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Plasminogen activator inhibitor-1 (PAI-1) is a plasma protein that has
been implicated in the processes of hemostasis, angiogenesis and
tumor metastasis. The interaction of PAI-1 with the adhesive glyco-
protein vitronectin is at the intersection of these varied processes.
Vitronectin activates PAI-1 to inhibit fibrinolysis1 that, if excessive, can
trigger coronary thrombosis2. The level of active PAI-1 also directly
influences angiogenesis3,4, and the binding of vitronectin to PAI-1 (ref.
5) affects cell adhesion and motility6. As a consequence, elevated PAI-1
activity correlates with poor prognosis in many cancers3,7.

PAI-1 is an atypical member of the serpin family of serine protease
inhibitors; it has an inherently brief half-life8 because of the sponta-
neous insertion of its intact reactive center loop into the main β-sheet
of the molecule9, which renders the molecule inactive (Fig. 1a). This
transition to the inactive latent form is slowed by binding to vitro-
nectin, a glycoprotein of 70 kDa present in both plasma and the extra-
cellular matrix1,10. Binding to vitronectin stabilizes active PAI-1 and
localizes it to its site of action. Expansion of the main β-sheet of PAI-1,
through either the latency transition or cleavage of the reactive center
loop, results in disruption of the complex and the release of inactive
PAI-1 and unliganded vitronectin. The bulk of experimental evidence
suggests that high-affinity binding and stabilization of PAI-1 is medi-
ated by the somatomedin B domain comprising the first 44 residues of
vitronectin5,11,12. We determined the structure of this domain bound
to active PAI-1 to understand how it stabilizes the active state of PAI-1
and why it releases inactive PAI-1.

RESULTS
Crystallization and structure determination
PAI-1 and the somatomedin B domain of vitronectin were both
expressed recombinantly for cocrystallization trials. Recombinant

PAI-1 was expressed as a constitutively active variant that contains
four stabilizing mutations that extend its active half-life from 2 to
145 h (ref. 13). The further stabilizing effect of the binding of
somatomedin B to this variant form was shown by an accompanying
increase in the melting point of the recombinant PAI-1 from 50 to
70 °C. Somatomedin B bound to PAI-1 in 1:1 stoichiometry to give a
tight complex (Kd ∼ 1 nM) that crystallized in two forms.
Orthorhombic crystals, with a single complex per asymmetric unit,
diffracted to 2.3 Å and provided the solution to the structure (Fig. 1b).
Hexagonal crystals, with four complexes per asymmetric unit, pro-
vided additional confirmation of the location of the binding site on
PAI-1 for somatomedin B at a lower (3.2 Å) resolution.

Structure and binding interactions
The structure of somatomedin B (Fig. 1c) presents a new protein fold,
with the only ordered secondary structure being a single-turn α-helix
and a single-turn 310-helix. The structure reveals the presence of four
disulfide bonds (cysteine residues 5–21, 9–39, 19–32 and 25–31),
which constrain the polypeptide as a novel disulfide-bonded knot.

In the complex (Figs. 1b and 2), somatomedin B binds across the E
and F helices of PAI-1. This general region of PAI-1 was identified as
the probable binding site in a review11 of studies of recombinant
mutants, antibody binding and crosslinking experiments. In one of
these studies, five single point mutations were found specifically to
reduce vitronectin binding: Q55P, F109S, M110T, L116P and
Q123K14. All but the Q55P mutation are in the immediate vicinity of
the binding site (Fig. 2a); the Q55P mutation may exert an indirect
effect by disrupting helix C (residues 52–62).

The binding interactions in the complex are largely hydrophobic,
although there is a strong ionic interaction with Arg101 in the s2A–hE
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loop of PAI-1 (Fig. 2a). The side chain of Arg101 is almost completely
buried in the interface, providing an explanation for the observation
that arginine and guanidinium chloride compete in the binding inter-
action15. The shape of the binding surface is substantially different in
the inactive six-stranded forms, such as PAI-1 with the reactive center
loop cleaved or latent PAI-1 (Fig. 1d), consistent with greatly reduced
affinity of vitronectin for inactive PAI-1.

DISCUSSION
The structure of the PAI-1–somatomedin B complex suggests a simple
mechanism for the stabilization of PAI-1 activity: somatomedin B
slows the transition of PAI-1 to the latent form by blocking the associ-
ated sliding movement of strands 1 and 2 of the main β-sheet into the
gap between helices E and F (Fig. 1d). A similar mechanism, in which
expansion of the main β-sheet is inhibited, had been suggested on the
basis of the location of residues of PAI-1 implicated in the binding
interaction10,14.

The binding to PAI-1 of the somatomedin B domain of vitronectin
also exerts more profound effects by directly blocking the interaction of
vitronectin with the cell-surface integrins required for cellular motil-
ity6 and with the receptor for cell-bound urokinase-type plasminogen
activator (uPAR)16. The somatomedin B domain of vitronectin con-
tains a specific binding site for the receptor for uPAR, which has been
suggested to overlap with the binding site for PAI-1 (ref. 16). Residues
implicated in uPAR binding are clearly blocked in the complex with
PAI-1 (Fig. 2a). PAI-1 can also regulate cell migration in the extracellu-
lar matrix by blocking the interaction between integrin αVβ3 and the
RGD integrin-binding site in vitronectin. In a complex with PAI-1, the

RGD sequence (residues 45–47 of the somatomedin B domain,
Fig. 1b,c) will be positioned close to PAI-1, together with the rest of the
large vitronectin molecule, leaving insufficient room for the RGD
sequence to bind to integrins in the manner seen in the recent crystal
structure of the integrin–RGD ligand complex17. PAI-1 serves as a
switch controlling the interactions of vitronectin; its affinity for vit-
ronectin drops 100-fold when it reacts with target proteinases such as
uPA10, with its release exposing binding sites on vitronectin for uPAR
(to which uPA is typically bound) and integrins.

Thus, the preferential binding of the somatomedin B domain by
PAI-1 leads to a concordance of events—activation of PAI-1 and the
steric blocking of cell surface interactions with vitronectin. The levels
of active PAI-1 control angiogenesis3,4 and the blocking of binding
sites on vitronectin directly affects cell migration6. Imbalances in these
processes have particular significance in malignancy, and there is now
convincing evidence that elevated levels of active PAI-1 directly favor
the growth and dissemination of tumors. In mice with deficient
expression of PAI-1, tumor invasion and vascularization by malignant
keratinocytes was prevented but was subsequently restored by trans-
genic expression of PAI-1 (ref. 18). Clinical studies of thousands of
cases of breast cancer7, together with smaller but consistent studies of a
range of other tumors19, all show a correlation between increased PAI-
1 levels and decreased lengths of remission or overall survival.

Paradoxically, elevated levels of uPA, one of the target proteinases of
PAI-1, are also associated with a poor prognosis in cancer7. This
implies that PAI-1 and uPA do not simply act as antagonists. One
hypothesis is that a balanced level of PAI-1 and uPA is required to
alternately disrupt and re-form interactions of vitronectin with uPAR
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Figure 1 Ribbon diagrams of the complex and its
components. (a) Latent PAI-1 (ref. 9). In this
structure, the reactive center loop is inserted as
strand 4 (red) of an expanded sheet A (cyan),
changing the shape of the binding site (yellow) for
somatomedin B. (b) The somatomedin B domain
(gray with pink disulfide bridges) binding to the
region comprising helix E, strand 1A and helix F
(green) of active PAI-1. Dashed lines indicate
disordered residues in the reactive center loop
(RCL) of PAI-1 and residues leading to the RGD
sequence of somatomedin B. (c) The
somatomedin B domain (blue at N terminus to
red at C terminus), showing disulfide bridges
(pink) and side chains of residues that interact
with PAI-1. The sequence highlights disulfide
bridges (brackets), residues conserved among
mammalian vitronectin sequences (bold italic),
residues with side chains contacting PAI-1 (red)
and the RGD motif (blue). (d) Comparison of the
active (green) and latent (yellow) conformations
of PAI-1 showing how the shape of the binding
surface changes upon latency.
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at the leading edge of cell migration3. A second hypothesis is that the
reaction of PAI-1 with uPA in its complex with uPAR causes the
assembly to be endocytosed by the low-density lipoprotein
receptor–related protein (LRP), thus breaking interactions mediated
by uPAR20. These hypotheses are not mutually exclusive and may
apply to different cell types with different balances of adhesive factors.

Not surprisingly, there has been much interest in the development
of agents to block binding of PAI-1 to vitronectin. Natural products

including fungal agents and a wide range of small drugs have been
tested21 but the search has been hindered by the lack of a definitive
binding site. Here we see that high-affinity binding takes place at a site
that is both circumscribed and precise, and therefore an appropriate
target for the specific design of blocking agents. Such agents would not
only be prospects for use in treating cancer but would have potential
applications as antithrombotic agents.

METHODS
Protein preparation. The recombinant PAI-1 stable quadruple mutant13 was
prepared as described. To prepare the recombinant somatomedin B domain, the
DNA fragment encoding the first 110 amino acids of vitronectin22, together
with a His6-tag and a Met at the N terminus, was cloned into expression vector
pGEX-4T2 (Amersham). The recombinant somatomedin B domain was
expressed as a fusion protein with glutathione S-transferase in E. coli strain
AD494(DE3) (Novagen), purified by nickel-chelating column following the
standard procedure and lyophilized after dialysis against water. Both the recom-
binant fusion protein and plasma vitronectin were digested with a 100-fold
molar excess of CNBr in 10 mM HCl at room temperature for 16 h, and the
digest was analyzed on a Prodigy ODS3 column (Phenomenex) with a 10–40%
(v/v) methyl cyanide (MeCN) gradient in 0.1% (v/v) trifluoroacetic acid (TFA).
The 51-amino-acid peptide containing the somatomedin B domain and RGD
motif of vitronectin, denoted as the SMB peptide, was identified by liquid chro-
matography–mass spectrometry and N-terminal protein sequencing. This
recombinant SMB has an HPLC retention time identical to that of SMB derived
from human plasma vitronectin. The fractions containing SMB were collected,
further purified on the Prodigy ODS3 column and lyophilized. The molecular
weight of SMB (both recombinant and plasma-derived forms) was determined
by electron spray mass spectrometry to be 5,762 Da (the C-terminal methionine
is converted to lactone). The difference of 8 Da from the calculated molecular
weight of 5,770 Da indicates that the eight cysteine residues form four disulfide
bonds. Fluorescence titration showed that SMB binds to PAI-1 at a 1:1 molar
ratio, and a thermal stability study by CD showed that the PAI-1–SMB complex
has a melting point of 70 °C, 20 °C higher than that of PAI-1.

Crystallization, data collection and structure solution. The PAI-1 mutant 
(3 mg ml–1) was mixed with SMB at a 1:1 molar ratio in 10 mM sodium acetate
and 50 mM NaCl. Crystals of the complex were grown at 4 °C by the hanging-
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Figure 2 Stereo view of interacting residues in
the PAI-1–SMB interface. (a) The region of the
somatomedin B domain that interacts with PAI-1
overlaps extensively with that involved in the
interaction with uPAR, as alanine-scanning
mutagenesis has shown that residues Asp22,
Glu23, Leu24, Tyr27 and Tyr28 of vitronectin
(highlighted with magenta bonds) are important
for the interaction with uPAR16. Somatomedin B
coloring ranges from blue at the N terminus to red
at the C terminus. (b) Electron density from the
final σA-weighted26 map showing the interaction
between helix F (hF) of PAI-1 (gray bonds) and
the loop comprising residues 23–28 of SMB (pink
bonds). The map is contoured at a level of 1.25×
the r.m.s. electron density. For clarity, contours
>2 Å from an atom in the figure are omitted.

Table 1  Data and refinement statistics

Diffraction data

Resolution (Å)a 45.0–2.28 (2.37–2.28)

Unique reflectionsa 20,251 (2,204)

Redundancya 12.2 (7.0)

Completeness (%)a 99.95 (99.95)

Rmerge
a,b 0.112 (0.733)

Refinement

Rcryst
a 0.196 (0.272)

Rfree
a 0.252 (0.343)

Number of atoms

Protein 3,187

Solvent 137

R.m.s. deviation from ideality

Bonds (Å) 0.012

Angles (°) 1.3

Average B-value (Å2)

PAI-1c 26.0 (42.1)

Somatomedin Bc 31.8 (67.5)

Solvent 44.1

aNumbers in parentheses refer to high-resolution shell. bRmerge = Σ|I – <I>| / ΣI. cValues
in parentheses include isotropic equivalent of TLS contribution.
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A R T I C L E S

drop method, mixing 1 µl of complex solution with 1 µl of well solution 
(2–9% (w/v) PEG 12000 and 50 mM HEPES, pH 7.4). Crystals grew to full size
in 2 weeks. These crystals were hexagonal (space group P61, with a = b = 92.7 Å
and c = 504.7 Å), with four complexes per asymmetric unit, and generally suf-
fered from twinning. Data were collected to a resolution of 3.2 Å at beamline
14.2 of the Daresbury SRS. Four copies of the active PAI-1 structure23 were
positioned in the asymmetric unit by molecular replacement. The resulting
map showed electron density between helices E and F of all four copies of 
PAI-1 but could not be interpreted in detail at this resolution. The addition of
0.5 µl of 50% (v/v) PEG 400 to the drops yielded a new orthorhombic crystal
form in space group P212121 with a = 47.50 Å, b = 90.09 Å and c = 100.16 Å.
Data for the orthorhombic form were collected to a resolution of 2.3 Å from a
single frozen crystal on APS beamline 19-ID and processed with HKL2000
(ref. 24). The structure was solved by molecular replacement with Beast25,
using the structure of the stable mutant of PAI-1 in the active conformation23 as
a model. The SMB domain was built into σA-weighted26 electron density
phased with the incomplete model using O27 and refined using a translation,
libration, screw (TLS) model of thermal motion in REFMAC5 (ref. 28). Other
calculations were carried out with programs from the CCP4 suite29. The final
model includes residues 6–337 and 348–379 of PAI-1 and 3–39 of SMB.
Crystallographic statistics are presented in Table 1. The structure was validated
with PROCHECK30; 89.9% of residues are in the most favored regions of the
Ramachandran plot, with only one residue in the generously allowed region
and none in the dis-allowed region. Molecular graphics figures were prepared
with MolScript31 and Raster3D32, with the exception of electron density in
Figure 2b, which was prepared with BobScript33 and Raster3D32.

Coordinates. Atomic coordinates and structure factors have been deposited in
the Protein Data Bank (accession code 1OC0).
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