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ABSTRACT: Small-angle X-ray scattering (SAXS) measurements were used to characterize vitronectin, a
circulatory protein found in human plasma that functions in regulating cell adhesion and migration, as
well as proteolytic cascades that affect blood coagulation, fibrinolysis, and pericellular proteolysis. SAXS
measurements were taken over a 3-fold range of protein concentrations, yielding data that characterize a
monodisperse system of particles with an average radius of gyration o#30.8 A and a maximum

linear dimension of 110 A. Shape restoration was applied to the data to produce two models of the solution
structure of the ligand-free protein. A low-resolution model of the protein was generated that indicates
the protein to be roughly peanut-shaped. A better understanding of the domain structure of vitronectin
resulted from low-resolution models developed from available high-resolution structures of the domains.
These domains include the N-terminal domain that was determined experimentally by NMR [Mayasundari,
A., Whittemore, N. A., Serpersu, E. H., and Peterson, C. B. (2008jol. Chem 279, 29359-29366]

and the docked structure of the central and C-terminal domains that were determined by computational
threading [Xu, D., Baburaj, K., Peterson, C. B., and Xu, Y. (20Rddteins: Struct., Funct., Genet. 44
312-320]. This model provides an indication of the disposition of the central domain and C-terminal
heparin-binding domains of vitronectin with respect to the N-terminal somatomedin B (SMB) domain.
This model constructed from the available domain structures, which agrees with the low-resolution model
produced from the SAXS data, shows the SMB domain well separated from the central and heparin-
binding domains by a disordered linker (residues-%30). Also, binding sites within the SMB domain

are predicted to be well exposed to the surrounding solvent for ease of access to its various ligands.

Vitronectin is a glycoprotein from human plasma that  Vitronectin has been extensively studied, with much of
controls several physiological processes, including blood the work focusing on identifying binding sites for the various
coagulation, fibrinolysis, cell adhesion and migration, tumor ligands (for reviews, see refsand6). A rough sense of the
metastasis, and tissue remodeling, in conjunction with its organization of vitronectin has resulted from a combination
various ligandsX—4). These ligands, which are structurally of experimental techniques, including immunochemical stud-
dissimilar, include heparin, plasminogen activator inhibitor ies, sequence comparisons, limited proteolysis, peptide
type 1 (PAI-1)! the antithrombir-thrombin complex, in- mapping, and investigations using recombinant fragments.
tegrins, the urokinase receptor (UPAR), and collagen. Ad- Given the wide array of binding partners, the protein appears
ditionally, vitronectin, which was originally identified as “S- to be organized into distinct domains with associated
protein” (for the “soluble” protein of complement), is functional properties. The first 44 amino acids of the 51-
involved in the modulation of the cellular immune response residue N-terminal domain are identical to those of so-
(5). matomedin B (SMB), a circulating protein of unknown

function that is somewhat homologous to growth factor-like

t This research was supported by National Institutes of Health Grant d0mMains 7). This N-terminal domain contains binding sites
HL50676 (C.B.P.) and by the Office of Biological and Environmental for PAI-1 (8—11), the integrins 10, 12), and uPAR {3).
Research of the U. S. Department of Energy, under Contract DE-ACO5- Residues 54130 comprise a linker region, which is

000R22725 with Oak Ridge National Laboratory, managed and P
operated by UT-Batelle, LLC. A.M. was supported by a Postdoctoral proposed to be unstructured4j. The central domain is

Fellowship 0120344B from the American Heart Association, Southeast COMposed of residues 13823 and is thought to provide
Regional Affiliate. binding sites for bacterial6—17). The C-terminal domain,

*To whom correspondence should be addressed. E-mail: jhcluding residues 354456, houses the heparin binding site
cynthia_peterson@utk.edu. Phone: (865) 974-5148. Fax: (865) 974- 9 ' P 9

6306. on vitronectin (1, 18, 19) and also contains potential binding
* Oak Ridge National Laboratory. sites for plasminogen2(), complement factors2@), and
$ University of Tennessee. perforin 21, 22). There is also a possible secondary weak

1 Abbreviations: PAI-1, plasminogen activator inhibitor type 1; SMB, binding site for PAI-1 23—25) within the C-terminal domain
somatomedin B; uPAR, urokinase-type plasminogen activator receptor; The distributi fth f d . | the li h .
NMR, nuclear magnetic resonance; SAXS, small-angle X-ray scattering; | N€ dISrIDUTION OT these Tour domains along tne linear chain

ECM, extracellular matrix. of vitronectin is shown in Figure 1A.
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Ficure 1: Domain structure of vitronectin. Panel A shows the linear sequence of vitronectin spanning 459 amino acids from the N- to
C-terminus with domains highlighted and numbered below the line: N-terminal SMB domain (cyan), connecting region (amber), central
domain (green), and C-terminal domain (red). Sites of carbohydrate attachment are shown as the blue “Y” structures. Two short segments
that lie at the junction of the domains are shown as solid black lines. High-resolution structures for three of these domains are shown above
the linear sequence, using the same color scheme. The structure for the N-terminal SMB domain was determined recently ugit)g NMR (
with an asterisk denoting the singlehelix in this small domain. Structures for the central and C-terminal domains are predicted structures
from threading {4). Panel B shows the prediction of disordered regions within the vitronectin polypeptide using PONDR. The PONDR
score is plotted relative to each residue position number within the full-length vitronectin sequence of 459 amino acids. The disorder
threshold is indicated by the horizontal line at a score of 0.5. Predicted regions of disorder are denoted with solid black bars spanning
regions of>20 consecutive amino acids with a PONDR score above the threshold.

Determining the three-dimensional arrangement of this putational approach was less satisfactory in predicting the
multidomain protein is of keen interest to researchers becausefold of the N-terminal SMB domain. Recently, we deter-
of the need to characterize ligand binding, conformational mined the disulfide-bonding patteri)(and determined the
changes, and self-association of vitronectin. The protein hasstructure of the SMB domain isolated from human plasma
not been successfully crystallized, and the structure of the yjtronectin by NMR (0). Shown in Figure 1A is this
intact p_roteln, containing 45_9 re_5|dues, is too Iarg_e for high- siructure for the SMB domain, which consists mainly of
resolution struc’gural determination by l_\IMR. Previously, we .o040om coils, but contains a saehelix that constitutes an
u_sed computauqnal "T‘ethOdS to derive a r_nodel fqr the important feature in the binding of PAI-1 and uPAR. This
vitronectin domains using threading and docking algorithms _. S .

single-turn helix is also present in the X-ray structure of a

(14). This work predicted g-propeller-type structure for . . . ,

the central domain and an incomplete propeller, comprising recombinant SMB detgrmmed in a cocrystal Wlt.h PAQ.B)(
only half of the propeller structure equivalent to two "? co_ntrast,_ Fhe remamder of th_e structure, '”C'“‘?'”g the
B-"blades,” for the C-terminal domain. The threaded struc- disulfide pairings, differs comparing the SMB domain from

tures for these two domains are shown above the corre-Plasma vitronectin to either of the two recombinant coun-
sponding regions of linear sequence in Figure 1A. The terpart326—28).WhiI_e this struc;tural work is importgntv_vith
docked structure of the central and C-terminal domains regard to the behavior of the independent domains, it falls
predicted a heparin-binding surface that was compatible with short for understanding the domain organization and function
a variety of experimental criteridl4). However, the com-  of the full-length protein.
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In this study, we present our results from small-angle X-ray differences in electron density, such as patrticles in solution.
scattering (SAXS) experiments on the intact vitronectin The angular distribution of the scattered intensity reflects
monomer isolated from human plasma. In addition to the structure of the particle over length scales typically
traditional analysis methods, two approaches to developingranging from 5 to 1000 A. The scattered intensity is measured
structural models from the data were taken. The first as a function of the scattering vectar |f 26 is the scattering
approach employed the program GA_STRU@B)(which angle from the incident beam direction, then
producedab initio models from the measured SAXS data. .

The result is a low-resolution model that describes the q:4ns—m(0) (1)
boundary of the space occupied by the protein. As a second A

approach to modeling the SAXS data, CONTRASTO)(Was  heref is the incident wavelength. The scattering intensity
used to develop a low-resolution model assembled from the|(q) from a particle in solution is maximal whep= 0 and

high-resolution_ structures of_the QOmains determined_ by decays with a rate that depends on the size and shape of the
NMR and predicted by threading (Figure 1A). The resulting paricle. If one considers a particle in solution to be a two-

models predict the N-terminal domain to be spatially phase system, i.e., particle and solvent, then the scattering
separated from the central and heparin-binding domains by|engih density of the solvent must also be taken into account
the linker sequence. The models are useful for understandmgaccording to eq 235, 36)

the relative disposition of sites for various binding partners

of vitronectin, including PAI-1, uPAR, integrins, and heparin. (o) =n0/ [p(r) — p e ' ¢% 20 (2)

The SAXS experiments and modeling provide insight into fv d

the structural organization of vitronectin, which has been where I(q) is the scattered intensity) is the number of

poorly understood since a high-resolution three-dimensional particles per unit volumes(r) is the scattering length density

structure has yet to be determined. of the particle,ps is the scattering length density of the

solvent, andr denotes the relative position within the

MATERIALS AND METHODS scattering particle. The integral is over the volume of the
Protein Purification Human plasma vitronectin was particle. The integral is averaged over time, all orientations,

isolated by a modification of the procedure of Dahlback and and the ensemble of structures present in the solution.

Podack 81), as described by Zhuang et aB2}. Purified For a dilute, monodisperse solution of homogeneous
vitronectin was stored as a suspension in saturated am-articles, the intensitl(q) is related to the radius of gyration
monium sulfate at £C until it was used. (Rg) of a single particle by the Guinier lavB¥):

Small-Angle X-ray Scattering Measureme@mall-angle )
X-ray scattering (SAXS) measurements were carried out Infl — N[OV — (ng) 3
using the Oak Ridge National Laboratory (ORNL) 10 m n{i(@] = In[1(0)] 3 (3)

SAXS camera33). A rotating anode that produces CyiK e , .
radiation ¢ = 1.54 A) generates the incident beam with a (}g|n|er fitting |s'conf|nefd to cases when, < 1.3. Guinier
source power of 2.8 KW (40 kV, 70 mA). A sample-to- fitting also provides evidence of the presence or absence of

detector distance of 3.12 m was used to givprange from  29gregation, which manifests as an upturn in the épdata,

0.0068 to 0.16 AL The vitronectin samples were prepared or artifacts due to interparticle interference, which manifest
in 300 uL of a phosphate-buffered saline solution (PBS) @S @ downturn in the low-data. .
containing 10 mM dibasic sodium phosphate and 2 mM The forward scatterl(0), can be used to determine the
monobasic potassium phosphate and 0.14 M NaCl at pH 7 4molecular mass of the scattering particle when the measured
to give final concentrations of 2.2 and 3.3 mg/mL. These intensity is converted _to absolute units._ Itis knowr_l &)
solutions were then transferred to a flattened, 1 mm thick & ¢Mw (35), wherec is the concentration anM is the
glass capillary for measurement that has an X-ray transmis-molecular mass of the scattering particle. Determining the

sion of 0.70 when empty and provides a scattering volume Molecular mass of the scattering particle fr®) provides
of approximately 3.1 mf During the measurements, the a secondary check on the monodispersity of the sample.

sample was kept at a constant temperature of-170 °C. Additional analysis can be performed to provide more
Two-dimensional scattering intensity data were collected and INformation about the shape of the scattering particle. It is
corrected for empty glass capillary and buffer solution convenient to invert eq 2, thereby generating the distance
scattering, background counts, and detector uniformity. distribution functionP(r) from the experimental(g) curve

Vitreous carbon was measured as a secondary standard t§Sing the Fourier transform in eq 4.

convert the measured intensities to an absolute differential 1 o )

scattering cross section per unit volume of samp#.(The P(r) = gﬁ) dq (an!(q) sin@r) (4)

two-dimensional data were circularly averaged to produce

one-dimensional scattering intensity profiles. SAXS data The Moore algorithm37) was used to determirf&(r) from

were also collected on the X21 beam line at the National the scattering intensity(qg). P(r) is the distribution of

Synchrotron Light Source (Brookhaven National Laboratory, interparticle vector lengths within a single scattering particle.

Upton, NY) on vitronectin samples with concentrations of From P(r), it is possible to determinénax the maximum

3.5, 2.0, and 1.0 mg/mL in PBS with NaCl ranging from linear dimension of the particle.

0.14 to 0.28 M. These data were reduced by a similar  Structural ModelingAb initio models of vitronectin were

procedure. generated from the SAXS profile using GA_STRUCB,
Small-Angle X-ray Scattering Data Analys&mall-angle which produces a set of independent models composed of

scattering of X-rays arises from fluctuations that produce overlapping spheres that fit the measured SAXS intensity.
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The quality of the fit of each individual model intensity imparted by unique sequences of amino acids. Less complex
profile, calculated from th@(r) of the model and the inverse regions lack specificity and hence are often in a disordered
of the Fourier transform defined in eq 4, is evaluated using state. To check further for structurally disordered regions in
the parameteF defined in eq 5. the vitronectin linker, GLOBPLOT45) and DISEMBL @6)

were used with the default options.

2
1] @) = In(a)]
F=_— — (5) RESULTS
Nots| 5 o(q) Small-Angle X-ray ScatteringAXS data of vitronectin
) o in a buffer solution (3.3 mg/mL) are plotted in Figure 2A.
whereNps is the number of points in the data sj) and  Figure 2B contains a Guinier pldin[I(g)] vs ¢& of the
Im(q) are the experimental and model intensities, respectively, SaAx S data. The radius of gyratioR{) is determined to be
ando(q) is the experimental uncertamt'y ofg). The get of 30.3+ 0.6 A from a straight line fit R2 = 0.924) in theg?
models produced by GA_STRUCT is characterized for range from 0.000300 to 0.00178& One important result
similarity by overlaying the models onto one another. The fom this plot is that the vitronectin is well behaved at a
parts of the structure that are consistent across the majorityconcentration of 3.3 mg/mL; i.e., the sample is not ag-
of the models, called the consensus envelope, are also ayregated. If the sample were aggregated, the Guinier plot
output of the program. . would show that ag? — 0, the scattering intensity would
Models were also developed with CONTRASBO), not follow a straight line, but would instead deviate upward.
which uses shapes or known structures to model either SAXSag gne can see from Figure 2B, this is clearly not the case.
or small-angle neutron scattering contrast variation serieSThe Guinier plot also does not deviate downward from a
data. The program determines the optimal fit to the scattering girajght line ag? — 0, indicating that the data are free from
data by minimizingF (eq 5). To model the vitronectin apifacts due to interparticle interference effects. A concentra-
structure, a modified version of CONTRAST was employed tjon of 3.3 mg/mL and an(0) of 0.135, determined from
that allowed for the connection of carbohydrates. High- the Guinier fitting, correspond to a molar mass~e60 000
resolution structural models exist for the domains of vit- g/mol, in agreement with the known molecular weight for
ronectin (Figure 1A). The NMR structure of N-terminal yitronectin of 62 000 from analytical ultracentrifugation.
residues +51 (10), the SMB domain, was one structure 1 fyrther validate this result, we measured four additional
employed in the modeling. The threaded and docked modelqncentrations of vitronectin on two different instruments.
of the central domain and C-terminal heparin-binding domain Analyses of the measured SAXS data for the vitronectin
(14) were also used as an input structure for CONTRAST. samples at concentrations of 3.5, 2.2, 2.0, and 1.0 mg/mL
To simulate the linker region of vitronectin, which connects yield the sameR; as the sample at 3.3 mg/mL (within 0.9
the N-terminal and central domains, cylinders were employed &y Sjnce theR, is independent of concentration, we can
in an approach similar to that used previously for protein concjude that the vitronectin samples are monodisperse
kinase A 88, 39). The linker cylinder was filled with random  \yithin this concentration range.

points such that the density of points and the volume of  The gistance distribution functioR(r) of vitronectin is
cylinders were consistent with the number of atoms contained spown in Figure 2C. Thelmax Of vitronectin was found to

in the residues missing from the high-resolution structures. pa 110 A by testing various values untiPér) was found in
Cylinders with radii of 10, 12, 14, 16, 18, and 20 A were \ypich the curve decays smoothly to zero at the maximum
tested. The ends of the cylinders were linked to the gimension. The peak d#(r), which corresponds to the most
appropriate end residues of the SMB domain structure andommon vector length within the particle, is-a82 A. The

the central/C-terminal docked structure. _ shape ofP(r) suggests that vitronectin has a somewhat
The vitronectin used in this study has three branched Cha'”elongated shape, instead of being a compact, globular

carbohydrates attached at Asn67, Asnl150, and Asn223 . ticle.

(positions for attachment shown in Figure 1A). Structures = pisinformatic AnalysesIn our previous computational
of the bi- and triantennary carbohydrates were generatedy egiction of the domain structure of vitronectin from
using W3-SWEET40), and were connected to the SIructure  yreading, an extensive linker region between the SMB

at the proper points. Asn67 lies within the missing linker 4omain and central domain was not modeled and was thought
region, so the carbohydrate was connected to the surface of; e unstructuredld). PONDR @1, 42) was initially used

the cylinder at a position along its length in proportion t0 4 gyajyate the entire length of 459 amino acids in vitronectin
the position of Asn67 in the linker sequendg) for the 4 g5,ge regions of predicted disorder. As shown in Figure
models was calculated from the modéf) functions using 15" there are two regions that are predicted by this algorithm

the inverse of the Fourier transform defined in eq 4. to be flexible and relatively unstructured in vitronectin, one
Bioinformatic AnalysesPONDR @1, 42) was used 10 gncompassing residues70-130 and a second in the

analyze the entire length of the vitronectin polypeptide for - tarminal region including residues330-370. The first
predicted regions of disorder. PSIPREZB(44) was used

to expand the prediction of secondary structure within the 2The molecular weight reported for vitronectin from our initial
linker region of vitronectin (residues 54.30). PSIPRED .5y ses using sedimentation equilibriusg) was 72 000, using a
was run twice. In one run, regions in which the level of partial specific volume that is typical for proteins of 0.73 mL&)

sequence complexity was low, i.e., immediately adjacent A newer calculation of the partial specific volume that includes the

; ntribution from carbohydrate side chains using SEDNTERP (J. Philo,
repeat sequences, were masked out. Such regions were nc,s:AfI)Iiance Protein Laboratories, Thousand Oaks, CA) indicated a lower

masked out in the second run of PSIPRED. Ordered yajue of 0.705 mL/g. The corrected molecular weight using this revised
structures within proteins form as a result of the specificity partial specific volume is 62 000.
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structural models, from either NMR or threading. For a more
thorough analysis, PSIPREDRI3, 44) was applied to the
sequence of the entire linker region (residues 530) both
with and without the filter to mask low-complexity regions
of the sequence. The results were identical with and without
the filter turned on, indicating that the sequence contains no
low-complexity regions. The entire linker sequence was
predicted to be random coils, with the exception of a short
helical segment of residues 885. Even though the se-
guence was predominantly coils, the prediction does not
necessarily mean that there is a lack of tertiary structure.

GLOBPLOT @7) and DISEMBL @8) are programs
designed to identify disordered or unstructured regions of
proteins. These programs were used for further analysis of
the linker sequence to check for regions that are likely to be
unstructured in solution. GLOBPLOT shows a curve with a
flat to slightly positive slope for the linker region (not
shown). Such a curve suggests a disordered, flexible
structure. The slope of the C-terminal residues was larger
than that of the N-terminal residues, suggesting that the
N-terminal residues are less disordered than the C-terminal
residues of the linker. GLOBPLOT indicated that residues
100-108 are a low-complexity sequence, in contrast to the
results of PSIPRED.

DISEMBL (46) provides three different measures of
protein disorder. All of the residues in the linker sequence
fell into the “loops/coils” classification, which simply means
———SS that the sequence has a low likelihood of being either helical
0.000 0001 0002 0003 0004  0.005 or af-strand. This definition does not imply that the linker

q2 (1 Az) region lacks tertiary structure but rather that there is potential
for it to lack structure. DISEMBL indicates that residues54

I(@) (em™)

In(I(a))

0.00030 - 88 and 105128 are “hot loops”, which are segments
commonly found to have higher than average crystallographic
0.00025 B-factors in the Protein Data Bank. DISEMBL also marks
residues 5461, 81-111, and 126128 disordered by the
< 0000207 “remark465” definition, which are sequences of residues
g from structures deposited in the Protein Data Bank that
= 0.00015 7 commonly belong to regions that cannot be assigned to high-
o resolution portions of the electron density maps. Taken

000010 together, the analyses indeed suggest that some of the linker

sequence of vitronectin lacks tertiary structure. The C-
terminal region of the linker seems to be the region most
0.00000 1 ! likely to be structurally disordered in solution because it was
: T T T . . identified by both DISEMBL and GLOBPLOT.
0 20 40 60 80 100 Structural Modeling. Analysis of the scattering data
r (A) provided insight into the overall shape of vitronectin in
FIGURE 2. (A) Small-angle X-ray scattering intensity data for Solution. The consensus envelope produced by GA_STRUCT
vitronectin. Vitronectin (3.3 mg/mL) was dialyzed into phosphate- (29) is shown in two views in Figure 3. The overall length

buffered saline (pH 7.4). The circles denote the SAXS data, and of the envelope is-110 A. The width is~50 A at the large
the error bars indicate the standard uncertainty in the measurementa, and~40 A at the small end of the structure. The

The smooth curved line is a sample model intensity profile from . . .
the GA_STRUCT 29) modeling. The dashed line corresponds to narrowest point of the structure i35 A. These widths are

the best-fit model produced by CONTRAS3D). (B) Guinier plot in rough agreement with the position of the peakPfr).
of the SAXS intensity data for vitronectin. Data are from panel A. The differences can be attributed to the structural averaging

The Guinier fit @ = 0.924) gives arR; of 30.3+ 0.6 A. (C) that occurs during generation of the consensus envelope by
Interparticle vector length distributioR(r), calculated from SAXS GA_STRUCT. The volume of the consensus envelope is

intensity data)(q), on vitronectin. The data points fit to a smooth .
curve correspond to a maximum dimensiai) of 110 A, and ~111 000 &. The volume estimated from the molecular

the error bars indicate the standard uncertainty in the measurementweight of and partial specific volurfief vitronectin is 73 000
A3, The difference in volume can also be attributed to the

structural averaging that produces the consensus envelope.
and most extensive of these loci spans the linker region Example model intensity profiles for individual models
between the N-terminal SMB domain and the central domain, generated by GA_STRUCT are shown in Figure 2A with
the sole sequence within vitronectin for which there are no the data. The quality of the fit is good, having an avergge

0.00005 +
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(14). Docking of the central and C-terminal domains was
constrained by an interdomain disulfide and provided
instructive results regarding the heparin-binding site found
on vitronectin at the juncture of these domains4)(
However, the inability to model an intervening sequence of
~70 amino acids separating the N-terminal and central
domains prohibited docking as an approach to modeling the
full-length protein in this first computational work. In this
study, we have predicted the relatively unstructured feature
of this ~70-amino acid linker sequence using bioinformatic
approaches. The mostly unstructured nature of this segment
of the vitronectin sequence agrees with numerous studies
showing this region to be highly susceptible to proteolysis
(14).

An important step toward determining the solution struc-
ture for intact vitronectin has been achieved in this work
[ 1 e . using small-angle scattering measurements. The scattering

) . i data and subsequent modeling demonstrate that vitronectin
Ficure 3: Consensus envelope model of vitronectin. The consensus.

envelope produced by GA_STRUCZY] from the SAXS data is 'S extended in solution, exhibiting a subtly bilobed shape.
shown in two orthogonal views. While theab initio modeling by GA_STRUCTZ9) provides

no indication about the domain organization, the model built
value of 0.634. Two additional runs of GA STRUCT using the available information about the structures of
produced similar consensus envelope structures (not shown)vitronectin domains (from NMR and threading) with CON-

A different approach to analyzing the small-angle scat- 1RAST (30) is consistent with the scattering data and the
tering data was pursued, in which structural models from ab initio model indicating the two-lobed structure. As one
threading 14) and the NMR structure of the SMB domain Can see from Figure 5, the volume of the consensus envelope
(10) were used, in combination with a cylinder to represent 1S Somewnhat larger than the volume occupied by the high-
the volume of the unstructured linker region. The ap- resolution model. In fact, the actual difference in volume is
proximation of a flexible or unstructured region with a 37 000 &. The apparently “empty” space, i.e., difference in
cylinder of appropriate volume has been successfully app”edvolume, may be attributed to two different factors. First, the
in developing models of protein kinase A from small-angle resulting consensus envelope is a structural average of several
scattering data3g, 39). The best-fit model produced by independent models. Second, a SAXS measurement observes
CONTRAST @0), having a cylinder with a radius of 12 A, the ensemble of structures present in the sample during the
is shown in two views in Figure 4. The shape of the model course of the exposure. As one can imagine, if the protein
is consistent with the consensus envelope, ignoring theiS flexible in solution, it will appear to occupy a larger
contributions of the carbohydrates. The total molecular Volume. _ o
weight of the carbohydrates is low compared to that of the ~Our calculations indicate an extended arrangement of
remainder of the structure, so it is not surprising that domains, although it is possible that the N-terminal domain
GA_STRUCT did not resolve any consistent structure for and linker sequence have an organization different from that
the carbohydrates. The other cylinder radii tested for the Suggested by the model. As an alternative, the SMB domain
model produced similar results. The main difference lies in could be closer to the central domain, with the linker region
the angle of the SMB domain relative to the cylinder axis. Wrapping around it and extending out the maximum distance
In the case of the 10 A cylinder (not shown), the long axis determined from the scattering data. Such models were not
of this domain produces a more acute angle with the axis of tésted, as it is clear that they cannot satisfy the scattering
the cylinder. As the cylinder radius increases to 20 A, data in a manner that is in reasonable agreement with the
decreasing the length, the long axis of the SMB domain Mmodel produced by GA_STRUCT. A much longer and
becomes nearly parallel to that of the cylinder. In all cases, thinner cylinder would be required to provide a length
the fit to the data is good, with values ranging from 0.589  consistent with thelna, value of 110 A determined from the
for the 12 A radius cylinder to 0.614 for the 18 and 20 A P(r) fitting if the density of the cylinder were kept the same
radius cylinders. The fact that the CONTRAST models fit @s the remainder of the protein. Such a thin region would
the data as well as the GA_STRUCT model suggests thatNot allow the SMB domain to coil back toward the central
the structure adopts a relatively well-defined conformation @nd C-terminal domains in a physically realistic manner and
in solution. To show the similarity of the structures, the high- émain consistent with the GA_STRUCT model. Another
resolution model is shown docked onto the consensuséalternative is to allow the SMB domain to contact any point
envelope in Figure 5. The general shapes of the structureson the surface of the linker cylinder and to allow the cylinder

agree well. to have any volume, with the requirement that the electron
density be scaled appropriately to the volume. This approach,
DISCUSSION unfortunately, adds another degree of complexity to the

The organization of vitronectin into domains proposed modeling and would result in less robust models. The
originally on the basis of sequence alignme#ft, (48) was relatively simple approach taken here was chosen because
corroborated by our more recent application of threading, it did not introduce more free parameters than necessary into
which predicted three domains in human plasma vitronectin the modeling.
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FiGure 4: Vitronectin model using high-resolution structures. Shown in two orthogonal views is the model produced from the SAXS data
by CONTRAST 0) using the available domain structures (Figure 1A) from NMR and threading, and the linker region as a cylinder with
a radius of 12 A. The somatomedin B domain is colored cyan, the linker region amber, the central domain green, the heparin-binding

domain red, and the carbohydrates blue.

The model produced by CONTRASB() reveals some

denoted as the RGD tripeptide sequence in Figure 5. The

interesting features that are supported by other biochemicaljuxtaposition of binding sites for PAI-1 and integrins has

data. Importantly, the SMB domain is well-exposed to the
surrounding solvent, making it accessible to various ligands.
The high-affinity PAI-1-binding site in the SMB domain,
which our NMR work has localized to the vicinity of the
singlea-helix in this cystine-rich domairi(Q), is highlighted

in Figure 5 with the letter P. The binding site for the
urokinase receptor overlaps extensively with this site com-
prising the a-helix (10, 13). Our work using analytical
ultracentrifugation49) and monoclonal antibodie§@, 51)
indicates that PAI-1 binds in a 2:1 stoichiometry to vitronec-
tin. Interestingly, other PAI-1-binding sites residing within
the C-terminal domain have been propos&8, 25), and
sigmoidal binding isotherms support the notion of allosteric
PAI-1 binding effects%2). The structural model provides a
clear separation between the high-affinity PAI-1-binding site
in the SMB domain and a second lower-affinity site found

led to the idea that binding of the two is mutually exclusive.
There is ample evidence that PAI-1 can compete with
integrins for binding to vitronectin under some circumstances
(53, 54). We have recently characterized the assembly of
higher-order PAI-tvitronectin species and have shown that
these multivalent complexes preferentially associate with the
ECM and exhibit enhanced binding to purified integribg, (
55). These data demonstrate that vitronectin can bind
simultaneously to PAI-1 and integrins under other circum-
stances.

Interestingly, our high-resolution structure for the SMB
domain supports this possibility, with a PAI-1-binding
surface that is separated from the RGD sequetfg (n
the NMR structure, the RGD sequence from amino acid 45
to 47 lies within a flexible region of the structurd(j.
Nevertheless, it is unlikely to exhibit such a high degree of

elsewhere. The separation between the N- and C-terminalfiexiility when covalently attached to the remainder of full-
domains in the model shown in Figure 5 makes it conceivable |ength vitronectin. In any case, it is interesting that the RGD

for vitronectin to bind two PAI-1 molecules simultaneously
without steric hindrance.

The binding site for an important class of cell-surface
molecules, the integrin-type receptors, also is found within
the N-terminal domain from residue 45 to 47. This site is

sequence adjoins the relatively unstructured linker sequence
between the N-terminal and central domains. In general,
disordered regions of a protein may undergo disorder-to-
order transitions upon binding to other molecules. Disordered
regions may be involved in DNA recognition, modulation
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Ficure 5: Comparison of the vitronectin models. Two orthogonal views of the model produced by CONTRASdocked into the

GA_STRUCT @9) consensus envelope. The somatomedin B domain is colored cyan, the linker region amber, the central domain green,
the heparin-binding domain red, and the carbohydrates blue. The consensus envelope is colored violet. Binding sites for ligands are indicated

with arrows and labels: P for PAI-1, RGD for integrins, and H for heparin.

of specificity and/or affinity of protein binding, molecular

threading, activation by cleavage, or control of protein
lifetimes (66). In the case of vitronectin, the disordered region
is likely to play a role in modulation of the specificity and/

or affinity of protein binding. For example, it may lend some
conformational adaptability to the RGD sequence in vit-
ronectin. This idea has some support from the work of

complexes, the wide separation between the N- and C-
terminal domains of vitronectin frees up significant room
on the surface for additional contacts to form between the
two vitronectin molecules in the complex. Multimeric forms
of vitronectin have been shown to bind heparin more avidly
(19, 61); the structural model is provocative in this regard,
since one can easily envision the lateral assembly of

Seiffert and co-workers, who suggest that heparin binding vitronectin multimers with adjacent heparin-binding sites that
to a site near the C-terminus promotes a conformational bind along the length of a heparin chain. We previously have
change that more fully exposes the RGD sequence near thgroposed such a mechanism for multivalent, avid binding

N-terminus 67).

of heparin to vitronectin multimersl@), and the structural

The heparin-binding sequence, located at the interfacemodel supports this idea.

between the central and C-terminal domains, is highlighted

in Figure 5 with the letter H. The binding site for heparin is
well-separated from the high-affinity PAI-1-binding site, as
well as from receptor-binding sites for uPAR and integrins.

In conclusion, we have used small-angle scattering to
elucidate the shape of the human plasma vitronectin mono-
mer. These results are the first to produce a model for the
three-dimensional structure of human plasma vitronectin in

The docked central and C-terminal domains /agropeller solution under near-physiological conditions. The protein
structures 14), which have a well-established role in adopts an extended conformation, and the models provide
protein—protein interactionsl4, 58—60). We have hypoth-  useful information about the domain organization of the
esized that the self-association of vitronectin, which occurs protein that is consistent with other data regarding binding

to produce the higher-ordered matrix-associated form of the partners for vitronectin. The structure of the vitronectin

molecule, is mediated through this region richdrsheets
(14). In our model in which the binding of two PAI-1

monomer will serve as a foundation for further studies on
complexes of vitronectin and its various binding partners.

molecules occurs en route to assembly of these higher-ordelin the modern world of structural biology, the characteriza-
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tion of biologically relevant complexes is needed, and similar 13

small-angle scattering approaches are well suited to charac-

terizing these higher-order complexes with more than one
constituent.
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