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ABSTRACT The structure of vitronectin, an
adhesive protein that circulates in high concentra-
tions in human plasma, was predicted through a
combination of computational methods and experi-
mental approaches. Fold recognition and sequence–
structure alignment were performed using the
threading program PROSPECT for each of three
structural domains, i.e., the N-terminal somatome-
din B domain (residues 1–53), the central region that
folds into a four-bladed b-propeller domain (resi-
dues 131–342), and the C-terminal heparin-binding
domain (residues 347–459). The atomic structure of
each domain was generated using MODELLER,
based on the alignment obtained from threading.
Docking experiments between the central and C-
terminal domains were conducted using the pro-
gram GRAMM, with limits on the degrees of freedom
from a known inter-domain disulfide bridge. The
docked structure has a large inter-domain contact
surface and defines a putative heparin-binding
groove at the inter-domain interface. We also docked
heparin together with the combined structure of the
central and C-terminal domains, using GRAMM. The
predictions from the threading and docking experi-
ments are consistent with experimental data on
purified plasma vitronectin pertaining to protease
sensitivity, ligand-binding sites, and buried cys-
teines. Proteins 2001;44:312–320.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

Human plasma vitronectin (also known as serum spread-
ing factor, S-protein, or epibolin) is a multifunctional
glycoprotein found in blood and in the extracellular ma-
trix. It interacts with a wide variety of structurally dissimi-
lar ligands. Examples include glycosaminoglycans (e.g.,
heparin), serine protease inhibitors (e.g., plasminogen
activator inhibitor type-1 (PAI-1), or the antithrombin–
thrombin complex), cell surface receptors (including sev-
eral integrins and the urokinase-receptor), extracellular
matrix constituents (e.g., collagen), and components of the
complement system. The interactions between these bi-

omolecules and vitronectin control several important phys-
iological processes. These include blood coagulation and
fibrinolysis, cell adhesion and cellular migration, tumor
metastasis and tissue remodeling, and modulation of the
immune system.

Extensive studies have been carried out on vitronectin
since its discovery in 1967 (reviewed by Preissner1 and
Schvartz et al.2). Many of the studies have focused on
localizing binding sites for the various ligands. From
sequence comparison, limited proteolysis, peptide map-
ping, immunochemical studies, and work with recombi-
nant fragments, a general idea about the organization of
vitronectin has emerged. The structure of the 459-amino
acid protein is thought to be organized into three domains
that provide the necessarily broad repertoire of binding
epitopes for target ligands.

The N-terminal domain (residues 1–53) consists of 44
amino acids that are identical to the circulating protein
somatomedin B, whose structure is unknown. This domain
does not match any protein of known structure with
significant sequence similarity using sequence–sequence
comparisons, such as BLAST and PSI-BLAST.3 The N-
terminal somatomedin B domain is likely the key binding
site for integrins,4 PAI-1,5–8 and the urokinase/plasmino-
gen activator receptor.9 A central domain is thought to
mediate binding to some bacteria.10–12 There is a long
linker between the somatomedin B domain and the central
domain, i.e., residues 54–130. The secondary structure
prediction program PHD13 predicts it in the loop conforma-
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tion. A highly charged sequence near the C-terminus
mediates binding to heparin14–16 and collagen.17,18 The
C-terminal domain containing the heparin-binding se-
quence also may serve as a binding site for plasminogen,19

complement factors,20 and perforin,20,21 and as a second-
ary binding site for PAI-122–24 and/or the urokinase recep-
tor.9 Both the central domain (residues 131–342) and the
C-terminal domain (residues 347–459) have the signature
of hemopexin,25 whose structure is known as a four-bladed
b-propeller fold. However, sequence–sequence compari-
sons did not produce an unambiguous sequence alignment
across the whole domain in either case.

In spite of the keen interest in structure/function issues
with vitronectin, the three-dimensional structure of the
protein has not been solved experimentally. One obstacle
to crystallographic studies on vitronectin comes from the
conformational lability of the protein that has been ob-
served both in vitro and in vivo. Indeed, although most
circulating vitronectin is monomeric, the protein also
adopts an altered, oligomeric conformation. The self-
associating behavior of vitronectin is observed upon in
vitro unfolding/refolding either by heat or chemical dena-
turation.26–29 This propensity for the altered conformation
of vitronectin to form oligomers presumably has biological
relevance since such higher-ordered multimeric forms of
the glycoprotein have been detected in the extracellular
matrix,28 platelet releasates,30 and within the a-granules
of platelets.30 Another hindrance to structural work stems
from the heterogeneity that arises in the protein due to
extensive posttranslational modification (e.g., N-linked
glycosylation, phosphorylation, and sulfation). The lack of
a structural model is a major bottleneck in further under-
standing the function of vitronectin and its associated
domains.

In this article, we propose an atomic model of vitronectin
using computational methods, and compare the model
with known experimental information. We have adopted
the domain assignment described above for the N-
terminal, central, and heparin-binding domains; we pre-
dict the structure of each domain separately. The primary
method used for the prediction is fold recognition through
sequence–structure alignment (threading). We employed
the program PROSPECT (PROtein Structure Prediction
and Evaluation Computer Toolkit) developed at Oak Ridge
National Laboratory.31,32 PROSPECT has demonstrated
its good performance through extensive tests using known
structures,32 and a blind test in the third communitywide
experiments on the Critical Assessment of Techniques for
Protein Structure Prediction (CASP-3).33,34 In addition,
we have docked the central and C-terminal domains
together to gain insight into the overall fold of the protein.
We also docked heparin together with the combined struc-
ture of the central and C-terminal domains. The docking
experiments provide clues to the understanding of the
binding of heparin to vitronectin. All the structural models
that we derived for vitronectin can be downloaded from
http://compbio.ornl.gov/;nxy/vitronectin/.

METHODS
Labeling of Free Sulfhydryls on Vitronectin

Vitronectin was isolated from human plasma as de-
scribed previously,26 using a method adapted from the
original purification scheme of Dahlback and Podack.35

For labeling, vitronectin (1.5 mg) was dialyzed (overnight)
against Tris buffer (0.1 M, pH 8.3), and guanidinium
chloride (solid) was added to make up a concentration of 6
M, followed by the addition of 0.3 mg DABIA (Pierce
Chemical Company) in dimethylformamide (200 ml). The
mixture was stirred overnight at room temperature in the
dark. The precipitated reagent was removed by centrifuga-
tion followed by filtration using a 0.45-mm Acrodisc filter.
The solution of the labeled vitronectin and the dissolved
unlabeled DABIA was then passed through a desalting
column (Sephadex G25, 10 3 250 mm) to remove the
excess reagent and guanidinium chloride. The chromatog-
raphy was monitored at 280 nm.

Trypsin Cleavage

The DABIA-labeled protein was dialyzed into ammo-
nium bicarbonate buffer (50 mM, pH 8.5), and 2% trypsin
(w/w) was added. Proteolysis was allowed to proceed for
24 h at 37°C.

HPLC Separation of Trypsin-Cleaved Polypeptide
Fragments

The trypsin-cleaved fragments of DABIA-labeled pro-
tein were subjected to high-performance liquid chromatog-
raphy (HPLC) (Beckman system Gold) on a reversed-
phase column (Novopac C18, 3.9 3 150 mm). The solvent
system consists of 0.1% trifluoroacetic acid (TFA) in water
(A) and 0.1% TFA in 80% acetonitrile:water (B). The
proportion of solvent B was increased from 0–70% in 80
min, then from 70–100% within 85 min and kept 100%
during the next 10 min. The flow rate was 1 ml/min and the
peptides were monitored at 220 nm. The DABIA-labeled
fragments were identified by monitoring the absorbance at
436 nm. The peaks were collected manually; the purity of
the labeled fractions was determined by rechromatogra-
phy. The positions of free sulfhydryls were identified by
sequencing the DABIA-labeled fragments, using the Ed-
man degradation method. Peptide sequencing was per-
formed at the Microchemical Facility at Emory University,
Atlanta, GA.

Computational Modeling

The threading using PROSPECT was performed on each
sequence segment of the three domains. The knowledge-
based energy function used in PROSPECT consists of
three additive terms: (1) a singleton term, which measures
the fitness of aligning a particular amino acid to a particu-
lar template-fold environment defined by secondary struc-
ture and solvent accessibility; (2) a pairwise interaction
term, which measures the contact preference between a
pair of amino acids on the query sequence assigned to
nearby template positions; and (3) gap penalties for un-
aligned amino acids on the query sequence and template
positions. PROSPECT guarantees to find a globally opti-
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mal alignment under the given energy function.31 Two sets
of the known structure templates are used for threading:
protein chains (defined by FSSP nonredundant set36) and
compact domains (defined by the DALI nonredundant
domain library37). A neural network assessment for the
reliability of the fold recognition is given by PROSPECT
based on individual energy terms and the threading
energy distribution between the template and all the
protein sequences in FSSP. The threading alignments
were also compared with PSI-BLAST3 alignment for the
second and the C-terminal domains. The atomic structures
were generated using MODELLER38 based on the align-
ments obtained by threading.

Docking was carried out between the central and C-
terminal domains, as well as between the heparin and the
combined structure of the central and C-terminal domains
using the computer package GRAMM.39 The program
performs an exhaustive six-dimensional search through
the relative translations and rotations of the molecules.
GRAMM is particularly suitable in our case, as it allows
inputs of low-resolution structures like our predicted
domain structures. We have used a nuclear magnetic
resonance (NMR) structure for heparin [Protein Data
Bank (PDB) code 1hpn] 40 in docking. The structures have
been visualized and presented in this article, using VMD.41

RESULTS
Identification of Free Sulfhydryls in Vitronectin

Important information for the structural predictions on
vitronectin will be gained from the complete assignment of
free sulfhydryls and disulfide bonds in vitronectin from
experimental approaches. A first step toward this goal was
an effort to determine the sequence identities of the two
free sulfhydryls that are buried in the native folded
protein.27 To provide a chromophoric tag on these resi-
dues, and to prevent disulfide rearrangement from occur-
ring during the digestion, the free sulfhydryls were labeled
with DABIA.42 The labeled vitronectin was then digested
with trypsin, and the peptides were separated chromato-
graphically. An HPLC profile from a reversed-phase sepa-
ration of the digest of DABIA-labeled vitronectin on a C18

column is presented in Figure 1. Note that there are two
prominent peaks with absorbance at 430 nm, indicating
the presence of the DABIA label. Both peaks have been
sequenced with the following results:

Peak 1: a. DVWGI; b. GQYLY . . .

Peak 2: MDWLVPAT?EPIQS

The missing residue in the sequence of peak 2 corre-
sponds to Cys-411. The sequencing results from peak 1
show that it is actually a mixture of two trypsin digest
fragments. Peak 1a begins at amino acid 179, correspond-
ing to a fragment that contains Cys-196. Peak 1b corre-
sponds to the sequence of vitronectin beginning at position
158 (although the residue corresponding to Cys-161 was
recognized by the instrument as a leucine, perhaps be-
cause of modification of the cysteine residue). From these
data, we can firmly assign one of the free sulfhydryls to

Cys-411, and the second residue is assumed to be 196, as
there was an amino acid present in the cycle corresponding
to residue 161. In support of this assignment is a previous
report that has identified one of the six disulfides in
vitronectin as forming a covalent interaction between
Cys-137 and Cys-161.43

Folding Predictions for the Three Domains

PROSPECT was used to determine predicted structures
for each of the three domains of vitronectin. The threading
results are summarized in Table I, and the structural
models are shown in Figure 2a–c. As shown in the linear
schematic of vitronectin in Figure 2d, the structural
predictions for the domains do not include the connecting
region between the N-terminal and central domains, which
is predicted to be highly unstructured as discussed above.
Another short linker between the central and C-terminal
domains, comprising residues 324–353, was not modeled.
Results for the individual domains are summarized below.

Somatomedin B domain (Fig. 2a)

We threaded the sequence segment residues 1–53 against
the FSSP library and the DALI domain library, using
PROSPECT. The best hit in terms of the most favorable
total energy (as described in Methods) in both libraries is
the PDB entry 1afp (antifungal protein), an open b-barrel
fold with five strands and contains three disulfide bonds.
The alignment, as shown in Figure 3, has a sequence
identity of 19% between the query protein and the tem-
plate. The neural network assessment for the threading
reliability shows that the probability for 1afp to be the
correct fold is .50%. There is no hit to the sequence of any
known structure using PSI-BLAST. We also performed
fold recognition using tools other than PROSPECT, but no
better template than 1afp was found to cover the domain of
residues 1–53. For example, PDB-Blast44 found the tem-
plate of anticoagulant phospholipase (1b4w with 122 resi-
dues). But the structure model for vitronectin based on the

Fig. 1. High-performance liquid chromatography (HPLC) separation
of trypsin digest of DABIA-labeled vitronectin. Separation of the peptides
on a reversed-phase C18 column using an acetonitrile gradient, as
described in Methods, with detection of all peptides in the digest at 220 nm
(hatched line) and with specific detection of DABIA-labeled peptides at
436 nm (solid line).
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PDB-Blast alignment does not have a globular shape, as
expected for a protein domain. Furthermore, Gen-
THREADER45 found the template of metallothionein
(1dmc) as the best hit, but this structure has only 31
residues and thus does not encompass the entire N-
terminal domain of vitronectin.

Central four-bladed b-propeller domain (Fig. 2b)

The sequence segment of residues 131–342 was threaded
against the FSSP database. The best hit in terms of total
energy for this domain is the PDB entry 1gen (C-terminal
domain of gelatinase A), which has a full four-bladed
b-propeller fold. The alignment, as shown in Figure 4, has
a sequence identity of 21% between the query protein and
the template. It is basically in agreement with one of
several PSI-BLAST alignments for vitronectin (detected
using a cutoff expectation value of 0.001). The regions that
have slightly different alignments between PROSPECT
and PSI-BLAST are indicated in lowercase in Figure 4.
The variation may indicate that the structure prediction
for these regions has low confidence. The sequence seg-
ment (residues 131–342) also has a similar number of
residues as a template of the four-bladed b-propeller fold
(;200 residues). The neural network assessment for the
threading reliability indicates that it is certain that this
domain adopts a fold of 1gen (the probability for 1gen to be
the correct fold is .99%). A theoretical model derived from
an automated pipeline is available for this domain (resi-
dues 128–323) in ModBase.46 It was based on the template
1ck7, which has the same fold of 1gen. The root-mean-
square deviation (RMSD) of all heavy atoms for residues
129–323 between our model and the model in ModBase is
6.47 Å, attributable primarily to some minor alignment
differences. We believe that our model is better because
the alignment in ModBase was automatically retrieved
from one of many top PSI-BLAST hits that have similar
scores, while our alignment (also among top PSI-BLAST
hits) is supported by PROSPECT.

C-terminal heparin-binding domain (Fig. 2c)

The sequence segment of residues 347–459 was threaded.
Again, the best hit in terms of total energy for this domain is
the PDB entry 1gen. However, the sequence segment covers
only one-half of the four-bladed b-propeller fold. Figure 5
gives the alignment, which has a sequence identity of 17%

between the query protein and the template. The alignment
is basically in agreement with one of several PSI-BLAST
alignments for vitronectin (detected using a cutoff expecta-
tion value of 0.001). One region has slightly different align-
ments between PROSPECT and PSI-BLAST, and it is indi-
cated in lowercase in Figure 5. Again, the differences resulting
from the two algorithms are not coincidental and presumably
reflect low confidence in the predictions for these regions. The
neural network assessment for the threading reliability
indicates that the probability that 1gen is the correct fold in
this domain is .90%.

Docking of the Central and C-Terminal Heparin-
Binding Domains

Vitronectin normally circulates as a mixture of single-
chain and two-chain, disulfide cross-linked forms. The
two-chain form of vitronectin is produced by proteolysis
within a region of the protein that lies on the C-terminal
side of the heparin-binding sequence, producing a two-
chain form of the protein with a heavy chain and a
C-terminal light chain of approximately 10K molecular
weight. This C-terminal 10K fragment contains two cys-
teines at positions 411 and 453 and is disulfide cross-
linked to the heavy chain of the protein. Since our study
has demonstrated that Cys-411 is free, we conclude that
buried sulfhydryl residue, Cys-453, is the amino acid that
makes the disulfide bridge from the light chain to the
remainder of the protein. The most important constraint
used for the docking was this inter-domain disulfide
cross-link that connects heavy and light chains in the
two-chain form of vitronectin. The cysteine residue involved
in the inter-domain disulfide pair was chosen as residue 274
on the basis of the work presented in this article on free
sulfhydryls that indicates that Cys-196 is free. This assign-
ment of the 274–453 disulfide bond is also supported by the
assignment of an intra-domain disulfide bond in the central
region between cysteines 137 and 161.43

Docking studies on the two b-propeller domains with the
intra-domain disulfide were conducted using GRAMM.
The top 100 docking conformations were generated. There
is no prediction reliability assessment in GRAMM. The
conformations that satisfy the constraints were similar,
and we picked the one with the best docking score (in
terms of good contact and few penetrations between the
two domains) from them. The docked conformation be-

TABLE I. Summary of Threading Results for the Three Domains

Domain N-Terminal Domain Central Domain C-Terminal Domain

Residue range 1–53 131–342 347–459
Template 1afp 1gen 1gen
Total score 2827.4 21402.1 2238.8
Mutation score 2935.0 22617.0 21286.0
Singleton score 2122.4 21050.7 2670.8
Pairwise score 2319.9 217.7 2106.2
Secondary structure score 155.1 2216.2 305.5
Gap penalty 394.8 2499.5 1518.7
Sequence identity 19% 21% 17%
Confidence level .50% .99% .90%
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Fig. 2. Structural models of vitronectin. (a–c) show the structural models of the N-terminal somatomedin B domain, the central domain with a
four-bladed b-propeller fold, and the C-terminal heparin-binding domain, respectively. The color from the red to blue shows the sequence order from the
N-terminus to the C-terminus. The yellow solid spheres indicate cysteines. White spheres (a) show the integrin attachment site; red spheres (b) show
glycosylation sites (residues 150 and 223); and thin lines (c) show the heparin-binding site. d: Linear representation of the sequence of vitronectin, with
blue highlighting corresponding to domains modeled in (a–c), yellow dots indicating cysteines, red structures representing carbohydrate attachment
sites, and the white arrow pointing to the known site of protease cleavage to the two-chain form. e: Docking structure between the central (blue) and
C-terminal (yellow) domains, with cysteines (red lines), presumed heparin-binding residues (354–363 in white ribbons), sites susceptible to protease
(residues 305, 361, 370, 379 and 383 with light blue spheres), and N-linked glycosylation sites (residues 150 and 223 with green spheres). f,g: Predicted
docking conformation between the heparin (red) and the combined structure of the central (blue) and C-terminal (yellow) domains from two different
perspectives.
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tween the domains is shown in Figure 2e. Interestingly, it
has a groove lined with known heparin-binding residues.47

We then predicted the complex between heparin and the
combined two-domain structure using GRAMM. Again,
the top 100 docking conformations were generated. Among
them, some conformations fit into the groove with good
docking scores, and they essentially share the same confor-
mation. Figure 2f,g shows the structure complexed with
heparin from two different perspectives.

DISCUSSION

We have predicted the structures of the three domains in
vitronectin. To our knowledge, the structure of the somato-
medin B domain is the first model ever proposed. It has
been suggested that the other two domains contain the
hemopexin domain signature, but the alignment based on
sequence comparison is ambiguous, and detailed study
was not reported in the literature. The structure quality of
our models is good based on the assessment using WHA-
TIF48 and PROCHECK.49 Among the three domains, the
models of the four-bladed b-propeller domain and the
heparin-binding domain have very high confidence levels
(with probabilities of .99% and .90%, respectively).
Their alignments are in agreement with PSI-BLAST align-

ments, which use the sequence profile to significantly
increase the underlying signal, while reducing noise in
multiple sequence alignments. The secondary structures
of the each domain basically agree with the ones predicted
by several tools such as PHD13 and the PSA Server.50 The
fold of the somatomedin B domain is thought to be correct
with some degree of confidence (.50%), but it is indeed
less reliable than the other two domains. The identifica-
tion of the four disulfide bonds in this short region of
sequence will be needed for further refinement of the
model. The secondary structure predictions for this do-
main vary significantly between different methods, and
therefore cannot be used to assess the model.

The two docking structures (one between the central and
C-terminal domains, and one between the heparin and the
combined structure of the central and C-terminal do-
mains) agree with known experimental data. They also
have good packing in terms of few penetration and signifi-
cant contacts between the two parts in a complex. These
show that our docking models are reasonable.

SUMMARY

Although there have been no direct structural determi-
nations on vitronectin or its domains, substantial informa-

Fig. 3. Threading alignment between the somatomedin B domain (indicated by Query) and the template
1afp (indicated by Templ), where u and : show the two aligned residues are identical and similar, respectively.
Numbering for the template is the same as that used in the PDB file.

Fig. 4. Threading alignment between the four-bladed b-propeller domain (indicated by Query) and the
template 1gen (indicated by Templ), where u and : show the two aligned residues are identical and similar,
respectively. Region shown in lowercase on the query sequence indicates different alignments between
PROSPECT and PSI-BLAST. Numbering for the template is the same as that used in the PDB file.

Fig. 5. Threading alignment between the heparin-binding domain (indicated by Query) and the template
1gen (indicated by Templ), where u and : show the two aligned residues are identical and similar, respectively.
Regions shown in lowercase on the query sequence indicate different alignments between PROSPECT and
PSI-BLAST. Numbering for the template is the same as that used in the PDB file.
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tion from biochemical characterization of the protein can
be used to constrain and/or test the model that is predicted
from the computational approach. Indeed, any viable
model should agree with information that has been gained
experimentally. The most useful information for these
purposes comes from disulfide and sulfhydryl identities
identified in this study and others,43 limited proteolysis
studies used to define domains within the long polypep-
tide,14,15,51 and heparin binding to vitronectin.47,52

Information on Sulfhydryl and Disulfide
Identification

Information regarding the sequence assignment of the
disulfide bonds and free sulfhydryls in vitronectin is an
important determinant of the three-dimensional organiza-
tion of the molecule. Previous work had demonstrated that
2 of the 14 cysteines in vitronectin are free and that they
occupy buried positions,27 while the rest form 6 disulfide
bonds in the protein. The docked structures shown in
Figurer 2d–f contain two of the six disulfides in vitronec-
tin, as well as the two free sulfhydryls. The inter-domain
disulfide bridge between residues 274 and 453 was one of
the main constraints on the docked model, helping define
the extensive contact surface between the two domains.
The intra-domain 137–161 disulfide bridge (the only experi-
mentally identified disulfide in the protein) is compatible
with the structure predicted for the four-bladed propeller
structure of the central domain. Also, the known burial of
Cys-411 within the folded structure of vitronectin is in
agreement with the predicted model shown here. It should
be noted that a buried orientation of Cys-196 is not as
obvious from the model; however, the two-domain docked
structure does not represent the full-length protein, so
contacts with the somatomedin B or linking region could
affect the exposure of this residue.

Regions of Vitronectin That Are Susceptible to
Proteases

Early studies aimed at defining domain boundaries and
functions of vitronectin made extensive use of limited
proteolysis. From these efforts, regions of high sensitivity
to protease cleavage have been defined. The protease-
sensitive sites previously identified within vitronectin are
localized to two regions, one in the inter-domain linker
from residues 44–90, and a second site near the C-
terminus spanning residues in the vicinity of the heparin-
binding site. These include thrombin cleavage sites on the
C-terminal side of Arg-305 and Arg-370, a plasmin cleav-
age site following Arg-361, and elastase-sensitive sites
following Ala-330 and Leu-383.14,15,51 Note also that this
C-terminal region contains the bond that is targeted for
processing of vitronectin to the two-chain form upon
cleavage following Arg-379 by an unidentified protease in
vivo.53 The known sites of protease sensitivity in this
C-terminal region are shown in the docked model in Figure
2e with the blue spheres. These regions are exposed and
accessible in the three-dimensional model for the fold of
vitronectin, lending additional credence to this model as a
valid one.

Details Regarding Heparin-Binding Sites on
Vitronectin

Cleavage with cyanogen bromide was used in the mid
1980’s to isolate a peptide and localize heparin binding to a
highly basic region near the C-terminus of protein16 that
has been subsequently narrowed down to residues 340–
359 in synthetic peptide studies.14,54 Although this region
of the protein was originally proposed to be buried or
“cryptic” in the circulating, monomeric form of vitronectin,
solution binding studies have since shown that this region
of the protein is accessible.47,52 Two-dimensional NMR
studies on a model peptide derived from this region of the
protein indicate that at least one of two arginine residues
at positions 351 and 353 makes direct contacts with
heparin.47 The sequence of this peptide (from 354–363) is
shown in the white ribbon structure in Figure 2e, defining
a charged heparin-binding surface at the interface of the
central and C-terminal domains. The coordinates of resi-
dues 351 and 353, which are not aligned to the template,
are not included in the model. But it is feasible for them to
lie at the base of the heparin-binding pocket between the
domains, in a suitable position to make direct contact with
heparin without violating the distance constraint to resi-
due 354.

More recent studies using recombinant methods have
suggested that sequences from the central domain of
vitronectin exhibit binding of heparin, albeit weaker than
the binding demonstrated for the C-terminal binding
site.55 The positioning of the heparin-binding pocket in
this model at the interface between domains demonstrates
the possibility that some specific contacts are made from
the central domain to heparin. Thus, sequences from both
domains together appear to define the heparin-binding
region on vitronectin. Indeed, detailed studies of binding
affinity and stoichiometry have shown that the stoichiome-
try of heparin binding to monomeric vitronectin is 1:1,
indicating that any proposed binding sequences in other
regions of the protein are not functional as “secondary”
sites.47,52 In this regard, it should be noted that the
polypeptide sequences identified in recent phage display
approaches (residues 82–137 and 175–219)11 are remote
from the heparin-binding pocket in our model and do not
appear to contribute to the primary binding site on vitro-
nectin.

Functions of the N-Terminal Domain

Site-directed mutagenesis has been used to evaluate
important residues within the somatomedin B domain
that are required for structure and PAI-1 binding.9 For
these alanine-scanning studies, a truncated form of vitro-
nectin that corresponds to the somatomedin B domain was
expressed in Escherichia coli. The results of this study
demonstrated the importance of the four disulfide bonds
for proper function of the protein. Furthermore, the results
pointed to the involvement of other residues including
Gly-12, Asp-22, Leu-24, Tyr-27, Tyr-28, and Asp-34 in
binding to PAI-1. From the modeled structure, all these
residues are found on the surface of the folded domain. The
other prominent function associated with this region of the
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protein is the integrin attachment site, corresponding to
the RGD sequence at residues 45–47 (white spheres in
Fig. 2a).51,56 These three amino acids are found at the end
of a tight turn in the modeled structure, also oriented on
the surface of the molecule in a favorable orientation for
binding to the cell-surface receptors.

CONCLUSIONS

Threading has been used successfully to provide the first
three-dimensional working model for the structural do-
mains of plasma vitronectin. These structural models are
consistent with a large set of known experimental data,
including positioning of ligand binding sites, accessibility
of protease cleavage sites, and orientation of free sulfhydr-
yls and disulfide bonds, as discussed above. Other practi-
cal considerations of the folded structure have been ful-
filled with the model; for example, the central four-bladed
b-propeller domain has two N-linked glycosylation sites
(Asn-150 and Asn-223, shown in green in Fig. 2e),57 both of
which are on the surface of the domain. This positioning
would be expected so that the attached carbohydrate side
chains would protrude from the surface in a solvent-
exposed orientation.

The b-propeller structure observed for the central do-
main of vitronectin characterizes the largest, but least well
characterized domain of the protein in terms of function.
One of the hallmarks of vitronectin is its ability to interact
with a broad set of structurally distinct ligands. Several
important ligands are thought to bind to this central
region of the protein, although their positions for binding
have not been well localized. Interestingly, b-sheet struc-
tures are often involved in intermolecular contacts be-
tween proteins, and the b-propeller structures would be
ideal for these types of interactions. Many of the b-propel-
ler structures that have been identified to date (several on
the basis of homology) have known functions in governing
protein–protein interactions. Some noteworthy examples
are lectins58 and the WD-40 domains in G-protein signal-
ing molecules.59

The self-association of vitronectin into a multimeric
form that functions in tissues and the extracellular matrix
is one way in which the activity and localization of the
protein is apparently regulated. Although there has been
much speculation about the region(s) of the protein in-
volved in this oligomerization, the process has not been
well characterized. It has been proposed that heparin or
the heparin-binding sequence in vitronectin mediate the
association, but this has been disproved in biochemical
and biophysical studies evaluating the effects of the ligand
on urea denaturation.26,27 In addition, it has been shown
that the C-terminal 10K fragment is not required for
self-association.60 With the flexibility observed among
b-propeller structures in incorporating four to eight b
blades,61 and with the example of domain–domain associa-
tion via the b-sheet structures in our computed model for
vitronectin, it can be postulated that this central b-propel-
ler region may be involved in self-association. Support for
this line of thinking comes from b-propeller structures
predicted in other matrix proteins62 and also demon-

strated in lectins,58 both examples in which oligomeriza-
tion and multivalency have a long track record of biological
importance.
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