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Crystal structure of a pair of follistatin-like and
EF-hand calcium-binding domains in BM-40

in the tumorigenicity of human melanoma cells (LeddaErhard Hohenester1, Patrik Maurer2,3 and
et al., 1997). Other activities of BM-40 include calcium-Rupert Timpl2

dependent binding to collagens and thrombospondin, bind-
Department of Crystallography, Birkbeck College, ing to platelet-derived growth factor (PDGF)-AB and
London WC1E 7HX, UK and2Abteilung Proteinchemie, -BB and the regulation of cell proliferation and matrix
Max-Planck-Institut fu¨r Biochemie, 82152 Martinsried, Germany

metalloproteinase expression (Lane and Sage, 1994;
3Present address: Institut fu¨r Biochemie der Medizinischen Fakulta¨t, Sage, 1997).
Universität Köln, 50931 Köln, Germany The sequence of BM-40 has been highly conserved
1Corresponding author throughout vertebrate evolution (Lane and Sage, 1994),

and a homologue with 38% identity to human BM-40 has
BM-40 (also known as SPARC or osteonectin) is an also been found in the nematodeC.elegans(Schwarzbauer
anti-adhesive secreted glycoprotein involved in tissue and Spencer, 1993). The human protein consists of 286
remodelling. Apart from an acidic N-terminal segment, residues divided into three distinct domains: (i) an N-
BM-40 consists of a follistatin-like (FS) domain and terminal acidic segment (residues 1–52) binding several
an EF-hand calcium-binding (EC) domain. Here we calcium ions with low affinity and mediating the interaction
report the crystal structure at 3.1 Å resolution of the with hydroxyapatite; (ii) a follistatin-like (FS; Patthy and
FS–EC domain pair of human BM-40. The two distinct Nikolics, 1993; Borket al., 1996) domain (residues 53–
domains interact through a small interface that involves 137) containing five disulfides and anN-linked complex
the EF-hand pair of the EC domain. Residues implic- carbohydrate at Asn99; and (iii) anα-helical domain
ated in cell binding, inhibition of cell spreading and containing two EF-hand calcium-binding sites (EC
disassembly of focal adhesions cluster on one face of domain, residues 138–286; Maureret al., 1995; Hohenester
BM-40, opposite the binding epitope for collagens and et al., 1996). Pairs of FS and EC domains are found in a
the N-linked carbohydrate. The elongated FS domain number of extracellular proteins, including SC1/hevin
is structurally related to serine protease inhibitors of (Johnstonet al., 1990; Girard and Springer, 1996), QR1
the Kazal family. Notable differences are an insertion (Guermah et al., 1991), testican (Allielet al., 1993)
into the inhibitory loop in BM-40 and a protruding and tsc-36 (Shibanumaet al., 1993). However, with the
N-terminal β-hairpin with striking similarities to epi- exception of hevin, which modulates high endothelial cell
dermal growth factor. This hairpin is likely to act as adhesion to the basement membrane (Girard and Springer,
a rigid spacer in proteins containing tandemly repeated 1996), the functions of proteins related to BM-40 are
FS domains, such as follistatin and agrin, and forms unknown.
the heparin-binding site in follistatin. We recently have solved the crystal structure at 2.0 Å
Keywords: crystal structure/extracellular module/ resolution of the EC domain of human BM-40 (Hohenester
follistatin/glycoprotein/serine protease inhibitor et al., 1996). This structure revealed a canonical pair of

EF-hand calcium-binding sites (Kretsinger, 1996) elabor-
ated by three additional helices that contain the collagen-
binding site of BM-40 (Sasakiet al., 1997). Here we
report the structure of the FS–EC domain pair of humanIntroduction
BM-40 at 3.1 Å resolution. Apart from the presumably

BM-40 (also termed osteonectin or SPARC, for secreted loosely structured N-terminal acidic segment, this domain
protein, acidic and rich in cysteines) is an abundant pair encompasses the entire BM-40 molecule and thus
secreted glycoprotein that modulates interactions betweenallows a comprehensive structural rationalization of pre-
cells and extracellular matrix (Lane and Sage, 1994; Sage,vious peptide mapping studies. In addition, we provide
1997). Expression of BM-40 is generally associated with the first structure of a representative FS domain. We also
tissues undergoing remodelling, either during normal propose a model for FS tandem repeats, which occur
developmental processes, such as angiogenesis or mineral-in several extracellular proteins, including the activin
ization, or as a response to injury. During embryogenesis, antagonist follistatin (Michelet al., 1993; Hemmati-
BM-40 expression is temporarily and spatially regulated, Brivanlou et al., 1994; Matzuket al., 1995) and agrin
and overexpression inCaenorhabditis elegansleads to (Patthy and Nikolics, 1993; Kleinman and Reichardt,
severe defects (Schwarzbauer and Spencer, 1993). BM-401996).
has been termed an anti-adhesive protein because it inhibits
cell spreading, induces rounding of cultured endothelial

Results and discussion
cells and fibroblasts and disassembles focal adhesions
(Lane and Sage, 1994; Sage, 1997). Significantly, BM-40 Overall structure of the BM-40 FS–EC domain pair

is highly expressed in different malignant tumours and it The structure of BM-40 FS–EC is shown in Figure 1. As
anticipated from the modular architecture of BM-40, thehas been shown recently that BM-40 plays a crucial role
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Crystal structure of a domain pair in BM-40

Fig. 1. Stereo view (Kraulis, 1991) of the BM-40 FS–EC structure and its secondary structure elements. The FS domain (residues 54–137) is shown
in green and consists of an N-terminalβ-hairpin and a small hydrophobic core ofα/β structure. The EC domain (residues 138–286) is in red and
consists of a pair of EF-hand calcium-binding sites and helices A, B and C. The calcium ions bound to the EF-hands are shown as yellow spheres.
The FS and EC domains interact through a small interface involving mainlyβ5 and the preceding loop of the FS domain andαE of the EC domain.
The FS domain is glycosylated at Asn99; the first twoN-acetylglucosamine (NAG) sugar moieties are included in the crystallographic model and are
shown in atomic detail.

structure is composed of two distinct domains. The FS sugar moities are clearly defined in averaged 2Fobs–Fcalc
maps (not shown), and twoN-acetylglucosamine (NAG)domain is very elongated and consists of an N-terminal

β-hairpin and a small core of mixedα/β structure; the sugars are included in the crystallographic model. These
two NAG sugars contact the linker segment connectingEC domain is globular and almost entirelyα-helical

(Hohenesteret al., 1996). The interface between the two the FS and EC domains at Tyr134 and may contribute to
the stabilization of the domain pair.domains is small (550 Å2) and predominantly polar. In

the FS domain, the interface involves strandβ5 and the
preceding loop, while the EC domain contributes the Structure of the FS domain

The FS domain folds into a non-globular structure (Figureproline-rich loop connecting the two EF-hand calcium-
binding sites and, in particular, helix E. The domain 2) that is stabilized by a small hydrophobic core in its

larger, C-terminal portion and by a total of five disulfideinterface contains a total of four hydrogen bonds, including
a potential salt bridge between Asp127 and His232. Apolar bonds. The domain is assembled from two rather weakly

interacting substructures, a highly twisted N-terminalcontacts are observed between Leu126 and Thr233 and
between Ile135/Pro136 and His247. Interestingly, His62 β-hairpin with seven interstrand hydrogen bonds (residues

54–77) and a pair of antiparallelα-helices connected to ain the first reverse turn of the FS domain interacts with
His224, which takes part in thecis-peptide bond in the small three-stranded antiparallelβ-sheet. This subdivision

is reflected in a disulfide linkage pattern of two non-unusual EF-hand 1 of the EC domain (Hohenesteret al.,
1996). Residues involved in interdomain contacts in overlapping sets (1–3, 2–4 and 5–9, 6–8, 7–10). The

N-terminal hairpin interacts with the body of the domainBM-40 are highly conserved in the related proteins SC1/
hevin (Johnstonet al., 1990; Girard and Springer, 1996) mainly in the region around the disulfide bonds 60–76

and 78–113 through hydrophobic contacts between Val65and QR1 (Guermahet al., 1991), providing strong evidence
that the relative domain orientation observed in the BM-40 and Gln79; a further prominent contact involves His62

and Phe109 in helixα1 and a salt bridge between Lys64FS–EC structure represents the biologically active con-
formation and is not an artefact of crystallization. The and Glu116, located in the turn connectingα1 and α2.

The N-terminal β-hairpin of the FS domain is ratherintimate involvement of the EF-hand pair in the domain
interface makes it likely that the relative orientation of mobile in our structure, as indicated by an average

B-factor of 46 Å2 compared with 26 Å2 for the rest of thethe FS and EC domains is dependent on the presence of
calcium. The isolated EC domain has been shown to bind FS domain and the EC domain. Not unexpectedly, the tip

of the hairpin shows the largest degree of mobility, whereascalcium with 10-fold reduced affinity compared with
BM-40 (Maureret al., 1995), demonstrating a small but regions interacting with the main body of the FS domain

are as well ordered as the rest of the structure.significant mutual stabilizing effect of calcium binding
and interdomain contacts.

The glycosylation site of BM-40 at Asn99 is located in The BM-40 FS domain is a representative FS

domainthe reverse turn between strandsβ3 and β4 of the FS
domain. About 10% of the total mass of BM-40 is A sequence alignment of the FS domains of BM-40,

follistatin and agrin (Figure 3) demonstrates that thecarbohydrate, depending on the tissue from which the
protein is isolated (Lane and Sage, 1994). The first two structure of the BM-40 FS domain is a valid template for
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Fig. 2. Stereo view (Kraulis, 1991) of the FS domain in BM-40 and its secondary structure elements. The five disulfide bonds are shown in yellow
and have been labelled. The highly twisted N-terminalβ-hairpin is an independent substructure and makes only limited contact with the globular
core of the FS domain. The single glycosylation site of BM-40 at Asn99 is located in the reverse turn betweenβ3 andβ4.

Fig. 3. Alignment of partial sequences of the FS domain of human BM-40 with FS domains I–III of human follistatin, FS domains I and III of rat
agrin and domain III of turkey ovomucoid; also shown is the portion of the EGF-like module of human blood coagulation factor IX that is
structurally similar to the FS domain (see text). Conserved cysteines are in red, other conserved residues are in green and residues replacing
cysteines in agrin FS III are in blue. The secondary structure elements of the BM-40 FS domain are indicated above the alignment. The scissile bond
of the Kazal serine protease inhibitor ovomucoid III is indicated by an arrow; the asterisk denotes the position of the glycosylation site in BM-40
(Asn99). The cysteines are linked [1–3, 2–4, 5–9, 6–8, 7–10] in the FS domain, [5–9, 6–8, 7–10] in the ovomucoid domain and [1–3, 2–4] in the
EGF-like module.
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FS domains in other proteins. All five disulfide bonds are first reverse turn (Gly63 in BM-40) and an aspartic acid
stabilizing the second reverse turn (Asp69 in BM-40).conserved, with the notable exception of the third FS

The high degree of structural correspondence of the FSdomain of agrin (Ruppet al., 1991), where two disulfide
domain to both ovomucoid and EGF raises some intriguingbonds, 2–4 and 5–9, are replaced by non-covalent contacts
questions regarding the evolution of the FS domain.between apolar side chains (Figure 3). Hydrophobic core
Modular proteins are thought to have evolved by generesidues are well conserved, as are a number of key turn
duplication and exon shuffling, and these processes requireresidues, such as Gly63, Pro85, Ser96 and Gly130 in
domains with identical phases at both boundariesBM-40. With the exception of helixα2, which is unique
(Doolittle, 1995). All FS domains analysed so far indeedto BM-40 and the closely related proteins SC1/hevin and
have domain boundaries of phase 1. Ovomucoid domains,QR1, secondary structure elements appear to be conserved
however, are of phase 0–0, and therefore cannot participatethroughout the family. The disposition of the N-terminal
in the assembly of class 1 mosaic proteins (Patthy andhairpin relative to the domain core may differ in some FS
Nikolics, 1993). The structural similarity of a significantdomains. In follistatin, cysteines 4 and 5 are separated by
part of the FS domain to EGF complicates matters further.two residues in FS domains II and III, rather than by a
Only BM-40 and SC1/hevin contain an intron within thesingle one as in BM-40. A more drastic insertion is seen
FS domain (splitting the triplet encoding residue 93 inin the FS domain of testican (Allielet al., 1993) where
BM-40), but the location of this intron does not coincidecysteines 4 and 5 are separated by 27 residues. This large
with the division into two substructures based on theinsertion is likely to disrupt all contacts between the
three-dimensional structure. It is not clear, therefore,N-terminal hairpin and the domain core. The observation
whether the structural similarity of a significant part ofthat the BM-40 deletion mutant∆N lacking the N-terminal
the FS domain to EGF is accidental or reflects an ancienthairpin is properly folded and secreted (Pottgiesseret al.,
fusion of exons encoding part of EGF and a Kazal protease1994) also points to the existence of two essentially
inhibitor domain.autonomous substructures in the FS domain.

Functional analysis of the BM-40 EC–FS structure
The FS domain resembles Kazal protease Apart from an N-terminal segment of ~50 residues, which
inhibitors and EGF contains 15 glutamic acids and presumably adopts a
It has been predicted, from sequence analysis, that the FSdefined three-dimensional structure only in the presence
domain may resemble serine protease inhibitors of the of a high concentration of calcium (Maureret al., 1992),
Kazal family (Engel et al., 1987; Eschet al., 1987; the FS–EC domain pair comprises the entire BM-40
Bolanderet al., 1988; Bode and Huber, 1991). A superposi- protein. The manifold activities of BM-40 have been
tion of the BM-40 FS domain and the third domain of probed by several peptide mapping studies, and these can
turkey ovomucoid (Fujinagaet al., 1987) is shown in now be analysed in the light of our structure (Figure 5).
Figure 4A. The structural similarity of the C-terminal core Synthetic peptides from two regions in the BM-40 FS–
of the FS domain and ovomucoid is evident and is reflected EC domain pair have been shown to have biological
in a root-mean-square deviation (r.m.s.d.) of only 0.8 Å effects mirroring those of intact BM-40 (Lane and Sage,
for 30 equivalent Cα atoms. Notable differences are the 1994; Sage, 1997): residues 55–74 inhibit the proliferation
insertion of helix α2 in BM-40 (but not in other FS of aortic endothelial cells (Funk and Sage, 1991, 1993)
domains; see above) and a different position of the secondand mediate disassembly of focal adhesions of endothelial
cysteine in the central helix, resulting in an altered path cells (Murphy-Ullrich et al., 1995); residues 255–274
of the N-terminal segment. Significantly, there is an modulate cell shape (Lane and Sage, 1990), bind to
insertion into the inhibitory loop of ovomucoid in BM-40, endothelial cells and inhibit their proliferation (Yost and
as indeed in all three FS domains of follistatin (Figure 3). Sage, 1993; Sageet al., 1995) and also participate in the
This may explain why several studies have failed to detect disassembly of focal adhesions (Murphy-Ullrichet al.,
a protease inhibitor activity of BM-40 (Villarealet al., 1995). Residues 114–130 and shorter peptides containing
1989; J.Engel, personal communication). the copper-binding GHK sequence stimulate proliferation

The N-terminalβ-hairpin of the BM-40 FS domain, and angiogenesis, but these effects are not observed with
which has no counterpart in Kazal protease inhibitors, is intact BM-40 (Funk and Sage, 1993; Laneet al., 1994).
stabilized by two disulfide bonds, 55–66 and 60–76. Both In our structure, residues 55–74 map to the N-terminal
the separation of cysteines and their linkage pattern arehairpin of the FS domain; residues 114–130 map to helix
reminiscent of epidermal growth factor (EGF; Campbell α2 and the preceding and following loops, also in the FS
and Bork, 1993; Borket al., 1996). This similarity had domain, and residues 255–274 map to the second, disul-
been noted previously, but homology to EGF and Kazal fide-bonded EF-hand in the EC domain (Hohenesteret al.,
protease inhibitors was considered to be mutually exclusive 1996). Figure 5 shows that all three regions are located
(Lane and Sage, 1994). Residues 54–78 of BM-40 can beon one side of BM-40 FS–EC, roughly opposite to the
superimposed on the EGF module of factor IX (Raoet al., collagen-binding site located on the solvent-accessible
1995) with an r.m.s.d. of 1.6 Å for 19 equivalent Cα face of helix A in the EC domain (Sasakiet al., 1997).
atoms. Figure 4B shows that the two structures are The wide range of biological effects elicited by peptides
very similar both in backbone conformation and in the 55–74 and 255–274 has been taken as evidence that
conformation of the disulfide bridges; the FS and EGF- BM-40 is recognized at these two regions by a specific
like modules diverge only after the fourth cysteine. Apart receptor (or several receptors) on endothelial cells (Yost
from the four equivalent cysteines, two other important and Sage, 1993). We have shown that a disulfide-bonded

peptide spanning residues 250–275 dimerizes in the pres-residues are also conserved (Figure 3): a glycine in the
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Fig. 4. (A) Stereo view (Kraulis, 1991) of a superposition of the BM-40 FS domain (in blue) and the third domain of turkey ovomucoid (in red;
Fujinagaet al., 1987). Thirty equivalent Cα atoms can be superimposed with an r.m.s.d. of 0.8 Å. The N- and C-termini are marked in both
structures. The P1 residue of ovomucoid III, Leu18, is shown as a stick model. In BM-40, two large hydrophobic residues, Ile88 and Phe91, are
exposed on the tip of the loop corresponding to the inhibitory segment of ovomucoid; these two residues may be involved in ligand binding to the
FS domain (see text). (B) Stereo view (Kraulis, 1991) of a superposition of the BM-40 FS domain (in blue) and the EGF-like module of factor IX
(in purple; Raoet al., 1995). Nineteen equivalent Cα atoms can be superimposed with an r.m.s.d. of 1.6 Å; the disulfide bonds were not used for the
superposition. The two structures diverge after the fourth cysteine: in EGF, the polypeptide chain folds back underneath the hairpin and forms a third
disulfide bridge between cysteines 5 and 6. In BM-40, the chain leaves the hairpin in an extended conformation; Cys78, corresponding to cysteine 5
of the EGF-like module, forms a disulfide bond with Cys113 (cysteine 9) at the C-terminus of helixα1.

ence of calcium. Thus, the biological effects ascribed to BM-40 contains a binding site for glycosaminoglycans
similar to follistatin (Nakamuraet al., 1991; see below).peptide 255–274 are likely to represent those of a symmet-

ric peptide homodimer (Maureret al., 1995). Like other Preliminary experiments indicate that BM-40 binds moder-
ately to heparin through its FS domain, a property whichcanonical EF-hand pairs, the EF-hands in the BM-40 EC

domain possess 2-fold pseudosymmetry, violated only by is lost by deletion of a large portion of the N-terminal
hairpin (unpublished data). The binding of proteoglycansthe one-residue insertion into the first EF hand (Hohenester

et al., 1996). We therefore believe that the putative may be functionally important in the recruitement of BM-
40 to its cell surface receptor(s).receptor-binding epitope of BM-40 involves the accessible

surface of the entire EF-hand pair, rather than just EF-hand BM-40 binds to collagens I, III, IV and V. We have
suggested that the binding site resides on helix A in the2. This proposed epitope is contiguous with, and may

extend to, theβ-hairpin in the FS domain. This would EC domain (Sasakiet al., 1997) and this recently has been
corroborated by site-directed mutagenesis (unpublishedexplain why peptides from two regions distant in sequence

(55–74 and 255–274) display silmilar effects in a range data). We have also shown that glycosylation at Asn99
has no effect on collagen binding, in contrast to anotherof biological assays (Murphy-Ullrichet al., 1995; Sage

et al., 1995). However, it has to be borne in mind that study on collagen V binding (Xie and Long, 1995). While
the structure of BM-40 FS–EC cannot provide a conclusiveepitope mapping using synthetic peptides is inherently

limited, as it is always arguable whether isolated peptides answer, we note that Asn99 is at.30 Å distance from
helix C, whose cleavage between residues 197 and 198adopt the same conformation as the corresponding

stretches of polypeptide in the folded protein. For this results in an increased affinity of BM-40 for collagens
(Sasakiet al., 1997).reason, it will be important to establish the proposed

epitopes more firmly by site-directed mutagenesis. BM-40 binds with high affinity to PDGF-AB and -BB
(Raineset al., 1992). The significance of this interactionThe region around helixα2 is very basic, with several

lysine and histidine side chains projecting into the solvent. is not clear and the region(s) involved in PDGF binding
have not been mapped, although some evidence appearsIt is close in space to the N-terminus of the FS domain,

which is also basic. This conspicuous concentration of to implicate the FS domain (Patthy and Nikolics, 1993;
see below).positive charges may indicate that the FS domain of
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Fig. 6. Model of a tandem of FS domains in follistatin and agrin. The
N-terminal domain (in green) and the C-terminal domain (in red) are
linked by an extended segment of three residues (in blue); the relative
rotation between the two domains is ~0°. The tip of the N-terminal
β-hairpin of the C-terminal domain contacts the N-terminal domain at
the small three-strandedβ-sheet and stabilizes the linear arrangement
of domains. In this model, helixα2, which is unique to BM-40, has
been replaced with the corresponding segment of ovomucoid (compare
Figures 3 and 4A).

Table I. Data collection and refinement statistics

Data collection (25–3.1 Å)
Observations 47 563
Unique reflections 14 328
Completeness (%) 90.7 (85.1)
Rmerge

a 0.086 (0.267)
Refinement (8–3.1 Å)Fig. 5. Regions proposed to be important for the biological functions

Reflections (no amplitude cut-off) 13 378of BM-40 mapped onto a van der Waals representation of the FS–EC
Completeness (%) 90.4 (85.7)domain pair. The view direction is similar to that in Figure 1; the FS
Non-H atoms 231860domain is on the right, with the N-terminus in the lower right corner.
R-factor 0.262Residues 55–74 and 255–274 may be involved in binding to
Rfree

b 0.322endothelial cells and the disassembly of focal adhesions; peptides
Bond lengths (Å) 0.007spanning residues 114–130 contain the mitogenic GHK sequence and
Bond angles (°) 1.8stimulate angiogenesis (Lane and Sage, 1994; Sage, 1997). The
r.m.s.d. ofB-factors for bonded atoms (Å2) 1.5N-linked carbohydrate of BM-40 is shown in red. Residues 55–74 and
NCS for all atoms (Å) 0.03255–274 may be part of a contiguous receptor-binding surface (see

text).
aRmerge5 ΣhΣi|Ih,i–,Ih.|/ΣhΣiIh,i. For Rmergeand completeness, the
numbers in parentheses refer to data in the highest resolution shell.
bRfree was calculated for 5% of the data not included in the refinement.

FS domains in follistatin and agrin

Several extracellular mosaic proteins contain FS domains
whose structures can now be predicted reliably based on Interestingly, the corresponding region of the BM-40 FS

domain is also basic and may be involved in heparinthe high homology to the BM-40 FS domain (Figure 3;
Bork et al., 1996). Follistatin itself consists of a small binding (see above).

Agrin is a large multidomain proteoglycan that plays aN-terminal domain followed by three tandemly repeated
FS domains. Follistatin binds activin, a member of the key role in the formation of the neuromuscular junction

(Patthy and Nikolics, 1993; Kleinman and Reichardt,transforming growth factor-β superfamily, and this
interaction is directly responsible for the inhibition of 1996). It contains nine FS domains, eight of which are

arranged in an uninterrupted tandem repeat (Ruppet al.,follicle-stimulating hormone release (Michelet al., 1993).
Overexpression of follistatin inXenopusinduces neuraliz- 1991). Electron microscopy of agrin shows that the

N-terminus, which contains the large FS repeat, adopts aation (Hemmati-Brivanlouet al., 1994), and transgenic
mice lacking follistatin have multiple defects and die rigid rod-like structure, indicating substantial interactions

between adjacent FS domains (M.Ru¨egg, personal com-shortly after birth, indicating an interaction with several
growth factors during development (Matzuket al., 1995). munication). This prompted us to construct a model for

an FS domain pair incorporating interdomain contactsThe activin-binding epitope of follistatin has not been
mapped to a specific domain. Preliminary data point to (Figure 6). Two FS domains were connected by an

extended three-residue linker, based on the separation ofan involvement of the N-terminal, non-FS domain and
residues 75–86 in the first FS domain (Inouyeet al., 1991; domains in agrin and follistatin, which ranges from two

to six residues (between Cys10i and Cys1i11). AssumingSumitomoet al., 1995). These latter residues form the N-
terminal hairpin of the first FS domain of follistatin (Figure a linear arrangement of FS domains, we found essentially

two orientations that allow for interdomain contacts, one3), and homology modelling predicts that six basic side
chains emanate from one face of the hairpin (pointing with a relative rotation of ~0° and one with a rotation of

~180°. The former alternative, which is the one shown indownwards in the view of Figure 2). This region is,
therefore, a prime candidate for the heparin-binding site Figure 6, results in contacts between theβ1–β2 hairpin

and the small three-strandedβ-sheet of the preceding FSof follistatin (Eschet al., 1987; Nakamuraet al., 1991)
and is unlikely to participate directly in activin binding. domain, whereas a rotation of 180° would place the tip
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Fig. 7. Initial, unbiased electron density of the FS domain in the BM-40 FS–EC structure. Phases calculated from the two EC domains were greatly
improved by 2-fold non-crystallographic symmetry averaging and solvent flattening (70% solvent). The electron density shown is calculated using
data between 15 and 3.1 Å resolution and is contoured at 1.0σ. Superimposed on the map is the current refined model. The central helixα1 runs
from top to bottom and is linked to an extended segment at the right by disulfide bonds 78–113 and 84–106 (partly obscured by the side chain of
His107).

of the hairpin close to the segment corresponding to the follistatin bind PDGF and activin, respectively (Patthy
and Nikolics, 1993). The BM-40 FS domain and, byinhibitory loop in ovomucoid. In our model, the N-terminal

β-hairpins of the FS domains act as rigid spacers between homology, the first FS domain of follistatin present large
hydrophobic side chains at the tip of their potentialthe globular cores, and the resulting structure is that of a

rod rigidified by contacts across domain boundaries. This inhibitory loops (Figures 3 and 4A). These residues could
be (part of) a ligand-binding site, and it is tempting toarrangement is rather similar to that of multiple repeats

of calcium-binding EGF-like domains (Borket al., 1996; speculate that an ancestral protease inhibitor could have
become a cytokine-binding domain by suitable modifica-Downinget al., 1996); however, the functional significance

of FS tandem repeats is unclear at present. tions to its binding segment. By additionally containing
distinct binding sites for glycosaminoglycans, FS domainsAlthough some modules in extracellular proteins may

have a universal function, it is generally thought that could then function in the recruitment of growth factors
to the cell surface and thus play an important role inmodules acquire different functions depending on their

structural setting (Borket al., 1996). Binding of growth cytokine signalling. Alternatively, some FS domains may
indeed be protease inhibitors, as suggested by the closefactors has been suggested to be a common function of

FS domains, based on the observation that BM-40 and structural relationship to Kazal protease inhibitors.
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Brookhaven Protein Data Bank (accession codes 1BMO and R1BMOSF,Materials and methods
respectively).

Protein production, crystallization and X-ray data collection
The recombinant fragment BM-40 (53–286) was expressed in 293 cells
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