in contact with myosin and
almost certainly in the flexible outer domain. One particular observation in
that study strongly favors the two domain model: phalloidin, in spite of its
effect in stabilizing the actin filament (which should be acting on the inner,
core domains in this new model) had no effect on the motion of cys-373
(postulated here to be on the flexible outer domain). Finally, The new model
makes one prediction that is quite different from that of Egelman and
DeRosier. In the model of Egelman et al. the cumulative twist could, in
response to a torsional stress, be as much as 10° per subunit. When actin
filaments pack into paracrystalline arrays they could be subject to substantial
twist to accommodate favorable packing into the lattice. Several

Rigid helical paracrystalline arrays, which could apply various twists, have actually been
core, flexible analyzed (Gillis and O'Brien, 1975; DeRosier et al., 1980), and they all have
outer shell twists that vary only * 0.5°, exactly what is predicted for a rigid helical

backbone. Thus if actin does have the possibility of 10° torsional motions,
neither nature nor biochemistry have yet taken advantage of it to pack actin into bundles.

A flexibly attached outer domain should have an obvious role in the function of actin. The
function of the outer domain is presumably to bind the myosin head. Since myosin heads in muscle
are directed at the actin subunits from a range of angles, and apparently move through a substantial
angle during the power stroke, it makes sense, indeed it is almost essential, for the myosin-binding
domain of actin to be flexibly attached to the filament core. (Supported by NIH grant GM28553).
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a-Actinin is a dumb-bell shaped homodimer of 200,000 Da molecular mass. It has an actin
binding site at each end and is able to crosslink actin filaments. A specific interaction with free
fatty acids and glycerides has been demonstrated (Meyer et al., 1982). Different isoforms of this
protein are found in striated muscle (Z-lines), in smooth muscle, and in nonmuscle cells
(stressfibers, adhesion plaques). The intracellular localization of a-actinin in nonmuscle cells
suggests a direct involvement in cell locomotion. Furthermore, in these cells its distribution is
drastically changed after cell transformation.

In this study we have investigated at the biochemical and structural level the specific
interaction of o-actinin with actin, as well as the influence of lipids on this interaction.
To achive this a centrifugation assay was developed allowing for the separation of a-actinin-F-
actin aggregates from unbound protein. Varying amounts of actin and a-actinin where incubated in
actin polymerization buffer (5 mM imidazole, 2 mM MgCl2, 150 mM KCI, 0.2 mM ATP, pH 7.5)
and centrifuged for 15 min at 20,000xg. The supernatant was carefully separated from the pellet,
and the two were analyzed by SDS-PAGE. The relative amounts of actin and o-actinin in each lane
were determined by scanning the Coomassie blue stained gels. In Fig. 1 the binding of o-actinin to
actin is expressed as the molar ratio of sedimented (bound) o-actinin to actin vs. a-actinin
remainig in the supernatant. The sigmoidal binding curve saturates near 0.07 (M/M), i.e. at a
ratio of a-actinin dimer to actin of 1:14 (i.e. 7 actin molecules per o-actinin binding site). The
apparent Kgq for this interaction is 0.426 uM (at 22 °C). Below saturation, the ratio of bound o-
actinin to actin vs. free o-actinin follows an exponential law, indicating a highly cooperative
interaction.
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Fig. 1: Interaction of a-actinin with F-actin in the presence (filled symbols) or absence (open symbols) of
lipids. Various concentrations of a-actinin (0.02-0.5 mg/ml) were incubated with actin (0.05-0.8 mg/ml)
and polymerized by addition of 2 mM MgCly, 150 mM KCI, 0.2 mM ATP in the presence or absence of 1
mg/ml phosphatidylglycerol, 0.5 mg/m! diglycerides and 1 mg/ml palmitic acid. Specifically, at the points
denoted the concentration of actin was 0.5 (1), 0.4 (2), 0.3 (3) and 0.2 (4) mg/ml and that of a-actinin
was from 0.02 to 0.5 (1) or 0.1 (2-4) mg/ml.

Similar analyses were performed after addition of liposomes composed of free fatty acids,
glycerides and phospholipids. In the absence of actin, a strong binding of a-actinin to lipid micelles
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could be demonstrated (Fig. 2). Addition of lipids to actin-a-actinin mixtures resulted in a
subsequent decrease of the apparent Kq, suggesting competitive binding of the lipids to a-actinin
(Fig. 1).
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Fig. 2: a-Actinin binds to lipid micelles. Varying amounts of a-actinin (0.02-0.2 mg/ml) were added to 1
mg/ml phospholipids, 0.5 mg/ml diglycerides and 1 mg/ml palmitic acid, and incubated. Bound a-actinin
was separated from unbound protein by centrifugation at 20,000xg for 15 min.

o-Actinin in the presence or absence of lipids was mixed with actin, incubated and examined by
EM. Samples were adsorbed to glow-discharged carbon-coated parlodion films on copper grids and
stained with 0.75% uranylformate without any previous washing or dilution. Bundles of actin
filaments were observed for all buffer conditions which induced actin polymerization (Fig. 3a).
Furthermore, contrary to previous reports (Burn et al. 1985), this bundle formation was
independend of the presence or absence of lipids. However, with lipids added, o-actinin molecules
with their ends bound to liposomes were observed and some vesicles were even crosslinked to
actin filaments by o-actinin (Fig. 3b, arrow).

Bundle formation was highly sensitive to the o-actinin concentration. No bundles were found when
the amount of o-actinin was kept below a critical concentration (i.e. below a molar ratio of a-
actinin to actin of 1:125). Therefore dilution or washing of unfixed samples had to be avoided.
However, a-actinin-F-actin filament bundles could be isolated after glutaraldehyde fixation or
after crosslinking with dithiobis(succinimidylproprionate) (DSP). Since DSP was superior to
glutaraldehyde with regard to the ultrastructural preservation it was primarly used in this study.
For this purpose actin filaments where stabilized with phalloidin (1:2 M/M) prior to fixation.
Optimal crosslinking conditions were explored by analysis on SDS-PAGE. A 100-fold molar excess
of DSP over actin at pH 8.5 proved to be optimal for crosslinking.

The crosslinked samples were applied to a small Sephadex G-25 column. After washing with
buffer, smaller aggregates, unbound protein and unreacted crosslinker passed through the column.
Larger bundles which could not penetrate the column, were collected from the top. Examination in
the EM revealed actin filament bundles crosslinked by a-actinin (Fig. 3c). The interfilament
distance was decreased with increasing Mg2+ concentration, probably by changing the orientation
of the a-actinin molecules from "perpendicular” to "parallel" relative to the actin filaments (Fig.
3c, arrows).

According to these results o-actinin is a concentration-dependent inducer of F-actin bundling. The
molecular structure of a-actinin-actin bundles has not yet been completely resolved but
stochiometric and geometric arguments favor a model with parallel actin filaments saturated with
likewise parallel arranged o-actinin molecules. The observed perpendicular orientation of a-
actinin relative to the actin filaments my therefore be a specimen preperation artifact by which
the o-actinin-actin bundles "open up". Certain specific lipids compete with actin for a binding site
but do not influence bundle formation. The binding of o-actinin to F-actin and lipids my be
significant in vivo for stressfiber formation.
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Fig. 3: Electron micrographs of a-actinin and actin. 3a) F-actin-a-actinin bundles adsorbed to carbon-
coated parlodion films on copper grids without dilution or washing. 3b) a-actinin bound to lipid vesicles and
occasionaly crosslinking them to actin filaments (arrow). 3c) F-actin-a-actinin bundles crosslinked with
DSP and washed by "sieving" over a Sephadex column. Arrows denote a-actinin molecules. All samples
were stained by 0.75% uranylformate. Bar, 0.5 um (a), 100 nm (b,c).

Burn P, Rotman A, Meyer RK, Burger MM (1985) Diacylglycerol in large o-actinin/actin
complexes and in the cytoskelton of ativated platelets. Nature 314: 469-472

Meyer RK, Schindler H, Burger MM (1982) o-Actinin interacts specifically with model
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Functional Analysis of Actin Binding Proteins In Vitro and
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A large number of actin-binding proteins has been isolated from
different organisms. Similar interactions with G- or F-actin
indicate that they represent classes of proteins with conserved
functions during evolution. Data emerging from comparisons of
protein- and DNA-sequences support this notion. We have started a
search for novel actin-binding proteins in Dictyostelium
discoideum which may reveal new classes of generally important
proteins.

From D. discoideum several actin binding proteins have been
isolated for which no counterparts in other organisms are known.
Among these is a 17kDa protein that has been detected by a gel
overlay assay using iodinated G-actin as probe (Schleicher et al.
1984, EMBO J. 3:2095-2100). Binding of the 17kDa protein to
F-actin was determined by a cosedimentation assay. The protein
cosedimented with the F-actin in a strongly pH-dependent manner
within a critical range of pH 6.5-7.5. At pH 6.5 binding was
essentially complete: no 17kDa protein was detected in the
supernatant by electrophoresis and Coomassie blue staining. At pH
7.5 the protein was almost completely recovered in the supernatant
whereas sedimentation of F-actin was unaffected. At pH 6.0 or 6.5
the 17kDa protein mediated the enhancement of actin polymerisation
in the absence of Mg2+ or K'. The protein has been purified from
both soluble and particulate fractions of the cells. As judged by
the apparent molecular mass in SDS-polyacrylamide gel electropho-
resis and 2D-electrophoresis, the 17kDa proteins from the soluble
and particulate fraction are indistinguishable. Using monoclonal
antibodies directed against the 17kDa protein, cDNA-clones were
isolated from a cDNA library in Agtll that contained the complete

coding region. The cDNA sequence codes for a protein with a
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molecular weight of 13700 which consists of 118 amino acids. The
sequence does not reveal any signal peptide, transmembrane region
or N-glycosylation site. The most characteristic feature of the
protein is its high content of 31 histidine residues out of 118
amino acids. The 17kDa protein is encoded by a single gene and the
corresponding mRNA as well as the protein are present throughout
growth and all stages of development. When the CcDNAs were
expressed in E. coli in a vector that allowed synthesis of a
fusion protein which contained four additional amino acids at the
N-terminus, a protein was produced that had an apparent molecular
weight comparable with the one of the protein isolated from D.
discoideum.

The pH-sensitivity of the interaction of the 17kDa protein with
actin might be of biological importance since the average
3lP—NMR is between 6.7 - 7.3 and the
transition from the binding to the non-binding state of the

cytoplasmic pH determined by

protein occurs between pH6.5 and 7.5. Changes of intracellular pH
during the development of D. discoideum cells have not been
unequivocally demonstrated. But short-term changes in response to
cAMP stimuli have been reported. It is therefore possible that the
17kDa protein acts as an intracellular pH-sensor that links
chemotactic signals to responses in the microfilament system of
the cells. A dramatic increase of actin polymerization is observed
in cells stimulated with chemoattractant. The 17kDa protein might
be involved in this response by nucleating actin polymerization or
stabilizing the filaments.

D. discoideum offers the possibility to investigate the in vivo
role of the protein by inactivation of genes coding for specific
proteins through production of antisense mRNA or gene disruption.
Experiments are in progress to inactivate the gene coding for the
17kDa protein in D. discoideum and to investigate the consequences
of the lack of this protein for the cell.



Calcium- and Actin-Binding Sites in F-Actin Crosslinking
Molecules from Dictyostelium Discoideum

Michael Schleicher and Angelika Noegel
Max-Planck-Inst. f. Biochemistry
8033 Martinsried, FRG

Numerous actin-binding proteins regulate the viscosity and elasticity of the
cytoplasm by either interfering directly with the equilibrium of G- and F-actin,
or by crosslinking the filaments (for reviews see Stossel et al., 1985; Pollard
and Cooper, 1986). F-actin crosslinking proteins are usually dimers that form a
three dimensional network via two binding sites for actin. The most prominent
F-actin crosslinking activities in Dictyostelium discoideum are due to two
proteins with apparent molecular weights of 95.000 (x-actinin)(Condeelis and
Vahey, 1982; Fechheimer et al., 1982) and 120.000 (gelation factor) (Condeelis
et al., 1982). Cloning and sequencing of the genes coding for these cytoskeletal

proteins revealed similarities to proteins from other species including mammals.
These similarities may help to identify functional domains that are involved in
the binding to actin and in the regulation by calcium ions.

w-ACTININ:

D. discoideum harbors a single x-actinin gene that codes for a 3.0kb mRNA (Witke
et al., 1986). The protein is a homodimer whose subunits assemble in an
anti-parallel fashion to form a rod-like structure (Wallraff et al., 1986). The
crosslinking activity of D. discoideum «-actinin is completely inhibited by
sub-micromolar concentrations of Ca2+. This calcium sensitivity distinguishes
muscle and non-muscle x-actinins. The determination of the complete sequence of
D. discoideum x-actinin allowed the identification of three structural features:
i) Two complete EF-hands that may be responsible for the C62+
internal repeats that render «-actinin a spectrin-like molecule; iii) a striking

-regulation; ii)

similarity to chicken fibroblast x-actinin near the N-terminus (Noegel et al.,
1987).

The recently published complete sequences of chicken fibroblast x-actinin (Baron
et al., 1987) and dystrophin, the protein product of the Duchenne muscular
dystrophy locus (Koenig et al., 1988) show in C-terminal regions significant
similarities to the EF-hands of x-actinin. A true EF-hand domain scores twelve
or better out of sixteen functionally important amino acids (Kretsinger, 1980a).
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Fig.1 shows a comparison of corresponding domains from Irypanosoma calmodulin
(Tschudi et al., 1985), D. discoideum x-actinin, chicken fibroblast «-actinin
and dystrophin. Among the cytoskeletal proteins only D. discoideum -actinin
scores in both EF-hands the required number of matches (12x, 14x), whereas the
putative Ca2+-b1nding loops from chicken fibroblast «-actinin (11x, 13x) and
dystrophin (8x, 11x) apparently degenerated during evolution.

* EL’ L'L’ L'D’ D DG ID EL’ L'L’ L’
X Y Z -Y-X -2

CAM: () [E FJK E[A F|S L[F D|K[D]G[D G]T[L T|T K[E L]G T[V_M|R S|L
DDA: (12) |E F|K A C|F|S H|F D|(K[D|N|D[N K L|N|R L[E F|S S C|L[K S|I
CHA: (11) |EF|R A S|F|H N|F DJR K K|T G|M M|D|C E D|F|R A C|L|I S|M
DYS: (7) ACDAMDQHNLK@NDQPMDILQIINCLTTI
CAM: (5) [E V|D E[M I|R E[A D|V[D]|G[D G|Q[T N]Y E[E F|V KM M|M S K
DDA: (14) L|IN Q|V I|S K|I D|T|D|G[N.G|T|I S|F E[E F|I D|Y M|V S S
CHA: (13)EFARIMSIVDPL_I\LR@GVVTFQAFIDFMSRE
DYS: (1) CILINWLLINVIYD|TGR GRIRVLSFKTGIIS

Figure 1: Alignment of EF-hand regions from Trypanosoma calmodulin (CAM), D.
discoideum x-actinin (DDA), chicken fibroblast x-actinin (CHA) and dystrophin
(DYS). Boxed residues indicate a correct alignment with the 16 characteristic
positions building an EF-hand structure (Kretsinger, 1980b).

GELATION FACTOR:

Another F-actin crosslinking molecule from D. discoideum has been described as a
dimer with an apparent molecular weight of 120.000 per subunit upon SDS-PAGE
(Condeelis et al., 1982). Unlike «-actinin, it is insensitive to Ca2+. A
complete cDNA clone coding for the gelation factor was isolated from a
Agtll-Tibrary and its sequence determined (Noegel et al., in preparation). Fig.
2 summarizes some peculiarities of the primary structure. The protein consists
of 858 amino acids; the calculated molecular weight is 92.300, which is
considerably smaller than the app. molecular weight of 120.000 as Jjugded by
SDS-PAGE. The distribution of certain amino acids 1is strongly asymmetrical.
Especially glycine and proline residues are abundant in the C-terminal 2/3 of
the molecule. Accordingly, almost no «-helical structure is predicted. The
C-terminal part contains six repeats with about 100 amino acids each. The
consensus sequence of the repeating domains is based mainly on common glycine
and proline residues.
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Figure 2: Organization of the D. discoideum gelation factor. The positions of
specific amino acids are indicated by vertical bars or by stars.

The N-terminal third of the molecule is very similar to the putative
actin-binding sites of D. discoideum «x-actinin, chicken fibroblast «-actinin and
dystrophin. To prove that this conserved domain in fact contains an actin-bin-
ding activity, the corresponding region of D. discoideum «-actinin was expressed
in E. coli and the fusion protein was shown to be able to bind to -actin
filaments in co-sedimentation assays.
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Comparison of Various Gelsolin-Like Proteins and Their
Interaction with Actin Filaments

Anke Huckriede, Horst Hinssen and Brigitte M. Jockusch
Developmental Biology Unit, University of Bielefeld
POB 8640, D-4800 Bielefeld 1, FRG

Gelsolins are Ca-dependent actin-binding proteins which modulate the
polymer state of actin in vitro by nucleation of polymerization,
capping, and severing of actin filaments. Though gelsolins have been
isolated from a number of cell types and from blood plasma, the
physiological role of these proteins remains unclear.

We have investigated the interaction of various gelsolins with actin
in vitro, on detergent-extracted cell models, and by microinjection
into living cells. The gelsolins used here were purified from pig
stomach smooth muscle, pig and human plasma and human platelets.
Fig. 1 shows the effects of the various gelsolins on the viscosity
of an F-actin solution. All four gelsolins induced a dramatic de-
cline of viscosity in the presence of Ca indicating the disruption
of the preformed filaments. However, the effects varied among the
different proteins: The pig plasma protein exhibited a relatively
low severing activity and only a limited Ca-dependence, whereas the
severing activity of the three other proteins was significantly
higher and strictly Ca-dependent. When applied to permeabilized
cells, all four proteins degraded stress fibers and rendered the
actin extractable. Again, pig plasma gelsolin was found to be par-
tially active also in the presence of EGTA.
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When the proteins were microinjected into tissue culture cells,
heterogeneous effects on the microfilament system were observed: The
prominent stress fibers of rat fibroblasts visualized by rhodamine-
phalloidin staining (Fig. 2A, control-injected cell) were destroyed
by microinjected extracellular gelsolins (Fig. 2B), whereas the
cytoplasmic gelsolins had practically no effect (see table Fig. 2).
To determine whether these results were due to subtle differences in
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Ca-requirement of the proteins in the cytoplasm, we microinjected
purified proteolytic fragments representing the N-terminal half of
the pig stomach, e.g. human plasma gelsolin molecule. Both fragments
severed actin filaments in vitro in a completely Ca**-insensitive
manner. In contrast, they behaved differently after microinjection:
While the fragment from human plasma gelsolin disrupted stress
fibers effectively, the smooth muscle gelsolin fragment was again
completely inactive (see table Fig. 2).

C CELLS WITH INTACT
STRESS FIBERS
GeLsoLiNs (conc.) IN PERCENT OF TOTAL
+ Ca - Ca
HUMAN PLASMA MG/ML) 40 % 70 %
P1c pLASMA (0.6 Me/ML) 40 %

HUMAN PLATELET (2 mMe/ML) 70 %

HUMAN PLASMA THERMOLYSIN
FRAGMENT TL 45 (0.5 me/mL) 10 %

PIG STOMACH CHYMOTRYPSIN
FRAGMENT CT 47 (1 me/mL) 70 % 70 %

Fig. 2: Influence of microinjected gelsolins on the actin skeleton
of cultured cells. (A) Rat fibroblast injected with buffer alone
(TBS containing 1 mM Ca/EGTA buffer pCa 5) after fixation and stai-
ning for F-actin with rhodamine-phalloidin. (B) Fibroblast injected
with 1.0 mg/ml human plasma gelsolin. (C) Semi-quantitative evalua-
tion of stress fiber disruption by microinjected gelsolins and
gelsolin fragments in a buffer containing either 1 mM EGTA or 1075 M
Cca**. For each number given, the presence or absence of stress
fibers in at least one hundred cells was determined. More than 70%
of control injected or non-injected cells possessed stress fibers.
Gelsolins were regarded as inactive in vivo when the percentage of
cells with stress fibers was equivalent to the controls.

Thus, our results show that gelsolin may affect actin filaments in
the living cell, but that there is no clear-cut correlation with the
activities in vitro and in cell models. We assume that in addition
to a possible modulation by intracellular Ca, other mechanisms may
regulate the properties of gelsolin in the cytoplasm.

We thank Christine Chaponnier, Geneva, and Alan Weeds, Cambridge,
for providing human gelsolin and pig plasma gelsolin, respectively.
Supported by the Deutsche Forschungsgemeinschaft (SFB 223).
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Basement Membrane (Type IV) Collagen — Its Molecular and
Macromolecular Structure

Klaus Kiihn

Max-Planck-Institut fiir Biochemie
Department of Connective Tissue Research
D-8033 Martinsried, FRG

Type IV collagen is the main collagenous constituent of basement
membrane (Martin et al., 1988). Its non-fibrillar, network-like
macromolecular organization forms the scaffold for the sheet-like
basement membrane in which the other basement membrane
constituents, such as the laminin-nidogen complex and the heparan
sulfate proteoglycan are embedded. The amino acid sequence of the
two constituent polypeptide chains, as well as the molecular and
the macromolecular structure of type IV collagen have been
extensively studied, so that this collagen type is one of the best
known members of the collagen family. Its molecule is 400 nm long
and bears a globular domain at the C-terminal end (Oberbdumer et
al., 1982). It is a heterotrimer of two «1(IV) chains and one
x2(IV) chain, 1669 and 1712 amino acid residues in length,
respectively (Triieb et al., 1982; Brazel et al., 1988). The
primary structure of both chains, from man and mouse, was
completely elucidated by a combination of protein and cDNA
sequencing (Brazel et al., 1987; Babel and Glanville, 1984;
Pihlajaniemi et al., 1985; Oberbdumer et al., 1985; Nath et al.,
1986; Wood et al., 1988; Soininen et al., 1987; Brazel et al.,
1988; Siebold et al., 1987; Killen et al., 1987; Hostikka et al.,
1987; Schwarz et al., 1986a; Vogeli et al., 1986; Schwarz et al.,
1986b; Kurkinen et al., 1987).

Electron microscopical observation of pepsin dissolved type IV
collagen fragments led to the socalled network model, in which the
molecules are covalently crosslinked via their like ends (Timpl et
al., 1981). Four molecules are connected via the N-terminal end
region, two molecules are held together by their globular
C-terminal domain (Fig.l). Recent studies have shown that during
formation of the macromolecular structure the central triple
helical area is additionally involved in the lateral aggregation
of the molecules (Yurchenco and Ruben, 1987).
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Fig. 1: Schematic representation of the network model. The type IV
collagen molecules are covalently crosslinked via their like ends
(Timpl et al. 1981).
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Fig.2: Schematic representation of the collagen IV molecule which
consists of two «1(IV) chains and one «2(IV) chain. The 26
non-triple-helical interruptions of the triple helical domain are
indicated by black bars. The cysteine (C) residues and lysine or
hydroxylysine (K) residues involved in intra- or intermolecular
bonds are shown. (CHO) designates a N-glycosidically bound
oligosaccharide chain. The subscript numerals indicate the number
of residues in a distinct region, summarizing all three «-chains.
P designates a main pepsin cleavage site. In interruption XIII the
«x2(IV) chain forms a 21 residue 1long 1loop, stabilized by an
interchain disulfide bond. 7S, aminoterminal aggregation and
crosslink domain; TH, triple helical domain; NCl, carboxyl-termi-
nal noncollagenous aggregation and crosslink domain (taken from
Brazel et al. 1988).

According to these studies, the type IV collagen molecule contains
three functionally important domains (Fig.2): the two terminal
aggregation and crosslink regions - the N-terminal (7S) domain and
the C-terminal (NCl) globular domain - and the central triple
helical part. The latter comprises specific sites involved in

interactions with other extracellular matrix components and with
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Fig.3: A. Schematic representation of the N-terminal aggregation
and crosslink site. The terminal sequence of the «x1(IV) and x2(IV)
chains is nonhelical and contains cysteines (C) and lysines (K)
which participate in intra- and intermolecular crosslinks. ?he
triple helical overlap region also contaips a crosslink site
comprising a cysteine and a hydroxylysine (K ) residue.

B: Antiparallel, 80 amino acid residues overlapping arrangement of
two type IV molecules with alignment of crosslink sites.

cells. In the following, the structural features of the three
domains will be described, which are responsible for the formation
of the macromolecular network.

The N-terminal aggregation and crosslink (75) domain

The amino termini of the x1(IV) and the x2(IV) chains comprise the
15 and 21 residues long non-helical crosslinking sites (Siebold et
al., 1987). They contain four cysteine residues at identical
positions, presumably involved in intra- and intermolecular
disulfide bonds (Fig.3a). Also a lysine residue additionally

present in the «1(IV) chain takes part in intermolecular crosslink
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Fig.4: Scheme of the lateral arrangement of four N-terminal
aggregation domains. Broad lines designate the hydrophobic self
interacting reaction edge deduced from a interaction matrix.
Section A and B at the boundaries of the interaction edge are
involved in the contacts between the molecules orientated in an
antiparallel fashion. N and C indicate the orientation of the
molecules looking down the helix axis from the amino or carboxyl
terminal, respectively. Taken from Siebold et al. 1987).

formation. The adjacent triple helical region of 118 residues is
responsible for the overlap aggregation of the molecules. It also
contains a crosslink region in which both chains comprise a

cysteine and again the «x1(IV) chain an additional hydroxylysine
residue.

Three dimensional evaluation of the amino acid sequence of the
triple helical overlap region revealed the highest hydrophobic
interaction score for two molecules, arranged in an antiparallel
fashion, with an overlap of 80 amino acids residues. This
correlates with the electron microscopical data and allows an
optimal formation of intermolecular disulfide bridges as well as
of a lysine derived aldimine bond between the nonhelical and the
helical crosslink sites of two overlapping molecules (Fig.3b)
(Siebold et al., 1987).

The azimuthal orientation of the two molecules is determined by a
hydrophobic self interacting reaction edge with a width of 90°
(Fig.4). The first contact between two antiparallel molecules

aggregating to a dimer occurs mainly via segment A of the
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73

segment B is responsible for the

subsequent formation of a tetramer, in which the middle section of

the reaction edge points to

the interior of the tetragonal

arrangement. Thus a potential, unlimited aggregation of

antiparallel molecules is prevented Siebold et al., 1987).

The C-terminal aggregation and crosslink (NCl) domain

The NC1 domains of the x1(IV) and the «x2(IV) chains are 227 and
228 residues long, respectively (Siebold et al., 1988). In this

C-terminal region the two x-chains are of high homology. Thus 65%

of the residues are identical and 16% of the substitutions are

conservatives.

In the 7S domain and in the triple helical domain

the two x-chains show only a low homology (Brazel et al., 1988).

Both NC1 domains are divided into two similar repeating units,

subdomain I and subdomain II, with 39% identical residues and 21%

conservative substitutions

(Oberbdumer, 1985). Thus, each

subdomain contains an identical set of six cysteins. Isolation of

disulfide bridged cyanogen bromide peptides of the unreduced
x1(IV)NC1 domain led to the determination of the disulfide bonds

in subdomain I (Fig.5). The two cysteins at position 20 from the

CB1

Py

CBS(‘l}S
176-183 |-G

subunit IT

N-terminal end,

subunit 1

and position

Fig.5: Schematic diagram of the
intrachain disulfide bonds which
force the «l1(IV)NCl domain into
a four leafed clover-like structure.
The position of the methionine re-
sidues and the numbering of the cy-
anogen bromide peptides are indica-
ted. The NC1 domain is divided into
two homologous subdomains, I and II.
The loops A, B and C in subdomain I
formed by disulfide bonds are 32,5
and 54 residues long, respectively.
The same is true for subdomain II.
M, methionine; S-S, disulfide bond;
the numbers give the positions of
the cysteines within «1(IV)NC1
(taken from Siebold et al. 1988).

53 from the middle region are

connected to the cysteine pair 108 and 111 at the very C-terminal
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end of subdomain I. Thus loop A and C with 32 and 54 residues,
respectively, are formed. Loop C includes the small loop B of five
residues, due to a disulfide bond between cysteine 65 and 71. The
high homology of subdomain I and II suggests the same arrangement
in subdomain II, which is supported by the identification of
peptide CB4-5-6. The same arrangement of disulfide bonds has been
shown also for the x2(IV)NCl domain (Siebold et al., 1988).

The aggregation of two type IV collagen molecules by their
C-terminal domain leads to the formation of a hexameric NCl
complex, which subsequently becomes stabilized by disulfide
exchange either between two x1(IV)NCl domains or by another still

al

Y

Fig.6: Scheme of the disulfide exchange which leads to
Intermolecular bonds during dimerization of two type IV collagen
molecules via their NC1 domains. For reasons of clarity only
subdomain I is depicted. All four cysteine residues of the
disulfide knot are involved in the exchange reaction (taken from
Siebold et al. 1988).

unknown unreducible covalent bond (Weber et al., 1984; Siebold et
al, 1988). To obtain information about the intermolecular
disulfide bridges «l1(IV)NCl dimers were treated with cyanogen
bromide as monomeric xl1(IV)NCl. Surprisingly, isolation and
characterization of the disulfide bridged peptides resulted in
exactly the same peptides as obtained for the monomer. This can
only be the case if the exchange has taken place between two

identical disulfide knots either from subdomain I or from
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subdomain II and if all four cysteines of each knot have been
involved in this exchange (Fig.6). The homology between «l1(IV)NC1l
and x2(IV)NC1l suggests an identical arrangement of disulfide bonds
also for the dimeric x2(IV)NCl domain (Siebold et al. 1988).

Chromatographic separation of the hexameric complex into monomers
and dimers, the further separation of monomers in «1(IV)NCl and
x2(IV)NC1 as well as of dimers in [x1(IV)NC1], and [x2(1v)ne]]
allowed a quantitative estimation of crosslinks. 50% of all
monomeric NC1 domains were crosslinked to dimers. Trimeric NC1
domains or higher polymers were not observed. The assembly to the
hexameric NC1l domain complex occurs in a highly ordered manner
which favours the disulfide exchange mainly between two «1(IV)NC1
domains and to a lesser extent also the reaction between two
®2(IV)NC1l domains. Thus only 13% of all dimers were «2(IV)NCl
dimers. Another 13% of the dimers (only «1(IV)NCl dimers) were
connected by unknown unreducible bonds. No evidence was obtained
for covalent bonds between «l1(IV)NCl and «2(IV)NCl monomers
(Siebold et al 1988).

The triple helical domain

According to electronmicroscopical investigations the triple
helical domain of the type IV collagen molecule is much more
flexible than the triple helix of the relatively rigid and stiff
fiber forming collagens (Hofmann et al. 1984). This is due to the
presence of nontriple helical areas. Thus the tripeptide structure
of the x1(IV) chain is interrupted 21 times and of the «2(IV)
chain 23 times. This includes the substitution of a glycine by an
alanine residue in the Gly-X-Y tripeptide, as well as stretches of
as many as 24 residues lacking the Gly-X-Y repeat. Both chains
differ in length and to some extent also in the distribution of
the non-tripeptide regions. The alignment of the two x-chains led
thus to 26 regions in which the triple helical structure is
disturbed or disrupted (Schwarz et al. 1986b; Brazel et al. 1988)
(Fig.l). To get triple helical segments of maximal 1length - as
well as matching - of the non-tripeptide region, insertions or
deletions had to be introduced into the non-tripeptide
interruptions of the one or the other chain. Some typical examples
are given in Table 1. Interruptions III and X are main cleavage

sites for proteolytic enzymes. They simultaneously introduce
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flexible areas into the triple helix. Extremely resistant against
proteolytic attack is the 13 residues long interruption I, which
survives pepsin and trypsin treatment at 37%. There is
electronmicroscopical evidence for a secondary structure of the
area which forces the molecule into a kink of 40° (Hofmann et al
1984). In interruption IX both chains contain cysteine residues
involved in intermolecular disulfide bonds, connecting all three
x-chains with one another. A special case is interruption XIII
where the «2(IV) chain forms a 21 residues long loop, stabilized
by a intrachain disulfide bridge. There are some short triple
helical imperfections (XIX, XXII) which may introduce kinks into
the triple helix.

Table 1. Some nonhelical interruptions of the triple helical domain of the type
IV collagen molecule. The nontripeptide sections in the al(IV) and the a2(IV)
chains are indicated by thin lines below and above the sequence, respectively.
Numbers above the first G are position numbers along the two aligned a-chains
(see Brazel et al. 1988).

112
I al GDP|[GEILGHVPGMLLKIGER
o2 GEP| YALPKEERDRYRI|GEP
253
III a1 GVPIGQAQVQEKGDFAT K|G E K
a2 GIP|SDTLHPITAPTGVTFHPDQYK|GEK
551
X al GEF}Y FDLRLK|GDK
a2 GDSIRTITTKGERI|GQP
487
IX aof GES[CLICDIDGYR|GPP
02 GECRCTEGDEATIKI|GLP
661
XIIT al G K I{V P L PIGPP
a2 GQIDG-CIGGPK
DTDVKRAVGGDRQEATIQPG
1034
XIX a1 GQP| [GPK
a2 GHIIKIGVK
1234
XXIT'a! GE V| GFP|GLA
02 GEAINTLP|GPV

The macromolecular structure

Comparison of the primary structure of the triple helical domain
of the different type IV collagen x-chains, including drosophila
type IV collagen (Cecchini et al. 1987; Blumberg et al. 1987),



77

revealed only a low homology of the amino acid residues in
position X and Y of the tripeptide structure. The distribution of
the main non-triple helical areas along the molecules appears to
be conserved, although the amino acid sequence in the individual,
matching interruptions is not homologous. This suggests that the
specific distribution of flexible areas and, in some cases also
kinks, is a structural feature of the molecule and is important
for the formation of the macromolecular network of type IV
collagen. In recent electronmicroscopical investigations of human

Fig.7: Macromolecular architecture of the type IV collagen
network. Three triple helical molecules labelled 1-3 join to form
a thicker laterally associated triple filament. A. In the double
and triple filament the two and three molecules appear to be
twisted around one another. B. Detail of the region where the
three filaments join and twist helically (taken from Yurchenco and
Ruben, 1987).

amniotic basement membrane by Yurchenco and Ruben (1987), the
first detailed knowledge was obtained about the macromolecular
structure of the genuine type IV collagen network (Fig.7). They
observed that two or three individual triple helical domains join
and twist around one another, forming double and triple filaments,
and that such branching and twisted supramolecular filaments
appeared to be present in many regions of the network. Although
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the hexameric NC1 domain marks the position of the joint C-termini
of two molecules within the network, the course of the molecule in
the complex macromolecular structure is not yet known. It is,
however, obvious that a molecule with a continuous, stiff triple
helix is unsuitable to form such a network. Only the specific
introduction of non-helical areas into the triple helical domain
enables the type IV collagen molecules to bend in different
regions, to twist to supermolecular helices and to form thus a

stable but flexible three dimensional network.
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We have recently observed that a single base mutation in a gene
for type I procollagen converts a glycine residue to cysteine and
that the substitution for the glycyl residue has a remarkable effect
both on the conformation of the molecule and the morphology of the
fibrils that are formed as the mutated procollagen molecule is
processed to collagen (Vogel et al., 1987; 1988; Kadler et al.,
1988b). The observations have largely been made possible through
the development of a new system for examining the self-assembly of
collagen de novo (Kadler et al., 1987; 1988a).

New System for Studying the Self-assembly of Collagen de novo.

The assembly of collagen fibrils was extensively studied in the
past with collagen extracted from tendon or skin with cold acidic
solutions and then reconstituted into fibrils by neutralizing and
warming the solutions (Gross and Kirk, 1958; Wood, 1960; Cooper,
1970; Leibovich and Weiss, 1970; Comper and Veis, 1977; Williams et
al., 1978; Gelman et al., 1979; Silver et al., 1979; Helseth and
Veis, 1981; Farber et al., 1986; Holmes et al., 1986; Na et al.,
1986). However, the fibrils formed from the extracted collagen tend
to be narrow in diameter and lack the tightly structured appearance
of fibrils in situ (see Cooper, 1970; Miyahara et al., 1982). Also,
extracted collagen does not reproduce fibrils at temperatures above
35°C or without the presence of high concentrations of phosphate in
the buffer (see Cooper, 1970).

We have recently developed a novel system for studying the
assembly of collagen fibrils de novo in which collagen is generated
enzymically under physiological conditions from an intermediate in
the normal processing of type I procollagen (Fig. 1) to collagen
(Miyahara et al., 1982, 1984; Kadler et al., 1987; 1988a). The
system has two major components. One is the partially processed
precursor of collagen that is known as pCcollagen and retains the
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C-propeptides but not the N-propeptides of the procollagen molecule.
The second component is highly purified procollagen C-proteinase
that can cleave the C-propeptide (Hojima et al., 1985). The pC-
collagen itself does not form any aggregates or regular structures
in solution at 37°C and in concentrations of up to 0.5 mg/ml (Fig.
2). However, cleavage of pCcollagen to collagen by C-proteinase
generates collagen that readily assembles into fibrils. The system
has several advantages over previously employed systems involving
reconstitution of collagen fibrils. Fibrils can be formed that vary
in diameter from thin fibrils to thick fibrils as much as 3 microns
in diameter. The process can be examined over temperatures ranging
from 25 to 41°C. The system can employ a physiological buffer.
Also, all the components of the system are homogeneous and in
monomeric form.

We have employed the system to study the thermodynamic para-
meters of collagen self-assembly (Kadler et al., 1987; 1988a,b).
The results demonstrate that polymerization of <collagen wunder
physiological conditions is an entropy-driven process with thermo-

Figure 1. Schematic representation of the type I procollagen
?o;ecgle. Reproduced with permission from Prockop and Kivirikko
1984).
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Figure 2. Formation of fibrils by cleavage of type I pCcollagen by

procollagen C-proteinase. For experimental conditions, see Kad
et al. (1987). P ' adier

dynamic parameters similar to those for other protein polymeriza-
tions (Table I).

TABLE I. Thermodynamic parameters for systems of protein self-assembly.

Protein G2 H S Reference
_Etal.mol'4_' ca].'K']‘.mol'1
G-actin +10-15 Asakura et al.
(1960)
G-ADP-actin +10-15 Kasai (1969)
Flagella -1.9° s 332 Gerber et al.
(1973)
Tobacco mosaic -10.0b +34 +139 Paglini and
virus protein Lauffer (1968)
Sickle cell Hb -11.40 468 +256 Murayama (1972)
Type 1 collagen
Extracted -23 Cooper (1970)
De novo -13 +56 +220 Kadler et al.
(1987)
a at 37°C.
b

Values calculated here from published data.
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Substitution of a Single Amino Acid that Produces a Kink in the Type

1 Procollagen Molecule and Generates Dendritic Fibrils.

For several years we and others have been studying the genetic
mutations that produce osteogenesis imperfecta, a heritable disorder
of connective tissue that is characterized by remarkably brittle
bones (see Prockop et al., 1988). Recent data from a number of
laboratories have demonstrated that most probands with osteogenesis
imperfecta have mutations in the gene for either the proal(I) or
proa2(1) chain of type I procollagen. Some of the mutations in the
type I procollagen genes are partial gene deletions. One involves
insertion of amino acid sequences, and several involve RNA splicing
mutations. Of special interest are a series of mutations that are
single-base substitutions that convert codons for glycine to codons
for other amino acids in either the «l(I) or «2(I) chain. The
presence of the bulkier amino acid for glycine apparently disrupts
the triple helix of collagen and lowers the melting temperature of
the protein by 4°C. At least five of the glycine substitutions
produce lethal phenotypes, in part, because the 1lower thermal
stability of the protein means that it unfolds at body temperatures
and is degraded.

We recently identified a point mutation in a lethal variant of
osteogenesis imperfecta that changes the codon at amino acid posi-
tion 748 of the triple helical region of the ol chain of type I
procollagen from glycine to cysteine (Vogel et al., 1987). The type
I procollagen synthesized by cultured fibroblasts from the proband
was post-translationally over-modified, had a decreased thermal
stability, and was secreted slowly as compared to collagen syn-
thesized by fibroblasts from an unaffected individual. Some, but
not all, of the type I procollagen appeared to be degraded because
of its low thermal stability. In the course of studies with the
proband's fibroblasts, we made the unexpected observation that the
mutated procollagen was poorly processed to pCcollagen in post-
confluent cultures of skin fibroblasts (Vogel et al. 1987). We
subsequently demonstrated directly that the procollagen containing
the cysteine substitution was cleaved more slowly by purified pro-
collagen N-proteinase, the large neutral metalloproteinase that
normally cleaves the three proa chains of type I procollagen at a
specific site near the N-terminal region of the protein (Vogel et
al., 1988). The effect of the mutation on processing by N-
proteinase was initially perplexing because the amino acid substi-
tution for glycine 748 was over 225 nanometers distant from the
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N-proteinase cleavage site. Procollagen N-proteinase 1is unusual
among proteinases in that it is highly specific for procollagen with
a native conformation and it will not cleave procollagen that is
even partially unfolded (Tuderman and Prockop, 1982; Dombrowski and
Prockop, 1988). However, it was not obvious how the substitution
for glycine 748 could alter the conformation of the N-proteinase
cleavage site that was so far removed from the mutation itself.

We considered several possible explanations for the observa-
tions (Vogel et al., 1988). Our conclusion was that the cysteine
substitution for glycine 748 introduced a conformational change that
altered the N-proteinase cleavage site located over 225 nm away from
the site of the mutation. A shift in phase of the three chains of
the collagen triple helix appeared to be the most likely conforma-
tional change that could be transmitted over this distance in the
protein.

We, therefore, constructed a series of models for the collagen
triple helix in which the presence of the cysteine residue instead
of glycine produced a phase shift at the site of the amino acid
substitution that was propagated to the N-propeptide cleavage site
(Vogel et al., 1988). The phase-shift models were based on the
generally accepted principles that all the hydrogen bonds in the
triple-helix are interchain and that side-chain interactions are of
secondary importance. They were also based on the principle that the
triple helix requires that each of the three chains is staggered by
one residue. Our model-building experiments suggested that two
phase-shift models were equally satisfactory, one involving a
looping out of one tripeptide unit from one chain and the other
involving a looping out of one tripeptide unit from each of two
chains (Fig. 3). The two phase-shift models were equally satis-
factory by current criteria of conformational energies. They were,
in fact, about equal by these criteria to an earlier model for a
cysteine substitution for glycine proposed by Traub and Steinmann
(1986) that did not involve a phase shift. One consistent feature
of all the phase-shift models, however, was that they produced a
discernible kink in the collagen molecule at the site of the
cysteine mutation.

Therefore, we set out to test the phase-shift models by
examining the mutated procollagen by rotary shadowing electron
microscopy. The results demonstrated that a large number of the
molecules had a kink at the site of the cysteine substitution.
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We next examined the question of what effect the kink induced
by the cysteine substitution might have on the assembly of collagen
fibrils de novo. pCcollagen was prepared from the proband's type I
procollagen (Kadler et al., 1988b). The proband was heterozygous
for the mutation and the type I procollagen secreted by the
proband's cells in culture was a mixture of normal and mutant
procollagen. The pCcollagen was therefore a mixture of normal and
mutant pCcollagen. Cleavage of the C-propeptides from the proband's

Figure 3. Stereo drawings of the phase shift model II showing a
Cys/Gly substitution in the al chains. Hydrogens have been omitted
for clarity. The two cysteines are Tlabeled. The hydrogen bonds
within the intact tripple helices are shown as dashed lines. The
C-terminus is on top of the figures. Reproduced with permission
from Vogel et al. (1988).



87

pCcollagen generated readily detectable collagen fibrils. However,
the concentration of collagen monomers in equilibrium with fibrils
was 34.1:2.2 pg/ml at 32°C of which 14.0+1.0 ug/ml was the normal
monomer produced from the proband's procollagen. In contrast, the
value was 2.2:0.1 ug/ml with normal type I collagen. Accordingly,
one effect of the monomer containing the cysteine substitution was
to limit the assembly of the normal monomer into fibrils. These
data are consistent with the theories of copolymerization as dis-
cussed in detail by Oosawa and Asakura (1975) who demonstrated that
in a mixture containing two kinds of actin monomer, the critical
concentration of one monomer for the formation of copolymers was
affected by the concentration of the other monomer.

In parallel experiments, the fibrils formed were examined using
dark- field light microscopy. Control fibrils generated at 32°C
were needle-shaped with pointed ends (Fig. 4A). In contrast,
fibrils generated by incubating the proband's pCcollagen with
C-proteinase were highly branched (Fig. 4B). At 37°C the fibrils
were even more branched or dendritic than those formed at 32°C
(Kadler et al., 1988b). Examining the fibrils at early time points
demonstrated that the fibrils were branched as soon as the struc-
tures became visible by light microscopy, and the pattern persisted
as the fibrils grew.

The results help to explain why the structure of collagen has
been so highly conserved during evolution and why mutations that
change the primary structure of the protein drastically alter the
phenotype of the organism. Previous observations demonstrated that
the effects of synthesis of a structurally abnormal proa chain of
type I procollagen involved amplification by the phenomenon of
“procollagen suicide" whereby structurally abnormal proa chains
become associated at their C-propeptide domains to normal proa
chains and 1lead to degradation of both the normal and abnormal
chains. The results here demonstrate that the effects of a change
in primary structure can be further amplified during fibril forma-
tion. The presence of the cysteine mutation produced a kinked
collagen molecule. The kinked collagen molecule greatly decreased
the efficiency with which normal collagen synthesized by the same
fibroblast was used to assemble collagen fibrils. Also, the fibrils
generated had greated distorted morphologies and, therefore,
lTikely to have altered biological functions in vivo.

are
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Figure 4. Dark-field light micrographs of control (A) and proband's

9
) fibrils. Fibrils were generated by incubating pCcollagen
0

(B
(70 ug/ml) with C-proteinase (50 U/ml1) at 32°C.
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Type VI collagen is a dumb-bell-shaped molecule with two large globular domains
linked by a short collagenous triple helix. It is composed of three different
polypeptide chains that are 1linked extensively by disulfide bonds. Type VI
collagen is synthesized and secreted by most mesenchymal cells. In the
extracellular matrix it forms small microfilaments which are often associated
with the large banded fibers of interstitial collagens.

Our interest has focused on type VI collagen because its biosynthesis is
largely reduced in cells transformed by various tumor viruses. It is conceivable
that this reduction may have profound effects on the adhesive properties of
transformed cells as type VI collagen is known to promote cell attachment and
spreading.

We have isolated and sequenced several overlapping cDNA clones which encode
the entire 2 subunit of chicken type VI collagen. The clones hybridize
specifically to a 4.2 kb mRNA abundant in chicken and human fibroblasts. Virally
transformed fibroblasts contain drastically reduced levels of this mRNA
indicating that the synthesis of type VI collagen might be blocked at the
transcriptional level in transformed cells.

The cDNA clones cover a total of 4153 base pairs. The deduced amino acid
sequence predicts that the «2(VI) polypeptide consists of 1015 amino acid
residues which can be divided into four domains: a hydrophobic signal peptide of
20 residues, an amino terminal globular domain of 228 residues, a collagenous
segment of 335 residues and a carboxy terminal globular domain of 432 residues.

The collagenous domain contains one interruption in the repetitive Gly-X-Y
sequence. In this domain there are seven Arg-Gly-Asp sequences which might
function as cell binding sites, one Asn-Gly-Thr sequence allowing the attachment
of N-linked carbohydrates within the triple helix and one cysteine residue which
might be involved in the formation of type VI collagen dimers. On both sides of
the collagenous domain there are short cysteine-rich segments which might connect
the three subunits in a type VI collagen molecule by the formation of disulfide
bonds. Our sequence data substantiate and refine the structural model of type VI
collagen proposed by Furthmayr et al. (Biochem J (1983) 211:303-311, see Fig.1).
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Fig.1. Diagram summarizing the characteristic features of the «2(VI)
polypeptide in a type VI collagen dimer. The short interruption in the
repetitive Gly-X-Y sequence is indicated by two vertical lines, the
potential cell binding sites are given as dark boxes. S cystine, X
oligosaccharide linked to Asn, N amino terminal globular domain, C
carboxy terminal globular domain.

A computer analysis of the globular sequences reveals three homologous repeats,
one in the amino terminal and two 1in the carboxy terminal globular domain. These
repeats have an average length of 180 amino acid residues and show a striking
similarity to the collagen-binding motifs found in von Willebrand factor and
cartilage matrix protein. We therefore speculate that the three homologous
repeats of type VI collagen may be able to interact with collagenous sequences as
they are found in the center of adjacent type VI collagen molecules. Such an
interaction between globular and triple helical domains would Tlend great
stability to the extended microfilaments of type VI collagen.

Our sequence data establish type VI collagen as another member of the
growing family of extracellular multidomain proteins that may play a crucial

role in cell attachment.

This work was supported by the Swiss National Science Foundation (grants
3.106-0.85, 3.016-0.87 and 3.110-0.88).
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A large variety of cells in the body are exposed to extracellular
matrices which affect cell function and behavior. Basement
membranes are prominent matrix structures and have been shown to
consist of several collagenous and non-collagenous glycoproteins
and proteoglycans (Martin and Timpl, 1987). Laminin is one of the
major and ubiquitous components that was originally isolated and
characterized from a tumor basement membrane as a cross-shaped,
multidomain protein (Timpl et al., 1979; Engel et al., 1981). It
is considered to be one of the important cell-binding proteins
present in basement membranes and in addition possesses binding
potentials for other matrix components. Another non-collagenous
glycoprotein, nidogen/entactin, was initially discovered as a
sulfated 158kD polypeptide (Carlin et al., 1981) and shown to have
a characteristic dumb-bell structure (Paulsson et al., 1986;
1987). Even though nidogen is also an ubiquitous constituent of
basement membranes its function is not immediately apparent.
However, several pieces of indirect evidence from cell culture and
tissue studies (Dziadek and Timpl, 1985) provided initial clues
about the possible role of nidogen, by showing that it forms
tight, stoichiometric, noncovalent complexes with laminin in situ.
This was confirmed by isolating the intact complex from the EHS
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tumor using chelating agents to facilitate extraction (Paulsson et
al., 1987). In the following we will discuss the progress made
during the past two years to analyze the structures of laminin and
nidogen, and their repertoires of interactions both within the
matrix and with cells.

Structure of laminin

As isolated from the mouse EHS tumor and cultured cells laminin
has a molecular mass of about 900kD and consists of three
disulfide-linked polypeptide chains, Bl, B2 and A, which differ in
size (Timpl et al., 1979; Cooper et al., 1981). Rotary shadowing
has shown these three chains to form a cross-shaped structure with
three short arms and one long arm (Engel et al., 1981) comprising
in all seven rod-like segments and seven globular domains. There
are several indications for isoforms of laminin (Martin and Timpl,
1987) which when isolated from Schwann cells may have a Y-shaped
rather than a cross-shaped structure (Davis et al., 1985; Edgar et
al., 1988). It was also shown that these materials lack a 400kD A
chain but it is still unclear if they are composed solely of B1l-B2
chain dimers or contain a smaller A chain variant (Edgar et al.,
1988). Such isoforms may not be restricted to neuronal tissue,
little if any A chain being found in early embryos (Cooper and
McQueen, 1983) or in embryonic kidney prior to induction of
tubular epithelium (Klein et al., 1988).

The complete amino acid sequence of mouse tumor laminin has been
elucidated from cDNA clones. The data show 1786 amino acid
residues for the Bl chain (Sasaki et al., 1987), 1607 residues for
B2 chain (Sasaki and Yamada, 1987) and 3084 residues for the A
chain (Sasaki et al., 1988) including in each case a typical
signal peptide. Portions of these sequences were confirmed by
Edman degradation (Hartl et al., 1988; Deutzmann et al., 1988).
The data have led to a refined model of laminin domain structure
(Fig.1l). Several of these domains are shared by all three chains.
They include domains I and II in the rod-like long arm with a
predicted coiled-coil «x-helix, and domains III and V which contain
several EGF-like repeats and constitute rod-like segments of the
three short arms. Further domains (IV, VI and G) with a lower
interchain homology are likely to form various globular domains.
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Fig.l: Domain model of laminin and its
constituent A, Bl and B2 chains based
on cDNA sequences and morphological
studies. Domains (roman numbers) in-
clude «-helical rods (I,II), EGF-

like repeats (III,V) and globular seg-
ments (IV, VI). A short, cysteine-rich
segment « is unique to the Bl chain.

G denotes a large globular domain of
A chain at the end of the long arm.
The N-termini of the chains are pre
sent in domain VI. Reproduced from
Sasaki et al. (1988).

The sequence-predicted domain structure is with some exceptions in
full agreement with data from morphological studies (Engel et al.,
1981) and from proteolytic fragmentation (Martin and Timpl, 1987).
Differences include a predicted globular domain IvVva which
interrupts domain III in the A chain for which no independent
evidence so far exists. Unique chain structures include a short
cysteine-rich region (x) in the Bl chain and the large (100kD)
globular domain G which is located at the distal end of laminins
long arm, and consists of A chain sequences showing five internal
repeats with 25-30% homology (Deutzmann et al., 1988; Sasaki et
al., 1988).

Structure of nidogen

Intact nidogen (150kD) was isolated initially from 6M guanidine.-
HCl extracts of the EHS tumor and more recently by milder
dissociating conditions from its complex with laminin (Paulsson et
al., 1986; 1987). Electron microscopical and physical data
indicate that it consists of two distinct globular domains of
about 85kD and 38kD, separated by a 17nm-long rod-like element
(Fig.2). This structure was confirmed by studies with proteolytic
fragments arising in part by endogenous cleavage. N-terminal
sequence analyses of nidogen and its fragments showed it to be a
distinct protein (Paulsson et al., 1986; Mann et al., 1988).
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Sites involved in matrix interactions

The high stability of the laminin-nidogen complex (kD<10nM)
indicates that it forms a distinct structure within basement
membranes, and implicates discrete binding sites on both
components as previously suggested by electron microscopy
(Paulsson et al., 1987). The laminin-binding site of nidogen was
recently localized to its C-terminal globule (Mann et al., 1988),
although mapping to a particular sequence within one of the
subdomains has not yet been achieved. The nidogen-binding site of
laminin has been localized to fragment 1, which comprises the
inner rod-like domains III from all three chains (Fig.1l).
Separation of the constituent chains of fragment 1 by partial
reduction showed full binding activity for the Bl chain segment
while 10fold lower activities were found for the A and B2 chain
segments, respectively. All binding activity was abolished by
total reduction of laminin or nidogen demonstrating that binding
is conformation-dependent.

In addition to binding laminin, nidogen has recently been shown to
bind collagen type IV (Fig.3), indicating that nidogen has a
mediator function in matrix assembly. The binding site of nidogen
was again localized to the C-terminal globule but is presumably
not identical to that structure which binds 1laminin. Binding to
collagen type IV was specific when compared to other types of
collagens. The interaction with collagen type IV occurs with a
triple-helical segment about 80nm away from the C-terminal globule
NC1 (Fig.3). A second, presumably weaker binding site may be about
180nm away from NC1l. As expected, the laminin-nidogen complex also
binds collagen type IV, although it is not yet clear if the
interaction of the complex also involves structures of laminin
(Charonis et al., 1986).

Another property of laminin but not of nidogen is its binding
activity for heparin and heparan sulfate indicating that this is
used in the asssociation to proteoglycans. A major heparin binding
site has been localized to laminin fragment 3 (Ott et al., 1982)
which corresponds to the 400 C-terminal amino acid residues of A
chain domain G (Fig.3). This sequence contains several clusters of
basic amino acid residues (Deutzmann et al., 1988; Sasaki et al
1988) which could be involved in binding.

7
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Fig.2: Dumb-bell model of nidogen and correlation with
subdomains predicted from amino acid sequences. Major
domains (I-III) correspond to the two globular domains and
the rod-like segment. Subdomains (small letters) include
EGF-like repeats (Ic, IIa-e, IIIc) and those predicted from
cleavages by thrombin (Th) and endogenous proteases (Nd)

(Paulsson et al., 1986; Mann et al., 1988). Positions of
tyrosine sulfation and of cell-binding RGD sequence are
indicated.

The amino acid sequence of mouse and human nidogen has been
recently elucidated (Mann et al., manuscript in preparation)
demonstrating that it consists of some 1217 amino acid residues.
The sequence data predict two globular domains in terminal
positions which are connected by a rod-like segment in agreement
with the proposed model (Fig.2). The sequence shows an irregular
distribution of cysteine residues, mainly concentrated in seven
EGF-like repeats. Five EGF-like repeats are located in the
rod-like segment, but contain six rather than the eight cysteine
residues per repeat found in the rod-like elements of laminin.
Further division of the two globules into four and three
subdomains, respectively, is indicated by two more EGF-like
repeats and the presence of peptide bonds susceptible to
endogenous proteolysis (Paulsson et al., 1986). The presence of
two putative carbohydrate acceptor sites and two tyrosine residues
in a consensus sequence predicting sulfation are also apparent.
This is of interest because of the previous identification of
tyrosine sulfate in the protein (Paulsson et al., 1985).
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Fig.3: Interaction of nidogen and laminin-nidogen complex
with collagen type IV in a binding assay (a) and
visualizaton of nidogen-collagen IV complexes by rotary
shadowing (b). An ELISA-type of binding assay was used with
laminin-nidogen complex (A ), nidogen (o) and laminin ( Q)
as soluble ligands and collagen IV as insoluble ligand. The
electron micrograph shows an overview. Bound nidogen
particles are indicated by arrows, NC1 identifies the
globular domain of collagen IV.

Cell-binding sites of the laminin-nidogen complex

Laminin possesses two high affinity (KD=1-5nM) cell binding sites
which were localized to fragments 1 (see above) and 8 (Aumailley
et al., 1987). Fragment 8 comprises the end of the 1long arm of
laminin including domains I of all three chains and domain G from
the A chain (Paulsson et al., 1987; Deutzmann et al., 1988; see
Fig.l). Both fragments promote distinct attachment and spreading
of most cultured cells (Aumailley et al., 1987; Goodman et al.,
1987). Fragment 8 was also identified as stimulating neuron
survival and neurite outgrowth (Edgar et al., 1984). Radioligand
competition assays demonstrated that these two fragments bind to
two distinct cellular receptors (Fig.4). Interestingly, while
fragment 1 is capable of binding to many cell types, fragment 1-4
comprising the complete short arms of laminin (Ott et al., 1982)
is unable to bind to the fragment 1 receptor. This indicates that
fragment 1 binding structures are latent within the intact short

arms of laminin (V. Nurcombe et al., manuscript in preparation).
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Fig.4: Radioligand specific binding curves of I- labelled

laminin fragments 8, 1-4 and 1 to HT-1080 cells (a) and
cross-inhibitions of binding fragments 8 (b) and 1 (c) by
non-labelled fragments. The data show that fragments 1 and 8
bind to two distinct receptors and that fragment 1-4 binds
to neither of these receptors (Aumailley et al., 1987;
Nurcombe et al., manuscript in preparation).

The data imply that native laminin binds to cells via the site on
fragment 8. The importance of fragment 8 sites was also
demonstrated by antibody inhibition in vitro (Aumailley et al.,
1987) and in vivo where antibodies to this fragment inhibit cell
polarization during development of kidney epithelium (Klein et
al., 1988). High resolution immuno-electron microscopy showed that
fragment 8 epitopes are located close to cells in the corneal
epithelium while fragment 1 epitopes were concentrated in the
center of the basement membrane (Schittny et al., 1988). These
observations emphasize that fragment 8 provides the crucial high
affinity cell-binding sites of laminin. The sequence of these
sites still remains to be identified. Although the cell-binding
site of laminin fragment 1 requires proteolytic activation before
being able to associate with cellular receptors, the fact that
this fragment nevertheless causes distinct cell attachment and
spreading indicates that it is likely to play some sort of
physiological role, the nature of which is unknown. A peptide
sequence YIGSR present within the fragment 1 structure (Bl chain
domain III) has been shown to promote cell attachment (Graf et
al., 1987). In addition domain IIIb of the A chain was found to
contain a potential RGD cell-binding sequence (Sasaki et al.,
1988). Whether these sequences correspond to the latent
high-affinity cell-binding site of laminin fragment 1 is unknown.
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The two high-affinity binding sites described for fragments 1 and
8 may not account for the complete cellular recognition repertoire
of the laminin-nidogen complex. Structures of the short arms of
laminin distinct from fragment 1 have been found to promote
neurite outgrowth (Edgar et al., 1984) and cell attachment
(Goodman et al., 1987). Fragment 1 was also shown to possess
growth factor activity which could not be correlated to cell
adhesion activity (Panayotou et al., manuscript in preparation).
The observation of an RGD sequence in domain IIb of nidogen
(Fig.2) has also led to the examination of its cell-binding
propasrties because such sequences are known to promote cell
atachment by a variety of proteins (Ruoslahti and Pierschbacher,
1987). Nidogen was in fact found to promote cell attachment and
spreading, but with lower efficiency compared to that of laminin.
This interaction unlike that of laminin could be inhibited by
synthetic RGD-containing peptides.

Conclusions

The laminin-nidogen complex represents a major structural element
of basement membranes. The sequence and domain structure of the
complex has been elucidated. A variety of interactions both within
the complex, with other basement membrane components and with
cellular receptors have been identified. Determination of the
particular amino acid sequences responsible is feasible, and will
further our understanding of basement membranes at the molecular
and biological level.

References

Aumailley M, Nurcombe V, Edgar D, Paulsson M, Timpl R (1987) The
cellular interactions of laminin fragments. Cell adhesion
correlates with two fragment-specific high affinity binding sites.
J Biol Chem 262: 11532-11538

Carlin B, Jaffe R, Bender B, Chung AE (1981) Entactin, a novel
basal lamina associated sulfated glycoprotein. J Biol Chem 256:
5209-5214

Charonis AS, Tsilibary EC, Saku T, Furthmayr H (1986) Inhibition
of laminin self-assembly and interaction with type IV collagen by
antibodies to the terminal domain of the long arm. J Cell Biol
103: 1689-1697

Cooper AR, McQueen HA (1983) Subunits of laminin are differential-
ly synthesized in mouse eggs and early embryos. Devel Biol 96:
467-471



100

Cooper AR, Kurkinen M, Taylor A, Hogan BLM (1981) Studies on the
biosynthesis of laminin by murine parietal endoderm cells. Eur J
Biochem 119: 189-197

Davis GE, Manthorpe M, Engvall E, Varon S (1985) Isolation and
characterization of rat Schwannoma neurite promoting factor:
evidence that the factor contains laminin. J Neurosci 5: 2662-2671

Deutzmann R, Huber J, Schmetz KA, Oberbdumer I, Hartl L (1988)
Structural studies of long arm fragments of laminin: evidence for
repetitive C-terminal sequences in the A chain, not present in the
B chain. Eur. J Biochem, in press

Dziadek M, Timpl R (1985) Expression of nidogen and laminin in
basement membranes during mouse embryogenesis and in terato-carci-
noma cells. Devel Biol 111: 372-382

Edgar D, Timpl R, Thoenen, H (1984) The heparin-binding domain of
laminin is responsible for the effects on neurite outgrowth and
neuronal survival. EMBO J 3: 1463-1468

Edgar D, Timpl R, Thoenen H (1988) Structural requirements for the
stimulation of neurite outgrowth by two variants of laminin and
their inhibition by antibodies. J Cell Biol 106: 1299-1306

Engel J, Odermatt E, Engel A, Madri JA, Furthmayr H, Rohde H,
Timpl R (1981) Shapes, domain organizations and flexibility of
laminin and fibronectin, two multifunctional proteins of the
extracellular matrix. J Mol Biol 150: 97-120

Goodman SL, Deutzmann R, von der Mark K (1987) Two distinct
cell-binding domains in laminin can independently promote
non-neuronal cell adhesion and spreading. J Cell Biol 105: 589-598

Graf J, Iwamoto Y, Sasaki M, Martin GR, Kleinman HK, Robey Fa,
Yamada Y (1987) Identification of an amino acid sequence in
laminin mediating cell attachment, chemotaxis and receptor
binding. Cell 48: 989-996

Hartl L, Oberbdumer I, Deutzmann R (1988) The N-terminus of
laminin A chain is homologous to the B chains. Eur J Biochem 173:
629-635

Klein G, Langegger M, Timpl R, Ekblom P (1988) Role of laminin A
chain in the development of epithelial cell polarity. Cell, in
press

Mann K, Deutzmann R, Timpl R (1988) Characterization of
proteolytic fragments of the laminin-nidogen complex and their
affinity in ligand binding assays. Eur J Biochem, in press

Martin GR, Timpl R (1987) Laminin and other basement membrane
components. Ann Rev Cell Biol 3: 57-85

Ott U, Odermatt E, Engel J, Furthmayr H, Timpl R (1982) Protease
resistance and conformation of laminin. Eur J Biochem 123: 63-72

Paulsson M, Dziadek M, Suchanek C, Huttner WB, Timpl R (1985)
Nature of sulfated macromolecules in mouse Reicherts membrane.
Evidence for tyrosine-O-sulfate in basement membrane proteins.
Biochem J 232: 571-579



101

Paulsson M, Deutzmann R, Dziadek M, Nowack H, Timpl R, Weber S,
Engel J (1986) Purification and properties of intact and degraded
nidogen obtained from a tumor basement membrane. Eur J Biochem
156: 467-478

Paulsson M, Aumailley M, Deutzmann R, Timpl R, Beck K, Engel J
(1987) Laminin-nidogen complex: extraction with chelating agents
and structural characterization. Eur J Biochem 166: 11-19

Ruoslahti E, Pierschbacher MD (1987) New perspective in cell
adhesion: RGD and integrin. Science 238: 491-497

Sasaki M, Yamada Y (1987) Structure of the laminin B2 chain shows
multidomain structures homologous to the Bl chain. J Biol Chem
262: 17111-17117

Sasaki M, Kato S, Kohno K, Martin GR, Yamada Y (1987) Sequence of
cDNA encoding the laminin Bl chain reveals a multidomain protein
containing cysteine-rich repeats. Proc Natl Acad Sci USA 84:
935-939

Sasaki M, Kleinman HK, Huber H, Deutzmann R, Yamada Y (1988)
Laminin, a multidomain protein: the A chain has a unique globular
domain and homology with the basement membrane proteoglycan and
the laminin B chains. J Biol Chem, in press

Schittny JC, Timpl R, Engel J (1988) High resolution immunoelec-
tron microscopic localization of functional domains of laminin, of
nidogen and heparan sulfate proteoglycan in epithelial basement
membrane of mouse cornea reveals different topological
orientations. J Cell Biol, in press

Timpl R, Rohde H, Gehron Robey P, Rennard SI, Foidart JM, Martin
GR (1979) Laminin - a glycoprotein from basement membranes. J Biol
Chem 254: 9933-9937



Structure of the Basement Membrane Protein Laminin:

Variations on a Theme
K. Beck'), R. A. McCarthy?), M. Chiquet, L. Masuda-Nakagawas’ and
W. K. Schlage?)

Department of Biophysical Chemistry
Biocenter of the University of Basel
KlingelbergstraBe 70

CH - 4056 Basel

Switzerland

Laminin is a noncollagenous glycoprotein (Mrﬁ$106) localized specifi-
cally in basement membranes. In vertebrates it consists of disulfide-
linked polypeptide chains of Mr2£200'000 (B1- and B2-chain) and Mrﬁs
400'000 (A-chain). By electron microscopy it is visualized as an asym-
metric cross with one long and three short arms each bearing terminal
globules (cf Paulsson 1987). By extraction with a physiological buffer
containing a metal ion chelator (EDTA) laminin copurifies with nidogen
(Mr% 150'000) which is bound near the middle of one of the short arms
(Paulsson et al 1987). To investigate structural variations of laminin
during evolution we applied this extraction protocol to some inverte-
brates covering the main groups of phylogeny: we have chosen sea urchins
belonging to the deuterostomia, leeches as an example for the protosto-
mia and anthomedusae for the radiata.

Sea urchin laminin

Extracts of basal lamina preparations of gastrula stage sea urchin em-
bryos (Sphaerechinus granularis) have been purified by molecular sieve
chromatography. SDS-polyacrylamide gels of column fractions collected
near the void volume (Superose 6) exhibit one band which migrates
slightly more slowly than mouse tumour laminin and one band which co-
migrates with nidogen. After reduction, the apparent molecular masses
of the bands are 480'000, 260'000 and 150'000.

As revealed by electron microscopy, the column fractions contain cross-
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Fig. 1: General model of
—— the laminin-nido-
gen complex of invertebrates.

The most prominent fraction
of molecules exhibits three
short arms of equal length
(a) as shown in A. The
length (b) of the long arm
varies between the species.
The center-to-center dis-
tance (c) between its ter-
minal globules measures
about 15 nm. About 20 to 30
percent of sea urchin and
leech laminins bear an ad-
ditional short arm (Nd) re-
sembling nidogen.

A significant portion of

molecules (B) has an elon-

gated short arm (d) with
two globules near the middle. Digestion of sea urchin laminin with
elastase results in fragments similar to those of mouse tumour laminin
(boxed; E1 consists of three arms only and does not contain nidogen).
The center-to-end distance Rb is a measure for the flexibility of the
long arm (cf Table 1).

shaped molecules very similar to vertebrate laminin (McCarthy et al
1987). The cross (Fig. 1) consists of three 39+ 10 nm long arms (length
a and d) with globules near the middle and at the ends and one 113%t6
nm long arm (b) with two distinct terminal globules (center-to-center
distance c: 14 %3 nm). The corresponding lengths for mouse laminin are
36 nm (a) and 77 nm (b); the long arm has one terminal globule only
(Engel et al 1981). About one third of sea urchin laminins exhibit an
additional dumbbell-shaped extension (Nd) near the middle of one of
the short arms similar to the laminin-nidogen complex (Paulsson et al
1987). The large variance in the short arm length results from a he-
terogeneity of their appearance: For about 20 percent of the molecules
one of the short arms (d) measures 48+ 7 nm; the middle of these arms
exhibit two globules and their outer rod-like portion is somewhat
elongated. A nidogen-like extension has never been observed on the mo-
dified short arm. As a measure of the flexibility of the long arm the
stiffness parameter LO was calculated from the contour length b and
distance Rb; the resulting Lo =62nm agrees well with that determined
for mouse laminin (Engel et al 1981).

A mild elastase digest of sea urchin laminin results in three promi-
nent classes of fragments (Fig. 1B) similar to fragment 1, 4 and 8
described for mouse laminin (cf Paulsson 1987). The first class of
particles consists of three 25t 5 nm long rods with terminal globules
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resembling the center of the cross ('E1'); the second class consists
of globules with a 10t 4 nm long rod which may correspond to the outer
part of one of the short arms ('E4'); the third class consists of one
globule with a 35%5 nm long rod which must result from the terminal
portion of the long arm ('E8'), but lacks one of the two globules seen
in intact sea urchin laminin.

Leech laminin

Extracts from leech (Hirudo medicinalis) ganglidn capsule extracellu-
lar matrix as well as from leech body wall preparations have been pu-
rified by gel filtration (Masuda-Nakagawa et al 1988). Void volume
column fractions (Biogel A-1.5m) contain molecules resembling lami-
nin, tenascin and collagen IV as revealed by electron microscopy. La-
minin could be purified by immunoaffinity chromatography (Chiquet et
al 1988). Under nonreducing conditions, SDS-gels reveal two bands of
Mra4106. After reduction, bands of Mr=‘34OIOOO’ 220'000, 160 - 180'000
and about 120'000 are detected. In the electron microscope, this mo-
lecule is nearly identical to sea urchin laminin except that the long
arm (b) measures 94 %6 nm (cf Table 1). 40 percent of the molecules
exhibit a 53 %4 nm long short arm (d) with two inner globules. About
20 percent bear a nidogen-like extension on one of the 36 nm long arms.

Anthomedusa laminin

Extracts from entire anthomedusae (Podocoryne carnea) have been puri-
fied on a Superose 6 column. Fractions eluting near the void volume
contain a molecule that comigrates with mouse tumour laminin on SDS-
gels. After reduction protein bands are detected of Mrw 340'000 and
260'000. Molecules with a similar shape as mouse laminin are visua-
lized by electron microscopy, however, the long arm measures 97 +9 nm
and has two terminal globules (cf Table 1). No indications for the
existence of nidogen were found. The presence of a laminin-like mole-
cule in the diploblastically organized anthomedusa reflects the highly
conserved nature of an extracellular matrix protein from the onset of
metazoan life.

The main structural difference between the laminins investigated is
the length of their long arms. Whereas several biological activities
have been found to be localized within the short arms and the part
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Table 1: Dimensions and molecular masses of invertebrate laminins.

Length a, b and R, were measured as shown in Fig. t. The stiff-

ness parameter Lo was calculated acc. Engel et al 1981.

Mr(A) and M_(B) “denote the molecular masses of the heavy and
light chafns, respectively, as determined by SDS-gels upon

reduction.
long arm (nm) short arms
Source b (Rb%; L, a (nm) M. (A) M.(B)
sea urchin 113t 6 87 62 35t6 480'000 260'000
leech 94 t 6 74 57 36t4 340'000 220'000
anthomedusa 97 t9 76 58 3617 340'000 260'000

corresponding to fragment E8 (cf Paulsson 1987) none is described
for the inner part of the long arm. The similarity of the fragmenta-
tion pattern of sea urchin laminin with that of mouse laminin let us
assume that the inconstancy might be due to modifications within the
inner part of the long arm (broken line in Fig. 1). For mouse laminin
it has been shown that the long arm is built up of «-helices in a
coiled-coil conformation (cf Paulsson et al 1987). The carboxy-termi-
nal sequences of the three polypeptide chains which make up the long
arm reveal repeating segments of seven residues with hydrophobic ones
in position 1 and 4 (cf Parry, this volume). Thus the variability in
length may result from a different number of such heptads. The diffe-
rences in the long arm regions and the essential conservation of the
short arm structures is in agreement with the recent finding that the
C-terminal parts in mouse and Drosophila B 1 -chains (Montell and Good-
man 1988) exhibit a low degree of homology whereas regions comprising
one of the short arms are conserved.
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INTRODUCTION

Laminin is a large (Mr ~ 800000) extracellular glycoprotein
which is a ubiquitous component of basement membranes. It consists
of three different polypeptide chains, A (Mr ~ 400000), B; and B,
(both Mr ~ 200000) which are linked by disulphide bonds to form a
characteristic asymmetric cross structure (Engel et al, 1981).

The C-terminal regions of both the B; and B, chains are a-
helical. Sequence data are not yet available for this region of the
A chain, but current models (Engel and Furthmayr, 1987) predict
that it too is a-helical and together with the B chains forms a
triple helical coiled-coil, the length of the long arm.

The mechanism of laminin chain assembly remains unknown, but
it is possible that recognition and interaction of sequences within
the coiled-coil region of the long arm may be important. We have
examined the specificity of chain assembly of an a-helical fragment
of laminin, E8 (Paulsson et al, 1985), after chain separation and
a-helix denaturation.

RESULTS

Urea denaturation of E8 (under non-reducing conditions) was
monitored by loss of a-helix as measured by circular dichroism, and
by dissociation of the native molecule into its constituant
polypeptide chains during electrophoresis through a transverse
linear (0-8 M) urea gradient.

In 1 M urea, there was already a 15 % reduction in the a-helix
content of E8. This suggests that there may be some unfolding of
the structure, which however did not result in chain separation. By
2 M urea, the a-helix content was reduced to 50 % and some
dissociation of E8 was observed. In 4M urea, E8 dissociation was
apparently complete and only 15 % a-helix remained. Above 6M urea,
no a-helix was detected and E8 was fully dissociated into its
constituant A and B,-B, chains.

Urea denaturation of E8 was reversible. Removal of urea by
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dialysis resulted in virtually complete recovery of a-helix
content, regardless of the initial denaturing concentration of
urea.

When samples, renatured from completely dissociated E8 (4 M
and 8 M urea), were run on native polyacrylamide gels, they had
mobilities almost identical to that of the native protein. Second
dimension SDS-PAGE, confirmed that the renatured samples had the
same composition as the native material.

Native and renatured E8 could not be distinquished by 1low
angle rotary shadowing EM.

CONCLUSIONS

Chain re-assembly in the coiled-coil E8 fragment of laminin is
not a random process. When all three chains (A, B., Bz) are urea
denatured, they specifically renature into structures which in
their a-helix content, chain composition and ultrastructural
appearance are indistinguishable from native E8.

These data support the concept of a triple coiled-coil
structure in the long arm of laminin and indicate that sequences
within this region alone carry sufficient information to direct
laminin chain assembly.

Interestingly, native E8 showed a low urea stability, and it
may be that other interactions eg disulphide bond formation are
important in the stabilization of the laminin structure.

We are currently preparing purified A and B chains of E8 in
order to characterise further the specificity and stability of
laminin chain assembly. Preliminary data indicate that the B chains
alone can form double coiled-coil rod structures, as have been
previously reported for the small B chain fragment, 25K isolated
directly from EHS tumour (Paulsson et al, 1985).
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Introduction

Laminin is one of the major noncollagenous protein of the extra-
cellular matrix. It consists of three nonidentical polypeptide
chains (designated A, B; and B,) which are arranged into the
structure of an elongated cross with three short arms and one long
arm. The organization and insertion of the laminin molecule in the
basement membrane may involve fixation of the divalent cation
calcium, since laminin can be extracted from basement membrane
containing tissues by calcium sequestrating reagents (Paulsson et
al. 1987). In vitro studies have shown that laminin aggregates in
the presence of calcium (Yurchenco et al. 1985).

In recent studies (Paulsson et al. 1988) various proteolytic
enzymes have been used to probe for stabilization of laminin by
calcium. By a similar approach we have investigated the effect of
calcium ions on the proteolytic digestion by cathepsin G, a
cationic proteinase present in polymorphonuclear leukocytes. We
report here on the ability of cathepsin G to produce a long arm

fragment selectively in the presence of calcium.

Results and Discussion

Cathepsin G a neutral serine-protease was tested for its ability
to produce proteolytic fragments of laminin. The limited
proteolytic digestion was carried out at 37°C at an enzyme to
substrate ratio of 1:100 in the presence of 5 mM calcium or in the
presence of 5 mM EDTA. As revealed by the time course of the

proteolytic digestion, the presence of calcium in the reaction
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buffer produces a different peptide pattern than in its absence.
Two high molecular fragments which were detectable in the presence
of calcium were absent when calcium was removed from the reaction
medium by addition of EDTA. This was interpreted as being due to
an increased stability of the laminin structure by calcium ions.
The differential susceptibility of laminin to digestion by
cathepsin G allowed us to produce a new fragment of laminin
comprising the entire long arm. Purification of this fragment was
achieved by a two step procedure namely by ion-exchange on a Mono
Q column and by gel filtration on a Superose 6 column. According
to electron microscopy the new fragment has the shape of the long
arm of laminin. The measurements of the length of the arm from the
end of the terminal globe to the proteolytic cleavage site results
in 77 * 7 nm. This length corresponds exactly to the length of the
long arm of intact laminin. The rod like region reveals a kink
probably at the N-terminus of fragment E8. The far ultraviolet
circular dichroism spectrum contained a single negative peak with
a minimum value of -16'800" cmz/dmol at 208 nm. Evaluation of the
secondary structure indicates that this long arm fragment contains
a considerable amount of a helix. In previous proteolytic
fragmentations of laminin only E8 was isolated and the region
between its N-terminus and the cross was lost. The new fragment
may be used in exploring the properties and functions of the upper

long arm region which so far was not available in a fragment.

Paulsson M, Aumailley M, Deutzmann R, Timpl R, Beck K, Engel J
(1987) Laminin-nidogen complex. Extracting with chelating
agents and structural characterization. Eur J Biochem 166:11-19

Paulsson M, Saladin K and Landwehr R (1988) Binding of ca?*t
influences susceptibility of laminin to proteolytic digestion
and interactions between domain-specific laminin fragments.
Eur J Biochem, in press

Yurchenco P, Tsilibary E, Charonis A, Furthmayr H (1985) Laminin
Polymerization in Vitro. Evidence for a two-step assembly with
domain specificity. J Biol Chem 260:7636-7644



$’-Nucleotidase as Receptor for the Extracellular Matrix Proteins
Laminin and Fibronectin

H.G. Mannherz, U. Stochaj, K. Flocke, P. Codogno*, M.-A. Doyennette-
Moyne* and M. Aubery*

Institut fir Anatomie und Zellbiologie
Robert-Koch-Str. 5
3550, Marburg, FRG

5'-Nucleotidase is a glycoprotein concentrated in the plasma
membranes of many eucaryotic cells. It is an ectoenzyme, i.e. its
catalytic center faces the cell exterior., By its enzymatic activity
AMP is hydrolysed into adenosine and Pi. 5'-Nucleotidase purified
from chicken gizzard exhibits a molecular mass of 79 kDa after
SDS-PAGE and behaves like an integral membrane protein, i.e. it is
only soluble in the presence of detergents and can be reconstituted
into artificial phospholinid vesicles (Dieckhoff et al. 1985, 1987)

Recently evidence has been presented indicating a specific inter-
actin of purified chicken gizzard 5'-nucleotidase with laminin and
fibronectin, both components of the extracellular matrix (ECM).
Thus we observed a modulation of its AMPase-activity by these com-
ponents of the ECM, i.e. an inhibition by fibronectin and a stimu-
lation by laminin (Dieckhoff et al. 1986). Furthermore, polyclonal
and monoclonal antibodies against 5'-nucleotidase were shown to
inhibit the spreading process of chick embryonic fibroblasts (CEF)
on laminin -,but not on fibronectin substratum (Codogno et al.
1988). Concomitant to the inhibition of CEF spreading the formation
of intracellular stress fibres is impaired. From these results it
was speculated that 5'-nucleotidase functions as a signal trans-
ducer molecule through the plasma membrane connecting certain com-
ponents of the ECH to the intracellular microfilament system. This
hypothesis appeared to be supported by a number of reports indi-
cating a direct interaction of 5'-nucleotidase and actin (Mescher
et al. 1981, Dieckhoff & Mannherz 1985). This hypothesis neces-
sitates 5'-nucleotidase to be a spanning membrane protein, i.e. to

*Unité INSERM, Biomédicale Saints-Péres, Paris,
France
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possess functionally different domains on both sites of the
phospholipid bilayer. In this report we analyse the mode of attach-
ment of chicken gizzard 5'-nucleotidase to the 1ipid bilayer and
present further evidence for its direct interaction with Taminin
and fibronectin.

Reconstitution of 5'-nucleotidase into artificial unilamellar
phospholipid vesicles produces a mixed liposome population contain-
ing the enzyme in either inside-out or outside-out orientation
(Dieckhoff et al., 1987). These liposomes can be fractionated into
inside-out Tiposomes by affinity adsorption of the outside-out
liposomes. These inside-out liposomes were anylsed by protein
modifying techniques for the presence of a presumptive cytoplasmic
domain of 5'-nucleotidase. Using such techniques no evidence for a
cytoplasmic domain could be obtained. Therefore we have tested the
possibility of an anchorage of 5'-nucleotidase by a glycan-phos-
phatidylinositol linker (PI - linker). To this aim a number of
phospholipases were tested for their ability to liberate recon-
stituted 5'-nucleotidase from mixed liposomes and plasma membrane
preparations. The results obtained demonstrate that only PI-specific
phospholipase C is able to transform the enzyme from a hydrophobic
into a hydrophilic form. After addition of detergent about 100%

of the reconstituted enzyme is liberated from mixed liposomes
whereas only 50% of the total AMPase activity is liberated from
plasma membranes from chicken gizzard and a human tumor cell line.
Immunoblots of plasma membrane preparations or crude homogenates

of chicken gizzard revealed the presence of immunreactive bands of
higher molecular mass than 79 kDa. Similar observations were made
using chicken myoblasts and myotubes. Therefore the existence of
isoforms of 5'-nucleotidase appears probable differina in their
mode of attachment to the plasma membrane like the N-CAMs (Hemperly
et al. 1986), i.e. the immunreactive forms of about 88 and 116 kDa
could possess a classical proteinaceous membrane spanning domain.
Further experimental evidence will, however, be necessary to
definitively decide this question.

The interaction of purified 5'-nucleotidase with laminin and fibro-
nectin was probed by a number of techniques: cosedimentation by
sucerose gradient centrifugation, affinity adsorption to immobilized
laminin and fibronection. Usina these techniques the interaction of
5'-nucleotidase with both laminin and fibronectin could be proved

to be specific, since (i) no binding to or competition with BSA or
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other unrelated proteins occurred (affinity adsorption, cosedimen-
tation and a dot blot overlay technique) and (ii) bindingo of radio-
labelled 5'-nucleotidase to laminin and fibronectin was suppressed
by unlabelled enzyme and an excess of laminin or fibronectin (over-
lay technique). This competition could only be obtained by an excess
of the homologeous ECM component. This result seems to give evidence
for distinct binding sites for laminin and fibronectin on 5'-nucleo-
tidase. Preliminary results seem to indicate that 5'-nucleotidase
binds to the socalled E1' and E8 fragments of laminin,

During the course of these experiments we have tested a number of
different preparations of laminin (from the EHS-tumor) and fibro-
nectin (from human serum). Binding of 5'-nucleotidase to these ECM
components could reproducibly be demonstrated by the techniques
listed above. In contrast the initially reported modulation of
5'-nucleotidase AMPase activity (Dieckhoff et al. 1986) was only
rarely found. The reason for this inconsistency is at present
unclear. Two explanation are possible: (i) other copurified com-
ponents are reponsible or (ii) the AMPase modulation depends on
labile conformations of these large glycoproteins, which may easily
be lost during their purification and storage.

In summary, our results give evidence for a specific interaction of
purified 5'-nucleotidase with laminin and fibronectin. Purified
5'-nucleotidase is attached to the plasma membrane by a PI-linker,
although the existence of variants with other types of membrane
anchorage appears probable. In vivo experiments with CEF have given
an indication for the involvement of this enzyme in cell spreading
on laminin substratum and for its possible lTinkage to the micro-
filament system (Codogno et al. 1988). Further experimentation will
be aimed to the characterization of the 5'-nucleotidase isoforms
and their involvement in the cell adhesion process on laminin and
fibronectin.
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Monoclonal Antibody 127 Recognizes a Subpopulation of
Chicken Hexabrachion/Tenascin

V.A.Lightner, C.Pegram, D.Bigner, and H.P.Erickson
Departments of Cell Biology and Pathology

Duke University Medical Center

Durham, NC 27710 USA

Hexabrachion/tenascin is an extracellular matrix protein with a
distinct spatial and temporal distribution in tissue (Erickson and
Lightner, 1988). In chicken embryo fibroblast cultures it is isolated
as a hexameric protein with disulfide linked subunits of 250, 225 and
215 Kd (Chiquet and Fambrough, 1984a,b; Erickson and Lightner, 1988).
These subunits have very similar proteolytic cleavage patterns,
indicating they are related peptides (Chiquet and Fambrough, 1984b).
Pulse chase experiments (Chiquet and Fambrough, 1984b) and recently
published sequence data (Jones et al.,1988; Pearson et al.,1988)
suggest they result from alternative splicing of the tenascin mRNA.
However, nothing is known about the functional differences between
these subunits or how they are assembled into the hexameric structure.

Recently, we have isolated a monoclonal antibody (Mab) to human
tenascin which cross reacts with chicken tenascin. This Mab, which
recognizes only the larger subunit of tenascin, has allowed us to
examine the partitioning of the subunits in the assembly of
hexabrachion structures.

Preparation of Mab 127
BALB/AnNcrIBR mice were immunized with 5 pg of purified human

tenascin (Erickson and Taylor, 1987) and boosted on days 24, 25 and 26
with 1 pg of protein prior to sacrifice and fusion of spleen cells with
myeloma cell line P3X63/Ag8.653 as previously described (Bourdon et
al.,1983). After selection, hybridomas were screened by ELISA (Engvall
and Perlmann, 1972) on 96 well Falcon plastic plates previously coated
with either 0.75 pg/ml human tenascin or 1 pg/ml chicken tenascin. Mab
45.6, an IgG,) immunoglobulin of no known specificity (Bourdon et
al.,1983), was used as a control for ELISA, Western blotting and
antibody mapping. Mab 127, an IgG; subclass, was selected for further
study on the basis of its reactivity to both the human and the chicken
proteins. Cloning in methocell and production of ascites was as
previously described (Bourdon et al.,1983).

Mab 127 stains only the large subunit of tenascin
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Purified chicken tenascin (Erickson
and Taylor, 1987) was Western
blotted using Mab M1l (Chiquet and
Fambrough, 1984a,b) and Mab 127. As

M1 127 M1127

shown in figure 1la, Mab 127 reacts . ;ggg,
only with the larger subunit of .25

tenascin. Mab M1 recognizes all three

bands (the two smaller bands are not 250
resolved in this gel). Other Mab to 225
human tenascin that cross reacted with 215

the chicken protein recognized all
three bands (not shown). 1In addition,
Mab 127 reacted on Western blots with
human tenascin that had been N-degly- h
cosylated using N-glycanase or

O-deglycosylated using a mixture of 1A 1B

glycanases, suggesting it recognizes

a peptide epitope on the tenascin Figure la : Western blotting
of chicken tenascin with Mab

molecule (not shown). M1 and 127
Figure 1b : SDS PAGE of
ces . . chicken tenascin purified
Purification of large chicken with Mab 127 and M1

hexabrachions using Mab 127

Mab 127 was coupled to cyanogen
bromide activated Sepharose 2B. The column was used to purify chicken
tenascin from culture supernatant of confluent 10 day chicken embryo
fibroblasts. As shown in figure 1b, the material eluted from the 127
column differs from that purified by M1 affinity chromatography in
lacking the two smaller subunits of tenascin. The 127 purified
tenascin also show a higher proportion of cross-linked dimers when
compared to the M1l purified tenascin.

Mapping the Mab 127 epitope by rotary

shadowing
Purified human tenascin in 0.2 M

ammonium formate, 30% glycerol, pH 7.5
was incubated with Mab 127 at 35 pg/ml
overnight at 4°C prior to rotary
shadowing as previously described

(Erickson and Iglesias, 1984). Figure 2 : Rotary shadowing
of Mab 127 - tenascin

There was a very small yield of
labeling with the antibody (fewer than
1% of the hexabrachions had an attached antibody). Where labeling

complexes. 115,000 X
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occurred, the antibody bound approximately 1/3 of the length from the
terminal knob of the hexabrachion arm (figure 2). No labeling was seen
with the control Mab 45.6. Because of the low number of labeled
hexabrachions, this mapping can only be considered provisional.

Discussion

Mab 127 is a monoclonal antibody to human tenascin which cross
reacts with the chicken tenascin. Mab 127 appears to react with a
peptide based epitope, suggesting there are regions of conserved
sequence between the chicken and human tenascin.

On Western blots, Mab 127 recognizes only the larger subunit of
chicken (Fig la) and human tenascin (not shown). Several lines of
evidence suggest these represent alternatively spliced forms of
tenascin (Chiquet and Fambrough, 1984b; Jones et al.,1988; Marton et
al.,1987; Pearson et al.,1988). The blots indicate a conservation of
spliced domains in the two species. When Mab 127 was used to affinity
purify chicken tenascin, only hexabrachions with larger arms were
isolated. This suggests that the assembly of subunits has some
selectivity allowing the assembly of homogeneous hexamers.
Alternatively, there may be subpopulations of embryonic chicken
fibroblasts that make the different forms of hexabrachion. The
functional differences of these forms of hexabrachions is not known.
In contrast to the chicken embryo fibroblast, the shorter subunits of
the human hexabrachion are present in small amounts relative to the
predominant 320 Kd subunit (Erickson and Lightner,1988). When human
tenascin is affinity purified using Mab 81C6 (Bourdon et al.,1983),
an antibody that only recognizes the larger subunit, both large and
small subunits are seen on reducing gels, suggesting the hexamer
incorporates all sizes in its assembly.
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Tenascin from chick embryos is an extracellular matrix protein with
disulfide-linked subunits of Mr= 190-220,000 and a six-armed appear-
ance in the electron microscope (EM) (cf. Chiguet-Ehrismann et al
1988). Its expression during development suggests a function in mor-
phogenesis (Chiquet-Ehrismann et al 1986). Several activities of ten-
ascin can be assayed in vitro: hemagglutination, interference with
fibronectin-mediated cell spreading, promotion of neurite outgrowth,
and stimulation of DNA synthesis (Chiquet-Ehrismann et al 1986, 1988,
Chiquet 1989). We are trying to assign varioys functions to specific

domains on the molecule.

Whereas oligomeric tenascin was obtained from embryonic fibroblasts,
we were able to isolate molecules from adult chick gizzard with an

Mr of 200,000 on SDS gels under both reducing and nonreducing condit-
ions. Based on mapping with monoclonal antibodies (mAb's) and EM
studies, this material represented apparently intact tenascin arms.
Monomeric tenascin had no hemagglutinating activity but was active in

all other functional assays (Table I).

Fragments of Mr= 80,000, which were still partially disulfide-linked
to oligomers, were obtained by pepsin digestion of fibroblast tenas-
cin. These fragments could be isolated by means of mAb Ml which binds
to the thin proximal part of the tenascin arms (cf. Chiquet-Ehrismann
et al 1988). cDNA sequencing of this region of the tenascin subunit
revealed 13 EGF-like repeats in tandem (Pearson et al 1988). The pep-
sin fragments had none of the tenascin effects on cell adhesion, but
still stimulated thymidine incorporation by serum-starved 3T3 fibro-
blasts (Table I).
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Table I: Schematic representation of the structure and function of
chick tenascin and of fragments thereof.

Conversely, a cell binding site could be localized on the distal glob-
ules of the tenascin arms. mAb 68 which decorated this domain as re-
vealed by EM (Chiquet-Ehrismann et al 1988) inhibited hemagglutin-
ation, effects on cell spreading, and neurite outgrowth mediated by

tenascin.

Thus, we demonstrated that an oligomeric structure of tenascin is
needed for its hemagglutinating activity but not for other functions.
Moreover, we were able to identify two separate functional domains

on the tenascin subunit.

Chiquet-Ehrismann R, Mackie EJ, Pearson CA, Sakakura T (1986)
Tenascin: an extracellular matrix protein involved in tissue
interactions during fetal development and oncogenesis. Cell 47:
131-139
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Chiquet M (1989) Tenascin / J1 / cytotactin: the potential function
of hexabrachion proteins in neural development. Dev. Neurosci.,
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Complex Formation of Endothelial Cell Thrombospondin with
Heparin and Fibronectin
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INTRODUCTION

Thrombospondin (TSP) is a large glycoprotein synthesized, secreted and
incorporated into the extracellular matrix by various cell types in culture (see
Silverstein et al.,1986 for a recent review). TSP synthesis is inversely proportional to
cell density (Mumby et al.,1984a). Its matrix incorporation is age-dependent (Kramer
et al.,1985) and can be regulated by specific growth factors (Majack et al.,1985),
suggesting that TSP is involved in cell growth and development. A recent report
shows that cell-associated TSP is essential for smooth muscle cell proliferation
(Majack et al.,, 1988). TSP was found to promote cell-substrate adhesion of several
human sqamous carcinoma cell lines, but not that of melanoma or glioma cell lines
(Varani et 2l.,1986). Among the tumor cell lines tested there was direct correlation
between the ability of the cells to synthesize and bind TSP and their ability to
utilize the protein as an adhesion factor (Riser et al.,1988). It seems, however, that
such correlation is not a general phenomenon, since endothelial cells, capable of both
TSP synthesis and binding, do not adhere to TSP covered surfaces. Moreover, TSP
was shown to inhibit cell-substrate adhesion of endothelial cells (Lahav et al., 1987;
Lahav,1988). TSP is a multifunctional protein capable of interacting with a variety
of macromolecules, among them fibronectin (FN) (Lahav et al., 1982; Lahav et
al.,1984), heparin (Lawler et al.,1981), collagen (Lahav et al.,1982; Mumby et
al.,1984b) " and sulfated glycolipids (Roberts et al.,1985). It should be noted, that all
these molecules are constituents of the extracellular matrix, suggesting that TSP
forms complexes with other matrix components when deposited into the extracellular
matrix. Indeed, it was shown that TSP codistributes with FN and von Willebrand
factor in the extracellular matrix of bovine aortic endothelial cells (Dreyfus and
Lahav,1988; submitted for publication). In vivo, TSP was shown to be an endogenous
component of extracellular matrices of a variety of human tissues (Wight et al.,1985).

TSP is also stored in resting platelets; it is secreted and can be expressed on
platelet surface following platelet activation (Lawler et al.,1978; Phillips et al.,1980).
The platelet and cell-derived forms, although indistinguishable on the basis of
molecular weight and amino acid composition (McPherson et al.,1981), differ in their
susceptibility to proteolysis, the cellular being more resistant (Clezardin et al.,1986;
Dardik and Lahav,1987). Our results, reported below, reveal additional important
differences between the platelet and cell-originating forms of TSP.

With the aim of understanding the role of TSP in extracellular matrix assembly
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and in cell-matrix interaction, we have focused on elucidation of the structure-
function relationship of endothelial cell TSP (EC-TSP). In this report we present the
results of our study of the interaction between EC-TSP and two extracellular matrix

components, namely heparin and FN.

CHARACTERIZATION OF HEPARIN AND FIBRONECTIN BINDING DOMAINS
OF EC-TSP

Being a multifunctional protein, TSP can be proteolyzed under well defined
conditions to give separate binding domains which are relatively resistant to
proteolysis. Using three serine proteases (thrombin, trypsin and chymotrypsin) in
combination with affinity cromatography, we characterized the binding domains of
EC-TSP to heparin and FN, both of which are important constituents of the
extracellular matrix. We find that EC-TSP has two different binding sites for both
heparin and FN. Since TSP has a Ca2t_sensitive structure and is much more
sensitive to proteolysis in the absence than in the presence of Ca2t (Lawler et al.,
19082), we also studied the effect of Ca2t removal on the production and binding
activities of the functional domains.

Limited proteolytic digestion of TSP with chymotrypsin (1:20 enzyme to substrate
ratio, 5 min at room temperature) in the presence of Ca2t produced four major
fragments: 160 kD C-terminal fragment, 27 kD N-terminal fragment and two
fragments of 140 kD and 18 kD derived from the 160 kD fragment. Both the
160/140 kD and the 27 kD fragments, which reside on different parts of the
molecule and have no overlapping segments, bind to both heparin and FN affinity
columns. In the absence of Ca2t under the same incubation conditions chymotrypsin
cleaves the 160/140 kD fragments to yield a stable core fragment of 70 kD which
has both FN and heparin binding capacities, the latter being very weak. The
production and the binding capacities of the 27 kD fragment are not affected by
chelation of Ca2t with EDTA. Using a solid-phase binding assay, we quantitated the
binding of the 70 kD and the 27 kD chymotryptic fragments to surface-adsorbed
FN. We found that the affinity of the 70 kD fragment to FN is somewhat higher
than that of the 27 kD fragment. (Dissociation constants for the 70 kD and the 27
kD fragments were 4.1x100'M and 8.8x10‘7M, respectively). In addition, we find that
soluble heparin competitively inhibits the binding to surface-immobilized FN of intact
TSP and of its 27 kD fragment, but does not affect the binding of the 70 kD
fragment. These observations are in good agreement with our results reported earlier,
showing that the 27 kD fragment contains the high affinity heparin binding site,
whereas the affinity of the 70 kD fragment is low (Dardik and Lahav, 1987).

Thus, EC-TSP has binding sites for both heparin and FN in both the 27 kD N-
terminal fragment and in the 70 kD core fragment. In this respect EC-TSP differs
from platelet TSP which has only one binding site for each component: a heparin
binding site in the 27 kD fragment and a FN binding site in the 70 kD fragment
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(Lawler et al.,1986).
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Figure 1. Alignment of the heparin and FN binding fragments of EC-TSP
produced by chymotrypsin. High and low binding affinities are indicated by (high)
and (low), respectively.

PROTECTION OF EC-TSP FROM EXTENSIVE DEGRADATION AND LOSS OF
BINDING ACTIVITY BY GOMPLEXATION.

Thrombin digestion of soluble TSP in the absence of Ca2t produces fragments
smaller than those produced under the same conditions in the presence of CaZt.
However, cleavage by thrombin of Ca2+-dep]eted TSP prebound to either heparin or
FN produces fragments identical to those obtained in the presence of Ca2+,
suggesting that complexation of TSP prevents the denaturation of its Ca2t_sensitive
structure caused by removal of Ca2t (Lahav et al.,1087).

Similarly to chymotrypsin, tryptic fragmentation of TSP in the presence of Ca2t
can yield large C-terminal fragments of 160 and 140 kD. In contrast, however, and
in spite of their large size, tryptic fragments lose both FN and heparin binding
capacities. It turns out, that prebinding of TSP to either heparin or FN prior to
tryptic digestion preserves the binding capacities of these fragments to both
components.

Thus, complexation of TSP to either heparin or FN stabilizes its conformation,
resulting in increased resistance to proteolysis and protection of binding capacities.

SUMMARY

Our results demonstrate that in contrast to platelet TSP, EC-TSP has multiple
binding domains to FN and heparin. In addition, we find that complex formation
with other matrix components stabilizes the conformation of TSP and protects it
from extensive proteolysis and loss of function. We, therefore, suggest that cellular

TSP can function differently and under more dire conditions than platelet secreted
TSP.
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Introduction

Proteoglycans, a class of extracellular macromolecules
characteristically consisting of a protein core substituted with
one or several glycosaminoglycan chains, have a profound
influence on the physical properties of the extracellular matrix
and the pericellular space. Many proteoglycans have a multidomain
structure where distinct biological properties can be assigned to
particular, often well conserved portions of the protein core. In
the present chapter we review the functional aspects of
proteoglycan domain structure using the large aggregating class
of interstitial matrix proteoglycans as an example. These
molecules are abundant in many types of extracellular matrix, but
most pronouncedly so in cartilage. There they do by formation of
large aggregates with hyaluronate fill the space between collagen
fibers and make the tissue resilient to pressure (for review see
Heinegdrd and Paulsson, 1984). Interstitial matrix does in
addition contain two or more distinct populations of small
proteoglycans. At least certain members of the class of small
proteoglycans have affinity for collagen fibrils and are thought
to requlate collagen fibril formation (Scott and Orford, 1981;
Vogel et al, 1984).
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Other important classes of proteoglycans are found at the cell
surface as integral membrane proteins or in specialized matrix
structures such as basement membranes. Cell surface proteoglycans
are likely to be of importance for the interactions of cells with
components of the interstitial matrix, and for basement membrane
proteoglycans important functions have been proposed in the
determination of filtration properties and in matrix assembly
(for review see Hassel et al, 1986; Evered and Whelan, 1986).

Structure of large aggregating cartilage proteoglycans

A typical hyaline cartilage contains up to 100 mg/ml of
proteoglycans most of which are of the large aggregating kind.
Because of the slow but continuous physiological turnover of the
matrix, a large proportion of these are at different stages of
degradation as compared to the original biosynthesis product. A
major difficulty is therefore to distinguish between
metabolically related subpopulations of proteoglycans occurring
as a result of degradation and potentially existing
subpopulations due to translation of different classes of mRNA or
significantly different glycosylation. A number of studies have,
however, shown the presence of two distinct populations in tissue
samples, which may be separated by composite agarose/acrylamide
gel electrophoresis (McDevitt and Muir, 1971) or on a preparative
scale by sucrose density gradient centrifugation (Heinegard et
al, 1985b). The larger of these has a total Mr of 3.5 x 106 with
a core protein of Mr 210 000 and has a large region densely
substituted with a total of 100 chains of chondroitin sulphate
(Heinegard et al, 1985b). The smaller, Mr 1.3 x 106, has a core
protein of Mr 95 000 and appears to contain separate regions
substituted with primarily chondroitin sulphate or keratan
sulphate. Each of these populations is polydisperse, at least in
part due to physiological proteolytic degradation. In foetal
tissue only the large population is found, while the smaller one

accumulates with maturation (Inerot and Heinegard, 1983). So far
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only a single core protein of Mr 220 000 has been identified by
cDNA techniques but the presence of alternatively encoded forms
of this molecule can not yet be excluded (Doege et al, 1987).
When such large aggregating cartilage proteoglycans were
studied by electron microscopy using the glycerol spraying/rotary
shadowing technique (Wiedemann et al, 1984; Paulsson et al, 1987)
a pronounced domain structure was revealed (Fig. 1). Correlation
of the morphological data with the plentitude of earlier
biochemical information and the simultaneously emerging cDNA and
protein sequences (Doege et al, 1986, 1987; Sai et al, 1986;
Oldberg et al, 1987; Neame et al, 1987) has resulted in the

structural model depicted in Fig. 2. An N-terminal, globular

Fig. 1: Electron micrographs of monomeric cartilage proteoglycans
of the large aggregating class obtained after glycerol
spraying/rotary shadowing.
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Fig. 2: Schematic representation of the domain structure of the

core protein of large aggregating cartilage proteoglycans. The
lengths 1 = 30 nm and L = 280 nm were obtained by measurements of
the contour lengths of El and E2, respectively (From Paulsson et
al, 1987, by courtesy of Biochem. J.).

protein domain Gl corresponds to the previously described
hyaluronate binding region (Heineg&rd and Hascall, 1974). In the
direction of the C-terminus this is followed by a 30 nm long
extended domain El and a second globular domain G2, which shows a
high degree of sequence homology to Gl. Beyond G2 the 280 nm
long, major extended domain E2 follows, carrying the bulk of the
glycosaminoglycan side chains. Sequence analysis allows the
division of this segment into four distinct subdomains which all
contain the Ser-Gly sequences required for glycosaminoglycan
substitution but differ with regard to the presence of other
internal repeats (Doege et al, 1987). At the C-terminus yet
another globular domain G3 follows, distinct from Gl and G2 in
sequence but sharing homology with chicken hepatic lectin and
related carbohydrate-binding proteins (Doege et al, 1986; Sai et
al, 1986; Oldberg et al, 1987). When a cDNA segment corresponding
to this domain was in vitro translated it could also be shown to
have affinity for carbohydrates, in particular for fucose and
galactose (Halberg et al, 1988). This domain G3 is, despite
physiological proteolysis, present on 30-50% of the proteoglycans
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in a tissue extract (Paulsson et al, 1987) and its lectin

activity is therefore likely to be of relevance in vivo even

though its physiological ligands are not yet known.

Aggregation of cartilage proteoglycans

Cartilage proteoglycan aggregates can have a length of 4000 nm
and a diameter of 500-600 nm. They are formed by the non-covalent
interaction of typically 50 proteoglycan monomers with a single
strand of hyaluronate (for review see Heinegdrd and Paulsson,
1984). The interaction is stabilized by the binding of an
accessory component, link protein, which has binding sites for
both proteoglycan (Franzén et al, 1981) and for hyaluronate
(Tengblad, 1981). By proteolytic fragmentation of aggregates a
hyaluronate binding region of the proteoglycan could be defined
(Heinegdrd and Hascall, 1974) which corresponds to globular
domain Gl in our model (Fig. 2).

In rotary shadowed replicas link-stabilized aggregates reveal
an organization with a heavily stained central filament, made up
from the Gl domains and link proteins bound to the hyaluronate
(Fig. 3, Wiedemann et al, 1984; Morgelin et al, 1988). This
filament appears as a continuous structure and is surrounded by a
field of fuzzy, thinner filamentous structures, corresponding to
the glycosaminoglycans on the chondroitin sulphate attachment
region E2 of the proteoglycan. In addition, some globular
structures can be seen, in particular adjacent to the central
filament and in the periphery of the aggregate.

The involvement of the various proteoglycan domains in the
formation of aggregates can be studied in more detail if the
chondroitin sulphate chains are removed by enzymatic digestion
prior to formation of the aggregate structure (Fig. 4, Mdrgelin
et al, 1988). In such core protein-hyaluronate aggregates formed
in the absence of link protein (Fig. 4a) the N-terminal globules
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Fig. 3: Rotary shadowed image of a link stabilized cartilage
proteoglycan aggregate (From Morgelin et al, 1988, by courtesy of
Biochem. J.).

Gl are seen bound to the hyaluronate with a random spacing
depending on the degree of saturation, while the other domains
radiate out. This demonstrates that Gl is the only part of the
proteoglycan molecule which binds directly to hyaluronate, an
observation which is interesting in the light of the pronounced
sequence homology between Gl and G2.

When link protein is added prior to aggregate formation (Fig.
4b) the central filament takes on a condensed, continuous
appearance, similar to that seen with intact proteoglycans in
Fig. 3. In part this is due to the added mass contributed by the
link protein to the central filament, especially as link can be
incorporated in suprastoichiometric amounts as compared to
proteoglycan monomer (Thornton et al, 1987). In addition, link
protein might have the ability to connect adjacent Gl globules

and thereby induce a cooperative set of protein-protein
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Fig. 4: Aggregates of cartilage proteoglycan core protein and
hyaluronate formed in the absence (a) and presence (b) of link
protein as seen after glycerol spraying/rotary shadowing (From

MOrgelin et al, 1988, by courtesy of Biochem. J.).

interactions along the hyaluronate strand, contracting the whole
structure. This is a very different situation from that seen with
globule Gl in the absence of link protein. In this case the
binding is completely non-cooperative with a minimum center to

center distance of 12 nm (Mdrgelin et al, 1988).

Large aggregating proteoglycans from other types of connective

tissue

Also other forms of connective tissue, such as tendon, sclera
and aortic wall, contain large proteoglycans with the capacity to
form aggregates with hyaluronate. When such proteoglycans were
compared with those from cartilage, using immunochemical

crossreactivity and peptide patterns as criteria, evidence was
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found for the presence of a structure similar to the hyaluronate
binding region in all (Heinegard et al, 1985a). At the same time
also differences were noted, with the aorta proteoglycan being
the most aberrant one in this group. More recently, Krusius et al
(1987) determined a partial C-terminal sequence from a large
chondroitin sulphate proteoglycan expressed by fibroblasts. They
found a C-terminal lectin-like domain homologous but not
identical to G3 in cartilage proteoglycans. Further towards the
N-terminus they also found two repeats with an EGF-like cysteine
pattern, a structural motif not found in the cartilage
proteoglycan sequence.

Our studies on the molecular morphology of these molecules
have demonstrated large similarities in domain structure between
in particular those from sclera and tendon and those from
cartilage (Fig. 5; MOrgelin et al, in preparation). The globular

domains Gl, G2 and G3 are all present interspaced by extended

Fig 5: Rotary shadowed images of large proteoglycans from sclera

(a) and aorta (b).
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domains similar to El and E2. A marked difference is, however,
that the number of glycosaminoglycan side chains is much lower in
the proteoglycans from sclera and tendon than in those from
cartilage. Aorta proteoglycans differ more, in that even though
they contain both N- and C-terminal globular domains connected by
a long extended domain they lack a domain corresponding to G2
(Fig. 5). Both aorta and sclera proteoglycans form link-
stabilized aggregates of a morphology reminiscent of that of
cartilage proteoglycan aggregates which demonstrates also a

functional conservation.

Perspectives

The studies reviewed above contain two new implications with
regard to the structure and tissue organization of large
aggregating proteoglycans. One important point is that the
protein cores are made up from a common set of building blocks or
structural domains. These show structural and functional
similarity in different proteoglycans, but are probably not
identical in their amino acid sequences. It also appears that a
building block can be deleted in a certain proteoglycan, as
demonstrated by the absence of domain G2 in aorta proteoglycans.
Some of these domains are also related to other proteins with
functional similarities, as in the case of domains Gl and G2,
which shares homologies with link protein (Neame et al, 1987), or
domain G3, with its lectin homology (Doege et al, 1986; Sai et
al, 1986; Oldberg et al, 1987). Maybe proteoglycans would be a
relevant system in which to study the evolution of multidomain
protein gene structure.

Another new feature is the observation of an apparently
continuous protein shell around the hyaluronate in the central
filament of proteoglycan aggregates. Maybe this structure is more
ordered than has been assumed and perhaps the central filament
even has a defined spatial arrangement in solution. It remains to

determine the relative importance of protein-hyaluronate and
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protein-protein interactions in the central filament. The
hyaluronate strand is certainly responsible for directing the
growth of a proteoglycan aggregate, but the protein-protein
interactions are likely to have other important functions in
defining the structure and physical characteristics of the

aggregate.
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The basis for constructing many extracellular proteins 1is
the repetition and assembly of a range of small domains to create
multi-functional molecules such as fibronectin, integrins and
other cellular receptors. The unique combination of small binding
units within each protein yields the specificity required for its
association with other macromolecules and cell surfaces. In
response to different environments or substrate binding this
arrangement may adopt many conformations ranging from compact to
elongated structures with inherent flexibility or rigidity. Via
their structural diversity these molecules can promote the
recognition of distant, randomly oriented substrates present in
extracellular matrices.

Understanding of the global organization of these systems
requires structural analysis of the domain assembly and range of
conformations of each multi-domain protein and its orientation
within macromolecular complexes. Unlike globular proteins, direct
structure determination of the complete proteins is difficult
using the established methods of X-ray and NMR analysis due to
their large size, inherent flexibility and glycosylation. However
the proteolytically cleaved fragments containing one or two
domains are suitable for high resolution analysis.

This approach has been successful in determining the structures
of domains present in the multi-functional proteins of blood
coagulation and fibrinolysis and which contin domains also found
in complement, fibronectin, integrins and growth factors (Blake
et al., 1988).

High resolution structures of prothrombin Fragment 1 (containing
a Vitamin K-dependent calcium-binding unit and a Kringle domain)
and epidermal growth factor (EGF) have been determined (Harlos
et al., 1987a, 1987b; Cooke et al., 1987). These can be used to
model similar domains in other proteins based on their sequence
homologies. The Kringle has also been used to derive the generic

three-dimensional structure of the fibronectin Type II domain as
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Figure 1. Schematic domain structures of coagulation, fibrinolytic
and related proteins. Ca:calcium binding domain; K:Kringle;

Protease:serine protease domain; EGF:epidermal growth factor unit
(type A/B); Fn:Fibronectin Type I, II & III domains; Pro: proline-
rich unit,
the consensus sequences of these domains exhibit sequence homology
(Holland et al., 1987).

The domains present in the multi-domain molecules are typically
40-90 residues in size and often contain several disulphide
bridges which form complex intra-connections within each domain.
In the EGF and Kringle structures it is apparent that the role of
these bonds is to stabilise the tertiary structures in the absence
of extensive secondary structures. The environment of each protein
may vary significantly and high levels of stability may be
required to maintain structural integrity, e.g. at membrane
surfaces.

For the small multi-domain proteins which often have only one
copy of a particular domain it is apparent that each has a
specific binding function. Multiple copies of a single domain in
a protein may reflect either amplification of a weak binding
function or their role as structural 'spacers'.

The inter-domain linkers constitute the remainder of each

protein and these regions are likely to control the overall
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conformation. Short linke suggest the spatial proximity of
adjacent domains and thus the possibility of domain interfaces,
imparting limited flexibility to the region. Proteolysis-
sensitive links suggest exposed, mobile regions. An alternative
to direct study of the whole structure may be a reconstruction of a
molecule from its constituent domains incorporating structural
information about the linkers and analysis of possible domain
interfaces. Studies of molecular shape using low angle scattering
are aided by such detailed models enabling both accurate inter-
pretation of results and further refinement of the model to
comprehensively describe the protein conformation.

The method has been applied to plasminogen which comprises
five Kringles and a serine protease domain. All the component
domains can be modelled on known structures. Evidence from the
prothrombin linker crystal structure, hydropathy, databases and
structure predictions suggests that the plasminogen linkers are
tightly folded brining the Kringles into close proximity about a
regular interface which in one case is strengthened by an inter-
domain disulphide bridge. The conformation is predicted to be a
stacked domain arrangement forming a solid helical filament with
restricted flexibility rather than a 'beads-on-a-string'assembly
(Holland SK, unpublished observations). These results are
confirmed by electron micrographs of the plasminogen molecule
(Tranqui et al., 1979) and verify the approach in the structure

determination of these complex proteins.

Blake CCF, Harlos K, Holland SK (1988) Exon and domain evolution
in the proenzymes of blood coagulation and fibrinelysis. 1In: Cold
Spring Harbour Symposia on Quantitative Biology. Vol. LII. Cold
Spring Harbour Laboratory, New York p925.

Cooke RM, Wilkinson AJ, Baron M, Pastore A, Campbell ID, Gregory
H, Sheard B (1987) The solution structure of human epidermal
growth factor. Nature 327:339-341.

Harlos K, Boys CWG, Holland SK, Esnouf MP, Blake CCF (1987a)
Structure and order of the protein and carbohydrate domains of
prothrombin Fragment 1. FEBS Lett. 224:97-103.

Harlos K, Holland SK, Boys CWG, Burgess AI, Esnouf MP, Blake CCF
(1987b) Vitamin K dependent blood coagulation proteins form
hetero-dimers. Nature 330:82-84.

Holland SK, Harlos K, Blake CCF (1987) Deriving the generic
structure of the fibronectin Type II domain from the prothrombin
Kringle 1 crystal structure. EMBO J. 6:1875-1880.

Tranqui L, Prandini MH, Chapel A (1979) The structure of
plasminogen studied by electron microscopy. Biol. Cellulaire
34:39-42.



Structure and Spatial Organisation of Intermediate Filament and
Nuclear Lamin Molecules

James F Conway and David A D Parry
Department of Physics and Biophysics
Massey University

Palmerston North

New Zealand

INTRODUCTION

Intermediate filament structure has been investigated extensively and much is now known about the
conformation of IF chains, their aggregation into two-stranded molecules, the modes of assembly of
the molecules into four-chain structural units and the arrangement of units in the IF (Geisler and
Weber, 1982; Hanukoglu and Fuchs, 1982; Crewther et al, 1983; Steinert ez al, 1983, 1984; Parry and
Fraser, 1985; Steinert and Parry 1985, Parry er al, 1986, McKeon et al, 1986). This knowledge
provides the basis for further experimentation and analysis and allows new insights to be presented
here on the role of the conserved sequences in the rod domain, the antiparallel arrangement of 1B
segments and the flexibilities of the terminal domains.

CHAIN STRUCTURE

IF chains may be divided into three domains: N-terminal, central and C-terminal. Delineation of these
domains arises through the recognition of a central region of homologous sequence with a high
o-helical content and a heptad substructure characteristic of a-fibrous proteins. Within the central rod
domain four coiled-coil segments (1A, 1B, 2A and 2B) and three linking segments (L1, L12 and L2)
have been described (see for example Parry and Fraser 1985; Figure 1).
Segment 1 (1A +L1 + 1B) and segment 2 (2A + L2 + 2B) are each about 22 nm long and are
connected by a short link L12, thus generating a central rod domain of approximate length 47 nm.
Conserved breaks in the phasing of the heptad repeat occur at link L2 and at a point close to the centre
of segment 2B. Furthermore, sequences with a high degree of interspecies homology occur close to or
at the ends of the rod domain (see Steinert and Parry, 1985 for a complete list of pertinent references).

IF sequences may be classified into five Types on the basis of homology in the rod domain
(Hanukoglu and Fuchs, 1982; Parry and Fraser, 1985; Steinert and Parry, 1985; Parry et al, 1986).
Type I and Type II chains occur only in keratin IF and may be further subdivided into hard o-keratins
- Ia, ITa and soft o-keratins - Ib, IIb (Conway and Parry, 1988). Type III chains occur in glial
fibrillary acidic protein, vimentin and desmin IF, and Type IV chains are found solely in
neurofilaments. The latter may be further subdivided on the basis of molecular weight (see review by
Lazarides, 1982) or sequence homology (Conway and Parry, 1988) into sub-classes known as NF-L,
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NF-M and NF-H. Type V chains are localised in the lamina of the nuclear membrane: they differ from
Types I-IV chains in that segment 1B has a six heptad insertion; L12 is predicted to be c-helical; and
L1 represents only a phase discontinuity in the heptad repeat (for a comparison of the Types I-IV and
Type V IF chains see Parry er al, 1986).

FIGURE 1: Schematic representation of the segmental substructure of mammalian IF chains. Ia and
I1a refer to Type I and Type II chains from hard a-keratins while Ib and IIb refer to Type I and Type
II chains from epidermal a-keratins; III represents desmin, vimentin and glial fibrillary acidic protein
chains; IV-L, IV-M and IV-H refer to the light, medium and heavy chains from neurofilaments;
V represents lamin chains A and C. The symbol ? indicates that insufficient sequence data are
available for an estimate to be made.

The sequences comprising the N- and C-terminal domains show features of considerable interest. For
Type I and Type II chains these domains may be divided into homologous (H1 and H2), variable (V1
and V2) and end segments (E1 and E2) arranged with bilateral symmetry about the central rod domain
(Figure 1; Steinert er al, 1985; Steinert and Parry, 1985); a similar, but less pronounced subdivision
occurs for other IF chain types. Although the structures and functions of the various subdomains
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remain unclear some features of interest are beginning to emerge. For example epithelia generally
express specific pairs of Type I and Type II chains. Each of the Type II chains has a molecular weight
of about 7-10 kDa greater than its coexpressed partner and this arises predominantly from the disparity
of the sizes of the V subdomains of the two chains. The V subdomains are largest and most glycine-
rich in terminally differentiating cells, and smallest and most serine-rich in the less differentiated living
cell layers: such features have been related to function (Steinert and Parry, 1985).

MOLECULAR STRUCTURE

Within the rod domain each IF molecule consists of two parallel chains in axial register; the chains coil
around one another in a left-handed manner to generate a rope-like structure (see, for example, Parry
etal, 1977, 1985; Ahmadi and Speakman, 1978; Quinlan and Franke, 1982, 1983; Geisler and
Weber, 1982; Woods and Inglis, 1984; Steinert er al, 1984; Parry and Fraser, 1985). The pitch length
of the supercoil thus generated is unknown but is likely to be in the vicinity of 14 nm (Parry, 1975).
Each molecule has a pair of globular structures at each end corresponding to terminal domains of the
constituent chains. For keratin molecules the structure is heterodimeric containing a Type I and a Type
II chain; in contrast desmin, vimentin and glial fibrillary acidic protein molecules are homodimeric,
containing only Type III chains. Type IV chains occur only in neurofilament IF though the three
subclasses previously discussed allow the possibility of heterodimers.

A highly significant observation pertaining to the rod domain of Types I-IV IF molecules is the well
defined periodicity in the linear disposition of both the acidic and the basic residues in segment 1B
(period 9.54 residues ~1.42 nm) and in segment 2 (period 9.84 residues ~1.46 nm) (Parry et al,
1977; McLachlan and Stewart, 1982; Crewther et al, 1983; Parry and Fraser, 1985). In the Type V
lamin molecules the period is 9.9 residues (~1.47 nm) and extends without a break over the entire rod
domain (Parry et al, 1986). These regularities provide the means by which self-assembly is specified
in vivo though, naturally, the importance of apolar and hydrogen bond interactions in the final docking
process will also be crucial.

FOUR CHAIN STRUCTURAL UNITS AND THEIR ARRANGEMENT IN IF

Extensive data support the notion that a pair of two-stranded IF molecules comprise a structural unit
(Ahmadi and Speakman, 1978; Geisler and Weber, 1982; Woods and Inglis, 1984; Quinlan ez al,
1984; Parry et al, 1985). The two molecules in the unit are antiparallel and are either completely
overlapped (Quinlan et al, 1984; Geisler et al, 1985) or approximately half staggered (Ahmadi ez al,
1980; Crewther et al, 1983; Woods and Inglis 1984; Parry er al, 1985). Both modes of assembly are
probable in vivo.
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The packing of the four-chain structural units in IF may be revealed by low resolution X-ray
diffraction studies on ordered assemblies. However with the notable exception of the highly detailed
fibre X-ray diffraction patterns from hard o-keratin (Fraser er al, 1976), the only other X-ray data
available are from neurofilaments (Wais-Steider ez al, 1983). In that case the axial periodicity in the IF
was 25.2 nm; in contrast a value of 47 nm has been reported for quill o-keratin (Fraser and MacRae,
1971). Although these data show the axial repeats in the two structures are different this does not
necessarily imply that the surface lattice structures are unrelated. Indeed small changes in surface
lattice geometry can easily result in structures with widely different symmetries (see, for example, the
various surface lattice geometries in myosin-containing thick filaments from muscle). Data from an
extensive analysis of IF sequence homologies (Conway and Parry, 1988) support the idea that IF from
diverse sources form a family of polymorphic structures with closely related surface lattices. In the
case of hard a-keratin, each surface lattice point corresponds to a single tetrameric chain unit (Fraser
et al, 1986); this has been determined from mass measurements made on related IF using the
technique of scanning transmission electron microscopy (Steven et al, 1982, 1983a).

Steinert et al (1983, 1985) have shown that limited enzymatic digestion of epidermal keratin IF
produces peptides from both terminal domains without the structural integrity of the IF being
compromised. This indicates that part of these domains protrude from the core of the IF, a conclusion
which is consistent with the radial mass measurements made using STEM (Steven et al, 1983b). It
has also been established that the terminal domains of the IF chains have an effect on the aggregation
of molecules in the IF and on the stability of the assembly thus formed (Geisler et al, 1982; Traub and
Vorgias, 1983; Kaufmann et al, 1985). More specifically it has become clear that, in addition to the
rod domain, only the N-terminal domain plays a role in the aggregation of desmin (or vimentin)
molecules in the IF. New data to support this conclusion have come from Geisler and Weber (1988)
who showed that phosphorylation of chicken desmin in vitro occurred within the N-terminal domain
and that it inhibited IF formation. Since the terminal domain(s) of keratin, neurofilament and lamin
chains are also phosphorylated in vivo the hypothesis that phosphorylation could affect intracellular
depolymerisation of IF is an attractive one (see also Inagaki et al, 1987, 1988), and emphasises the
increasing recognition that is attached to phosphorylation as a regulatory mechanism in diverse protein
structures.

STRUCTURAL PROGRESS

Protein sequences that are highly conserved have structural and/or functional importance and certainly
those in IF chains in segment 1A and at the C-terminal end of segment 2B are no exception. Their
role, however, has remained enigmatic though recent data obtained from a study of lamin paracrystals
(Goldman et al, 1986; Parry et al, 1987) have provided the first evidence that these sequences are
involved in specifying the axial stagger between similarly directed molecules in the IF (Parry et al,
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FIGURE 2: Limited chymotryptic digestion of reduced carboxymethylated wool IF protein results in
the release of tetrameric particles containing covalently linked 1B segments. This (artefactual) situation
is believed to arise as a result of a transpeptidation reaction. Two crosslinking peptides (shown) have
been isolated and characterised, and are consistent only with a heterodimeric structure for the keratin
molecule (Sparrow er al, 1988). Furthermore the reaction would be most probable when the
appropriate residues in the antiparallel molecules were in close juxtaposition in the IF. This suggests
that a likely axial stagger between oppositely directed 1B segments in o-keratin is about -5 residues
(Sparrow et al, 1988).

1987). A consequence of the structure proposed by these authors was that the conserved sequences
from different molecules became axially aligned. Furthermore the two most apolar regions in the rod
domain (one lies in each of the two conserved sequences) were optimally placed to interact and
stabilise the molecular arrangement. A similar role is possible in Types I-IV IF provided that a small
number of residues (say 3-6) that are predicted to be o-helical on the basis of secondary structure
prediction techniques are, in fact, in a more extended conformation. Such a small margin of error lies
well within the limitations of the prediction methods used. A further consequence of this study is that
segment 1A, although lacking the well defined periodicity in the acidic and basic residues found
elsewhere in the rod domain, must be parallel and not antiparallel (or perpendicular) to segments 1B
and 2. This is consistent with the observed lengths of Types I-IV IF molecules in vitro and with the
totally linear structure of lamin molecules (Aebi et al, 1986; Parry er al, 1987). If this hypothesis
proves correct then the importance of highly conserved sequences at both ends of the rod domain
becomes self evident for without them the stability of the axial assembly of IF molecules would be
significantly reduced and IF formation compromised.

A four-chain particle has been isolated from reduced carboxymethylated wool IF protein after limited
chymotryptic digestion (Sparrow et al, 1988). As an adjunct to this experiment it was found that 1B
segments were covalently linked, probably as a consequence of transpeptidation (Figure 2). From the
isolation and characterisation of the crosslinks Sparrow et al (1988) have shown that the IF molecules
from hard o-keratin are heterodimers (in confirmation of several other lines of less direct data) and that
specific physical limitations are implied about possible axial staggers between oppositely directed 1B
segments in vivo. Four such possible staggers (15, 4, -5 and -15 residues) have been suggested
previously by Fraser et al (1986) from a consideration of the maximisation of intermolecular ionic
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interactions subject to the constraint of the known surface lattice of a-keratin IF. All of these staggers
are consistent with the chymotryptic data though one of the smaller values (-5 residues) is currently
favoured (Figure 2; Sparrow ez al, 1988); also, staggers of -5 and -15 residues are those most readily
compatible with the conclusion that segments 1A and 1B are colinear.

X-ray diffraction patterns of fibres prepared from purified 1B segments have revealed an axial period
of 16 nm (Suzuki et al, 1973). Since 1B segments are 15 nm long (ie. 101 x 0.1485 nm) an axial
stagger between pairs of segments of £5 or 15 residues will yield tetrameric chain structures of
lengths 15.7 and 17.2 nm respectively. Both are consistent with the observed X-ray periodicity.
Larger axial staggers, however, seem less easily reconciled with the fibre diffraction data.

FIGURE 3: Flexibility indices for (a) chicken gizzard desmin (Type III), (b) porcine neurofilament
light chain (Type IV-L), (c) human neurofilament medium chain (Type IV-M) and (d) human lamin A
chain (Type V) calculated using the method of Karplus and Schulz (1985) but weighted over a three
residue window (relative weights 1, 2, 1). Note the higher average flexibility scores for the N- and C-
terminal domains compared to those for the rod domain, also the high flexibilities for the L1 segment
of chicken gizzard desmin and porcine neurofilament light chain. In contrast, lower than average
flexibilities are found in the profile for the L12 segment of desmin and both neurofilament chains. The
regularities in the flexibility profile for the C-terminal domain of human NF-M chain correspond to the
13 residue repeat (PVPKSPVEEKGKS). The horizontal scale is marked in intervals of 100 residues.
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Temperature factor data collected from the structures of 31 protein crystals have been used by Karplus
and Schulz (1985) to assess chain flexibilities in other proteins. On the assumption that this technique
is also applicable to fibrous proteins, Conway et al (1988) have calculated the flexibility scores for rod
domain segments and also for the N- and C-terminal domains of a-keratin chains. The scores
obtained for the terminal domains from hard a-keratin did not differ significantly from 1.0 (an
"average" value) and were seen to be consistent with the high cysteine content of these domains and
their involvement in the formation of disulphide bonds with both matrix and other IF protein chains to
generate a highly crosslinked and inert structure. In contrast the terminal domains of the soft
(epidermal) a-keratins revealed significantly higher than average flexibility scores, the high scoring
portions of which relate closely to glycine-serine rich segments. The interpretation of the flexibility
data can be made in terms of the requirement that these domains interact with and form part of a
flexible barrier - the skin - between an animal and its environment. The terminal domains of Type III
chains from chicken gizzard desmin, however, show the lowest flexibility scores of any IF chain,
though these values still indicate a flexibility above that of the rod domain (Figure 3a, Table 1). High
flexibility is exhibited by several sizeable segments in the C-terminal domains of both the light and
medium molecular weight neurofilament chains (Figure 3b, c; Table 1). This again can be rationalised
by consideration of the role that similar segments in NF-H chains play in acting as part of extended
bridges between IF and microtubules. The flexibility profile of lamin (Figure 3d) shows higher
flexibility in the N-terminal domain than in the C-terminal (Table 1). Interestingly the N-terminal
domain of the lamin chains is the smallest of any of the IF chains whereas the C-terminal domain is
amongst the largest.

CGD* PNF-L* HNF-M* LAMIN*

N 1.028 + 0.077 1.016 £ 0.073 1.044 + 0.083 1.053 £ 0.061
1A 0.982 £ 0.074 0.989 + 0.077 0.998 + 0.080 1.007 £ 0.073
L1 1.064 + 0.074 1.058 + 0.074 1.003 + 0.085 -

1B 1.001 + 0.068 1.005 + 0.072 1.000 + 0.071 1.011 £ 0.067
L12 0.983 £ 0.070 0.976 £ 0.079 0.988 £ 0.074 1.041 + 0.074
2A 0.979 £ 0.072 0.986 £+ 0.074 1.038 + 0.059 0.984 + 0.049
L2 1.001 £ 0.068 1.002 £ 0.046 0.967 + 0.073 1.040 £ 0.052
2B 0.992 £ 0.079 1.006 * 0.072 1.007 + 0.068 1.007 £ 0.071
C 1.015 £ 0.085 1.047 £ 0.064 1.055 + 0.068 1.027 £ 0.083
Rod 0.998 £ 0.070 1.003 £ 0.073 1.003 + 0.071 1.010 £ 0.069

TABLE 1

Mean Flexibility Indices (+ sd) for Types III, IV and V IF Chain Segments

* CGD - chicken gizzard desmin (III); PNF-L — porcine neurofilament chain of lowest molecular
weight (IV-L); HNF-M — human neurofilament chain of medium molecular weight (IV-M);
LAMIN — human lamin A (V).
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The terminal domains of IF chains all show greater flexibility than their rod domains, sometimes to a
marked degree. Such features are to be expected of structures containing close packed rods within
their cores whilst placing their terminal domains externally in an aqueous environment in positions
where they may interact with other intracellular elements.

CONCLUSIONS

Much remains to be done before the detailed structure of IF molecules and their precise packing in the
IF is known. Two problems are in need of particular attention at the molecular level — the supercoil
pitch length and the nature of the coiled-coil deformation at the two points in the structure where the
heptad phasing undergoes a discontinuity. At higher levels of structure, detailed X-ray diffraction
studies on ordered assemblies of desmin and vimentin IF will be required to ascertain the surface
lattice of these structures in vivo. Crosslinking studies also have the potential to place limitations on
the possible axial staggers between the various coiled-coil segments.

Since the basic framework of IF structure is now well established increasing effort is being devoted to
refining specific details of the molecular structure and the nature of molecular packing. It is to be
hoped, and indeed expected, that such studies will yield a medium resolution model of the IF within
the next decade.
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The Role of Repeating Sequence Motifs in Interactions Between
a-Helical Coiled-Coils such as Myosin, Tropomyosin and
Intermediate-Filament Proteins
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SUMMARY

Many fibrous proteins have repeating sequence motifs that are associated with
macromolecular interactions. We discuss here some of these motifs in a-helical
coiled-coils found in muscle and cytoskeletal proteins. The motifs are most
conveniently detected and analysed using Fourier methods which, if the data is
appropriately scaled, can also be used to assess the statistical significance of a
particular feature. Tropomyosin has a repeating motif in its acidic residues that
occurs every 19.7 residues and which is associated with the interaction between
tropomyosin and actin that plays a key role in the regulation of contraction in
vertebrate skeletal muscle. The tails of myosin molecules have a pattern of
alternating positive and negative zones that repeats every 28 residues and which is
important in the interactions between myosin tails that result in the formation of
thick filaments. Electron microscopy of 2-dimensional crystals of proteolytic
fragments of myosin rod showed the coiled-coil pitch was near 14.3 nm and also
indicated the likely interaction geometry between coiled-coils in thick filaments.
The assembly of intermediate filament proteins also seems to involve the
complementation of alternating zones of charge in an analogous way to that seen
with myosin. The actual assembly of intermediate filament proteins appears to
involve the formation of molecular dimers (that is, two molecules or four chains)
often referred to as "tetramers". We have been able to produce paracrystals from
fragments of glial fibrillary acidic protein (the intermediate filament type present
in astrocytes) that we have produced by recombinant DNA methods. These
paracrystals indicated that the two molecules within a tetramer overlap their N-
termini by approximately 33 nm, which would be consistent with models of
intermediate filament structure proposed on the basis of X-ray diffraction data.

* Present Address: Department of Biochemistry, University of Dundee,
Dundee DD1 4HN, SCOTLAND.
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INTRODUCTION

Most fibrous proteins function in cells by forming aggregates, and so the
molecular nature of the interactions between the proteins in these assemblies is of
fundamental importance in relating their structure and function in vivo. One
important class of fibrous proteins is based on an a-helical coiled-coil and includes
the keratins and associated intermediate filament forming proteins, a number of
muscle proteins such as myosin, tropomyosin and paramyosin, fibrinogen and a
range of silks (see Fraser & MacRae, 1973 for a review). These molecules all have
a very extended structure and so interact with a number of molecules in their
assemblies in vivo. A common feature of these molecules is the presence of
repeating sequence motifs that are involved in these molecular interactions. These
motifs have probably arisen by a series of gene duplication events, but have then
been retained in the sequence because of their importance in molecular
interactions. In this article we will illustrate the role of these sequence repeats in
molecular interactions between a range of cytoskeletal and muscle proteins
including tropomyosin, myosin rod and intermediate filaments.

THE COILED-COIL CONFORMATION

The coiled-coil conformation is based on two o-helices that coil around one
another to produce a superhelix. This conformation was first proposed by Crick
(1953) who noted that such a structure could be stabilised by an interaction
between residues on the complementary faces of the helices. In particular, Crick
observed that when two o-helices came into contact, the protruding residues from
one helix were opposite the gaps between residues in the other helix. This "knobs-
in-holes" interaction would then enable a very close packing of the two a—helices
in the coiled-coil. Because the a-helix has approximately 7 residues in 2 turns, this
knobs in holes interaction produces a marked "heptad" repeat in these sequences,
with every Ist and 4th residue in the heptad tending to be hydrophobic. Thus, if
consecutive residues are denoted by a-b-c-d-e-f-g, residues a and d are usually
hydrophobic, whereas the remainder are often charged or hydrophilic. Although
hydrophobic interactions between residues in positions a and d are primarily
responsible for stabilising the interaction between the two a-helices, ionic
interactions between residues in positions e and g probably also have a role, at
least in tropomyosin (McLachlan & Stewart, 1975). This sort of heptad pattern was
first analysed in detail in tropomyosin (see McLachlan & Stewart, 1975 and
references therein), but has subsequently be seen in a range of coiled-coil proteins
such as myosin (McLachlan & Karn, 1982) and intermediate filament proteins
(reviewed by Conway & Parry, 1988). If the a-helix had exactly 7 residues in 2
turns, then the two interacting helices would lie parallel to one another. However,
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as first noted by Crick (1953), because there are slightly more than 7 residues in 2
turns, the two helices will tend to wrap around one another to form a left-handed
supercoil. The precise relationship between the helical parameters of the a-helix
and the helical parameters of the coiled-coil have been discussed in detail by Fraser
and MacRae (1973). An ideal o-helix should give a coiled-coil pitch of 18.6 nm,
but very small changes in the a-helix symmetry can produce large changes in the
coiled-coil pitch (see Fraser & MacRae, 1973) and the two coiled-coil pitches that
have been determined (tropomyosin and myosin rod) are instead close to 14 nm
(Phillips, et al., 1986; 1987; Quinlan & Stewart, 1987).

FOURIER ANALYSIS

Because most of the repeating sequence motifs associated with molecular
interactions are spaced regularly along the sequences of fibrous proteins, Fourier
analysis is usually an efficient method for both detecting these periodic features
and for assessing their significance. Fourier analysis is a general mathematical
procedure in which functions are analysed in terms of sums of sine and cosine
functions. Although any well-behaved function can be analysed in this way,
periodic functions have the special property that only sine and cosine waves that
have the same wavelength as the periodic feature or which have wavelengths that
are integral fractions of the period can contribute. This is because the contribution
to each repeat must be the same and so waves that were not an integral fraction of
the repeat distance would make a different contribution to each motif in the repeat.
This property allows sequence data to be analysed in a manner analogous to that
employed for image analysis of electron micrographs of regular biological
specimens (see Stewart, 1988, for an introduction): in the Fourier transform,
periodic features contribute to the peaks, whereas the non-periodic features
contribute to the continuous background.

The Fourier transform of a sequence can be computed by first converting the
chemical sequence into a mathematical one by scoring the different residues in
some convenient way. For example, acidic residues could be scored as 1 and all
other residues as O (see, for example, Stewart & McLachlan, 1975). The Fourier
transform of the mathematical sequence is then computed using standard
algorithms and a simple graphical representation of the intensity of the transform
against frequency then enables any peaks to be identified. If the mathematical
sequence is scaled appropriately (McLachlan & Stewart, 1976), the statistical
significance of any peak in the Fourier transform is easily calculated. Figure 1
shows a Fourier spectrum from the a-tropomyosin sequence, in which there are
very clear peaks at frequencies corresponding to approximately 20 residues and at
7/2 and 7/3 residues. The peaks at 7/2 and 7/3 are overtones (the fundamental or
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Ist-order peak at 7 residues is absent because the structure repeats at half this
distance) of the 7-residue heptad repeat characteristic of an a-helix (see above),
whereas the repeat at approximately 20 residues is associated with the actin-
tropomyosin interaction (see below).
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