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ABSTRACT: The serine protease thrombin plays multiple
roles in many important physiological processes, especially
coagulation, where it functions as both a pro- and
anticoagulant. The polyanionic glycosaminoglycan heparin
modulates thrombin’s activity through binding at exosite II.
Sucrose octasulfate (SOS) is often used as a surrogate for
heparin, but it is not known whether it is an effective heparin
mimic in its interaction with thrombin. We have characterized
the interaction of SOS with thrombin in solution and
determined a crystal structure of their complex. SOS binds
thrombin with a Ky of ~1.4 uM, comparable to that of the
much larger polymeric heparin measured under the same
conditions. Nonionic (hydrogen bonding) interactions make a

larger contribution to thrombin binding of SOS than to heparin. SOS binding to exosite II inhibits thrombin’s catalytic activity
with high potency but with low efficacy. Analytical ultracentrifugation shows that bovine and human thrombins are monomers in
solution in the presence of SOS, in contrast to their complexes with heparin, which are dimers. In the X-ray crystal structure, two
molecules of SOS are bound nonequivalently to exosite II portions of a thrombin dimer, in contrast to the 1:2 stoichiometry of
the heparin—thrombin complex, which has a different monomer association mode in the dimer. SOS and heparin binding to
exosite II of thrombin differ on both chemical and structural levels and, perhaps most significantly, in thrombin inhibition. These
differences may offer paths to the design of more potent exosite II binding, allosteric small molecules as modulators of thrombin

function.

hrombin plays a major role in the hemostasis/coagulation
system' ™ and is an important mediator of cellular
processes, such as activation of platelets,”® monocytes,”
microglial cells,® and dendritic cells,” which are implicated in
vascular and neural inflammation®'*"" and tumor metastasis.""
Most of these functions are a consequence of thrombin’s
proteolytic activity. In its hemostatic role, thrombin catalyzes
the cleavage of fibrinogen to fibrin monomers, which
polymerize with the aid of factor XIIla to form a clot. Factor
XIIIa and several other proteins of the coagulation cascade, e.g,,
factors Va and VIIla, are generated through the proteolytic
action of thrombin."" In direct opposition to this procoagulant
role, thrombin also exerts an anticoagulant role by proteolytic
processing of protein C in the presence of thrombomodulin,
an endothelial cell surface receptor."'> Thrombin’s cellular
effects arise through its cleavage of protease-activated receptors
(PARs), a family of G-protein-coupled receptors present on
a large number of cells. Of the four known PARs, thrombin
activates isoforms 1, 3, and 4, with major physiological and
pathological consequences.”” '3
Thrombin’s high-specificity interaction with so many
substrates is mediated in part by two anion-binding exosites,
which are approximately 10—20 A from its active site. Exosite I
is formed by several lysines and arginines interspersed with
a few hydrophobic residues and is involved in binding to
fibrinogen, fibrin, hirudin, and other proteins.>*'* Diametrically
opposed to exosite I is another patch of electropositive residues
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constituting exosite II, also known as the heparin-binding
site. Exosite II consists of Arg93, Argl0Ol, Argl26, Arglés,
Arg233, Lys23S, Lys236, and Lys240 residues (chymotrypsin
numbering) and is an expansive area (~25 A long) that can
accommodate a six-unit fragment of heparin. In addition to
interacting with heparin, exosite II engages the anionic
chondroitin sulfate moiety present in thrombomodulin'®'®
and also the anionic C-terminal domain of hemeadin, a
peptide from the leech Haemadipsa sylvestri'* A group of
chemoenzymatically prepared sulfated low-molecular weight
lignins has been found to bind in or near exosite II of
thrombin,'”'®

Exosite I-ligand interactions induce conformational changes
in the active site of thrombin, thereby influencing the specificity
and reactivity of the protease toward its macromolecular
substrates.* The ligands also affect the catalytic efficiency (kca/
Kyi) of hydrolysis of small peptide substrates, albeit in an
unpredictable manner. For example, studies with hirugen, the
C-terminal dodecapeptide of hirudin, show that the catalytic
efficiency increases or decreases depending on the nature of the
chromogenic substrate used to measure activity.'”™>* Likewise,
the effect of exosite II ligands on the k/Ky of thrombin
appears to be ligand-dependent. For example, sulfated lignins
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induce inhibition of proteolytic activity,'” while heparins do
not,”"** although the latter affect the fluorescence properties of
p-aminobenzamidine (PABA) used as an active site probe.”> An
exhaustive re-evaluation of allosteric effects on thrombin
function revealed significant ligand-specific coupling between
each of the two exosites and the active site, but insignificant
interexosite coupling,**

Modulation of thrombin’s proteolytic activity by exosite
ligands affords an opportunity for the development of specific
allosteric effectors. It is surprising that despite the plethora of
allosteric interactions reported in the literature, nearly all
inhibitors of thrombin have been designed to target its active
site.”>*® A primary reason for this is the difficulty of designing
small anionic scaffolds that will specifically target the electro-
positive exosites of thrombin. The exosites are surface-
exposed, shallow depressions on the thrombin surface, rather
than well-defined, deep binding sites, which typically are
easier to target. The high electropositive character of these
exosites is likely to attract practically any collection of anions,
thereby degradmg the specificity of the interaction, as noted
with heparin.*® Finally, the absence of appropriate tools, such
as a maneuverable small lead ligand and a molecular modeling
protocol, adds to the difficulty of designing allosteric effectors.

With the goal of designing specific, small, synthetic allosteric
modulators of thrombin function, we studied the interaction of
SOS with BT and HT at the molecular level. SOS is a highly
sulfated disaccharide known to mimic polymeric heparin

(Figure 1) and to bind in exosite II of thrombin.”” It may
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Figure 1. Structures of heparin octasaccharide H8 and sucrose
octasulfate.

thus serve as a possible lead scaffold in structure-based drug
design. We have characterized the equilibrium binding of SOS
to active thrombin in solution and have studied its effects on
thrombin’s catalytic activity. We have parsed the contributions
of ionic and hydrogen bond interactions to thrombin—SOS
complex stabilization and find significant differences between
it and that of the thrombin—heparin complex. Interestingly,
SOS inhibits thrombin to a small extent and is thus the first
carbohydrate-based inhibitor of this protease. We also
determined the crystal structure of the SOS complex with
BT, which shows that two SOS molecules bind in exosite II
between the opposed carboxyl termini of the thrombin dimer
that constitutes the asymmetric unit of the crystal lattice. This
thrombin crystal dimer has a monomer association mode
different from that observed in the PPACK-HT-LMWH
complex.”® A consequence of this difference is that one SOS
molecule in the BT—SOS complex binds at the same locus as
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heparin in exosite II of HT through interactions almost
exclusively with one BT monomer, while a second SOS binds at
an adjacent locus, interacting with both exosite II portions of
the juxtaposed BT monomers of the dimer. These studies
provide evidence for distinctions in the mode and nature of
SOS and heparin binding at exosite II of thrombin and in their
effects on catalytic activity. Finally, they affirm the possibility of
designing specific, small, synthetic allosteric inhibitors of
thrombin targeted to exosite IL

B EXPERIMENTAL PROCEDURES

Materials. Human and bovine a-thrombins were purchased
from Haematologic Technologies, Inc. (Essex Junction, VT) as
10 mg/mL solutions in a glycerol/water (1:1, v/v) mixture.
p-Phenylalanyl-L-prolyl-L-arginine chloromethyl ketone and
SOS were purchased from Biomol International (now Enzo
Life Sciences International, Inc, Plymouth Meeting, PA).
Sodium heparin was from Arcos, and Spectrozyme TH was
purchased from American Diagnostica (Greenwich, CT).
Clinically used Lovenox (enoxaparin, Sanofi-Aventis) was
purchased from the Virginia Commonwealth University
Hospital pharmacy. Deionized distilled water (18.2 MQ)
from Fisher Scientific (Agawam, MA) was used to prepare all
buffers. p-Aminobenzamidine was purchased from Sigma-
Aldrich (St. Louis, MO), and other chemicals were from either
Sigma-Aldrich or Fisher Scientific. All measurements, including
the crystal structures, were taken at Na' concentrations far
above that for saturation of the Na* binding site of thrombin.*

Thermodynamics of Thrombin Binding to SOS. The
equilibrium dissociation constant (Kp) of the HT—SOS
complex at 25 °C was measured in 20 mM sodium phosphate
buffer (pH 7.4) containing 0.1 mM EDTA, 0.1% (w/v) PEG
8000, and varying concentrations of NaCl (50—250 mM). In
this range of sodium concentrations, thrombin will be entirely
in the high-sodium form. The active site binding probe, PABA,
was used as a fluorescent reporter group for ligand binding at
exosite I1.>*" PABA binds noncovalently in the P1 specificity
pocket of trypsin-like serine proteases, including thrombin.
Although the P1 specificity pocket of thrombin lies on the
opposite side of the thrombin molecule from exosite II, at a
distance of ~25 A, PABA bound in that pocket shows
fluorescence changes on binding of heparin to exosite IL In the
experiments described here, a subinhibitory concentration of
PABA (10 M) was used, well below its Kp of ~60—80 uM,*°
so that only a small fraction of thrombin molecules are bound.
Fluorescence experiments were performed in PEG 20000-
coated cuvettes using a QM4 spectrofluorometer (Photon
Technology International, Birmingham, NJ) in ratio mode. The
fluorescence of the HT—PABA complex (Agy = 370 nm; Agx =
345 nm) as a function of the addition of aliquots of SOS was
measured with correction for dilution. SOS does not absorb
significantly at either 345 or 370 nm, and hence, no inner filter
corrections were necessary. The slit widths on the excitation
and emission side were 1 and 2 mm, respectively. The decrease
in the magnitude of the fluorescence signal due to SOS binding
at exosite 2 was fitted to the quadratic equilibrium binding
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equation (eq 1) to obtain the Kp of interaction:
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where AF is the change in fluorescence relative to the initial
fluorescence F, on formation of the complex following each
addition of SOS and AFyax is the maximal change in
fluorescence observed upon saturation of thrombin ([T],). A
binding stoichiometry of 1:1 was determined for the SOS—HT
complex using stoichiometric titrations with PABA as a probe
of interaction (data not shown). This stoichiometry is
consistent with the crystal structure of the complex and with
the analytical ultracentrifugation results.

The contribution of ijonic and nonionic binding energy to
HT—SOS interaction was derived from measurement of Kp in
buffers of varying ionic strength using eq 223263237

Kp,ops = Kpnp + PZ X log[Na*] )

In the absence of any added NaCl, the ionic strength (I) of
the buffer is 0.035 at pH 7.4. Higher ionic strengths were
achieved via addition of NaCl, whose concentration ranged
from 50 to 250 mM for the measurements that were taken.
In eq 2, Kp i is the dissociation constant at 1 M Na™; Z carries
information about the number of charge—charge interactions,
and ¥ is the fraction of monovalent counterions released per
negative charge following binding of SOS to thrombin.

Direct Inhibition of Thrombin by SOS. The direct inhibi-
tion of HT and BT by SOS was assessed through a
chromogenic substrate (Spectrozyme TH) hydrolysis assay, as
previously described for sulfated lignins'”'® and also adapted to
a 96-well plate format performed on a microplate reader. In the
former, a 1—10 uL sample of SOS was diluted with 20 mM
sodium phosphate or 20 mM Tris buffer (pH 7.4) containing
150 mM NaCl, 0.1 mM CaCl, or 0.1 mM EDTA, and 0.1%
(v/v) PEG 8000 at room temperature in a PEG 20000-coated
polystyrene cuvette. A solution of either 0.5 or 1.0 uM
a-thrombin was added followed either immediately or after
incubation for 10 min at room temperature by addition of
15—50 uL of 1—2 mM Spectrozyme TH. The final volume of
the assay was 1000 uL, and the final concentrations of
a-thrombin and Spectrozyme TH were 5 nM and 50 uM,
respectively. The initial rate of increase in absorbance at
405 nm was measured for up to 500 s. In the 96-well plate
format, 187 uL of a solution of SOS in 20 mM phosphate
buffer (pH 7.4), 150 mM NaCl, 0.1 M EDTA, and 0.1%
PEG 8000 was incubated with 5 yL of 500 nM thrombin at
25 °C in wells of a 96-well plate for 10 min. Following
incubation, 8 uL of 1 mM Spectrozyme TH was added, and
the initial change in absorbance at 405 nm was measured
(final concentrations of thrombin and Spectrozyme TH were
12.5 nM and 40 mM, respectively). The fractional thrombin
activity at each concentration of SOS was calculated using
the activity measured under otherwise identical conditions in
the absence of SOS. Logistic eq 3 was used to fit the dose
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dependence of relative thrombin activity to obtain the ICs:
M-Y,
(log[SOS], —log ICso) XHS

Y=Y, +
(3)

where Y is the ratio of thrombin activity in the presence of
SOS to that in its absence, Yy and Y, are the maximum and
minimum possible values of fractional thrombin activity,
respectively, ICso is the concentration of SOS that results in
50% inhibition of thrombin, and HS is the Hill slope. Sigmaplot
8.0 (SPSS, Inc., Chicago, IL) was used to perform nonlinear
curve fitting in which Yy, Y, ICso, and HS were allowed to
float.

Inhibition by SOS of Cleavage of Fibrinogen by
Thrombin. The inhibition of HT cleavage of fibrinogen by
SOS was measured in a turbidimetric assay, as previously
described for sulfated lignins.>> A 48 L sample of SOS was
diluted with 950 yL of 20 mM sodium phosphate (pH 7.4)
containing 40 mg/mL human fibrinogen, 100 mM NaCl, 0.1
mM EDTA, and 0.1% (v/v) PEG 8000 at room temperature in
a PEG 20000-coated polystyrene cuvette. Two microliters of
2.65 yM human a-thrombin was added, and the increase in
turbidity at 600 nm was measured immediately for up to 300 s.

Competitive Binding Studies with Low-Molecular
Weight Heparin and SOS. Inhibition of thrombin by SOS

was performed in the presence of S0 uM LMWH using the
96-well plate format. A 192 uL solution of SOS and thrombin
with S0 uM LMWH in 20 mM phosphate buffer (pH 7.4)
containing 150 mM NaCl, 0.1 mM EDTA, and 0.1% PEG 8000
was incubated at 25 °C for 10 min. Following incubation, 8 uL
of 1 mM Spectrozyme TH was added and the initial change in
absorbance at 405 nm measured. A thrombin concentration
of 12.5 nM was found to give sufficient signal at various
concentrations of the chromogenic peptide for reproducible
results. The dose dependence of the fractional residual
proteinase activity at each concentration of the competitor
was fitted by eq 3 to obtain the apparent concentration of SOS
required to reduce thrombin activity to 50% of its initial value
(ICs0,4pp)- Quantitative comparison of competitive binding was
performed using the Dixon—Webb relationship (eq 4). In this
equation, Kyywy is the dissociation constant of the thrombin—
LMWH complex, which has been reported to be ~60 uM.>

]o )
(4)

[LMWH
ICSO,apP = ICSO 1+ K—
LMWH

Thrombin—SOS Crystal Structure Studies. BT was
exchanged into 10 mM Tris (pH 8.0) and S0 mM NaCl by
repeated dilutions and concentration in an Amicon YM-10
centrifugal concentrator. Aliquots of 10 uL were stored at
—80 °C and diluted to 7 g/L with the same buffer at the time of
use. The BT—SOS complex was formed by incubation of
20 mM SOS with BT at 7 mg/mL for 1 h. This incubated
solution was then set to crystallize in hanging drops under
conditions optimized from those described by Iyaguchi et al.**
A 4 pL drop of BT—SOS incubation solution was mixed with
4 pL of precipitant reservoir solution consisting of 0.1 M
sodium citrate (pH 6.2), 20% (w/v) PEG 3350, and 15% (v/v)
2-propanol and equilibrated against the reservoir solution at
room temperature. Isometric crystals of 0.5 mm grew under
these conditions and diffracted to 2.2 A resolution. An identical
crystal form was obtained with 1 mM CaCl, added to the
precipitant under otherwise identical conditions. These latter

1+10
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Table 1. Crystallographic Data Collection and Refinement

3PMB

Data Collection

resolution (A)

I/o(I) (highest-resolution shell)

% completeness (highest-resolution shell)
Nobs

multiplicity (highest-resolution shell)
Rinerge (highest-resolution shell)

39.2—2.80 (3.00—2.90)
72 (4.4)

84.6 (6.6)

14843

4.19 (4.62)

0.158 (0.314)

Refinement

resolution (A)
Ryonc (highest-resolution shell)
Riee (highest-resolution shell)
Nyork
Nree
Nitoms
(Bprotein)
(Buater)
(Biigand)
rmsd from ideal
bond lengths (A)
bond angles (deg)
Ramachandran plot
no. of residues in most favored
regions
no. of residues in additionally allowed
regions
no. of residues in generously allowed
regions

no. of residues in forbidden regions

15.0-2.90 (2.97—2.90)
0.242 (0.289)
0.301 (0.368)

3PMA

29.72—2.20 (2.28-2.20)
13.5 (62)

99.8 (100.0)

38669

7.88 (9.04)

0.083 (0.311)

27.8-2.20 (2.26—2.20)
0.204 (0.267)
0.245 (0.327)

13968 36728
746 1938
4514 4904
334 44.8
11.9 314
29.6 84.2
0.01 0.008
123 1.24
396 410
63 59

2

1

crystals were back-soaked stepwise into the same precipitant
solution in which the citrate buffer was replaced with bis-Tris
to minimize possible competitive effects of citrate on SOS
binding. These crystals diffracted to 2.4 A resolution.
Diffraction intensity data were collected without further
cryoprotection from crystals at 100 K on a Rigaku Micromax
007a instrument with Varimax confocal optics and an RAXIS
IV detector over 180° in @ in 0.5° steps. Intensity data were
integrated, scaled, and merged using d*trek and converted to
amplitudes with TRUNCATE in the CCP4 program suite. The
space group was inferred to be P432,2, the same as that of the
unliganded BT crystals obtained under these conditions. (The
unliganded BT crystals diffracted to only 3.2 A resolution and
had one lattice dimension significantly longer than that of the
SOS-complexed thrombin crystals.) The Matthews coefficient
indicated two molecules of BT per asymmetric unit. A
molecular replacement solution was found using PHASER 2.1
and the coordinates of the BT light and heavy chains from
RCSB Protein Data Bank (PDB) entry IMKX as a search
model. The model was initially refined via Cartesian simulated
annealing using Phenixrefine and then further refined by
alternating cycles of manual fitting in COOT and computa-
tional refinement in REFMAC. Statistics for the final refined
model structure are listed in Table 1. Coordinates and structure
factors for the unliganded BT and SOS—BT crystal structures
have been deposited in the Protein Data Bank as entries 3PMB
and 3PMA, respectively.

Analytical Ultracentrifugation of Thrombin—SOS and
Thrombin—Heparin Complexes. BT was diluted to
1.2 mg/mL in 10 mM Tris-HCI buffer (pH 8) and 50 mM
NaCl and human thrombin to 0.5 mg/mL in the same buffer.
Samples (420 uL) of thrombin alone and thrombin with
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20 mM SOS, equimolar LMWH, or equimolar unfractionated
heparin (UFH) with a buffer sample were run at 45000 rpm
overnight at 20 °C in a Beckman Coulter Proteome Lab XL-I
analytical ultracentrifuge. Absorbance and interference scans
were recorded until the boundary moved to the bottom of the
cell. The continuous distribution ¢(M) analysis was performed
using SEDFIT (https://sedfitsedphat.nibib.nih.gov). Sy, values
were calculated for various oligomer complexes from the crystal
structures of the PPACK-HT—LMWH complex (PDB entry
1XMN) and the BT—SOS complex using Hydropro version 7.c.>

B RESULTS

Thrombin Binds to SOS with High Affinity. To test
whether SOS associates with thrombin, we used a fluorimetric
method similar to that used for measuring the affinity of
heparin for thrombin.** In the original method, the interaction
of heparin in exosite II of thrombin decreases the fluorescence
of the noncovalent, active site-bound PABA probe in a
saturable manner, which can be fitted by the quadratic binding
eq 1 to obtain a Kp. The interaction of SOS with exosite II of
HT resulted in a maximal decrease in fluorescence at 370 nm of
approximately 5% in 20 mM sodium phosphate buffer (pH 7.4)
containing 50 mM NaCl, 0.1 mM EDTA, and 0.1% PEG 8000
(Figure 2A).

This maximal decrease was less than that measured for
heparin (~13—17%) but was consistent and independent of the
concentration of thrombin used in the experiment. Fitting eq 1
to the data gave a Kp of 1.4 uM, which is remarkably close
to that measured for full-length heparin (1.45 M) under
identical conditions (pH 7.4, I = 0.085, 25 °C).*® The affinity
corresponds to a free energy of binding of 7.9 kcal/mol

dx.doi.org/10.1021/bi2004526 | Biochemistry 2011, 50, 69736982


https://sedfitsedphat.nibib.nih.gov

Biochemistry

0.00

-0.02

AF
— 004
Fo

-0.06

-0.08

[SOSlo (M)

300 400 500

log Kpogs (M

-7.0 T T g
-1 08 0.6

log [Na*] (M)

04

Figure 2. (A) Interaction of SOS with human thrombin at pH 7.4 and
25 °C in the presence of 50 (O), 150 (0), and 250 mM NaCl (A\).
The decrease in fluorescence of the bound external probe, PABA
(Apx = 345 nm; Agy = 370 nm), that accompanies binding of SOS was
used to calculate the Kpops of the SOS—thrombin complex. Solid
lines represent nonlinear fits to the data using quadratic eq 1. (B)
Dependence of Kp ops on the ionic strength of the medium at pH 7.4.
The solid line represents a linear regression fit using eq 2.

Table 2. Interaction of SOS with Human @-Thrombin at pH
7.4 and 25 °C

Kp,ops (uM)“ AFyax (%)° AG® (kcal/mol)
50 mM NaCl 14 + 03" —4.8 + 0.1 7.9 + 0.1
150 mM NaCl 22 + 4 —64 +03 64 + 02
250 mM NaCl 149 + 25 —92 + 0.6 52 402

“Measured spectrofluorometrically using a saturable decrease in
fluorescence (dgm = 370 nm) of PABA due to the binding of SOS
to thrombin. See Experimental Procedures for details. “Errors
represent one standard error.

(Table 2), suggesting a surprisingly high-affinity interaction for
such a small disaccharide structure. Similar measurements with
BT, for which the crystal structure with SOS was determined,
gave a comparable Kp of 4.0 + 0.4 uM (data not shown).

The High Affinity of SOS for Thrombin Originates
from Multiple lonic Interactions. To determine the nature
of the interactions of SOS with HT, the dissociation constant
(KD,OBS) was measured as a function of NaCl concentration.
According to the protein—polyelectrolyte theory,>>*° log-
[Kp.ops] is linearly dependent on log[Na't] with an intercept
of log Kpni (see eq 2), where Kpni is the equilibrium
dissociation constant due to nonionic forces. This relationship
provides the binding energy due to ionic forces (AG°1onic)
from the slope and that due to nonionic forces
(AG°~on-10n1c) from the intercept of the linear plot.

The affinity of thrombin for SOS at several salt con-
centrations was measured fluorimetrically, as described above.
In all cases, the maximal change in fluorescence was
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consistently in the range of 5—8% (Figure 2A). The log
Kp ops increased linearly with log[Na™] at pH 7.4 for the HT—
SOS interaction (Figure 2B). The slope of this line was
calculated to be 3.8 + 0.5 versus a slope of 4.8 + 0.2*° for full-
length heparin, indicating similar ionic interactions of the two
polyanions. This corresponds to an ionic binding energy of
4.5 kcal/mol under physiological conditions (pH 7.4, I = 0.1,
25 °C). Full-length heparin was found to make approximately
six ionic interactions (5.8 + 0.2) with HT,*® which corresponds
to an ionic binding energy of 5.7 kcal/mol. The comparable
ionic binding energies of SOS and heparin to HT indicate that
these two ligands make a similar number of ionic bonds in their
complexes.

The intercept (log Kpni) of the linear plot for binding of
SOS to HT was found to be —1.8 + 0.4 (Figure 2B). This
corresponds to a Kpnon-tonic of 16.6 + 6.3 mM, which
implies a contribution of 2.4 kcal/mol due to nonionic forces.
This contribution of nonionic forces to the binding affinity of
SOS for HT calculates to approximately 35% of the total
binding energy at physiological ionic strength (pH 7.4, I =
0.15), a substantial contribution that most probably arises from
multiple hydrogen bonds. In comparison, the nonionic affinity
of full-length heparin was measured to be 200 + 100 mM,
suggesting a much smaller contribution of nonionic forces to
the heparin—HT complex”" than the SOS—HT complex. This
implies that the SOS—HT complex is characterized by an
approximately 12.5-fold higher nonionic contribution than the
heparin—HT complex.”?

SOS Inhibits Thrombin with High Potency but Weak
Efficacy. Although heparin binding to exosite II results in a
change in the fluorescence properties of PABA bound in the
active site of thrombin, heparin is not a direct (antithrombin-
independent) thrombin inhibitor. It has been reported that
SOS weakly (<10%) inhibits thrombin hydrolysis of CBS31.39
(CH3S0,-p-Leu-Gly-Arg-p-nitroanilide) ,*” and we have further
tested this effect using a different substrate. Thrombin activity
was measured under pseudo-first-order conditions in 20 mM
sodium phosphate or 20 mM Tris buffer (pH 74, I = 0.15,
25 °C) in a spectrophotometric assay using Spectrozyme TH
substrate, as previously performed for sulfated lignins.'”'® As
the concentration of SOS increased, the proteolytic activity
decreased in a sigmoidal manner (on a semilog plot) (Figure 3A).
This decrease could be fitted using the sigmoidal dose
dependence (eq 3) to derive an ICs of 4.5 + 1.1 uM with a
Hill slope of 1.5 + 0.5. For an allosteric, noncompetitive
inhibitor, the ICso correlates well with the inhibition constant
(K1), and therefore, this result suggests that SOS is a fairly
potent inhibitor of thrombin. Considering that most GAG-
binding sites are surface-exposed and shallow and are not
conducive to high affinity, the low micromolar potency of a
small, highly sulfated molecule, SOS, is striking.

To test whether the ability to inhibit thrombin hydrolysis
of small chromogenic substrates translates into the ability to
inhibit cleavage of macromolecular substrates, we measured
thrombin cleavage of human plasma fibrinogen in the presence
of SOS. Fibrinogen cleavage results in the formation of poly-
meric fibrin, which reduces transmittance at 600 nm. Fibrinogen
cleavage profiles measured in the presence of 0.7—1.8 mM SOS
show a gradual increase in the lag time of cleavage (Figure 3B),
suggesting that SOS inhibits the thrombin-catalyzed fibrinogen
cleavage reaction.

dx.doi.org/10.1021/bi2004526 | Biochemistry 2011, 50, 69736982
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Figure 3. (A) Direct inhibition of human a-thrombin by SOS or
enoxaparin. The assay mixture consisted of 20 mM sodium phosphate
or Tris-HCI buffer (pH 7.4) containing 150 mM NaCl, 0.1% PEG
8000, and either 0.1 mM EDTA or 0.1 mM CaCl, at 25 °C. Thrombin
inhibition was measured spectrophotometrically using the Spectrozyme
TH hydrolysis assay: (O) SOS and (M) enoxaparin. For the SOS data,
the solid line represents the dose—response fit that yields ICso and the
Hill slope (eq 3), as described in Experimental Procedures. For the
enoxaparin data, the solid line is a linear trend line. (B) Cleavage of
fibrinogen by thrombin in the presence of SOS. The inhibition of HT
cleavage of fibrinogen by SOS was followed via time-dependent
turbidimetric measurements at 600 nm of thrombin-catalyzed cleavage
of a 40 mg/mL sample of human fibrinogen at different SOS
concentrations, as described in Experimental Procedures. (C)
Competitive binding of SOS and enoxaparin to human a-thrombin.
Thrombin was inhibited in the presence of 50 yM enoxaparin in a
manner similar to that in its absence, and the resulting data were fitted
by the dose—response equation to yield the apparent ICs: (1) SOS
alone, (2) SOS and 50 M enoxaparin, and (3) ICsq predicted by the
Dixon—Webb relationship for ideal competitive binding. Error bars
represent one standard error. See the text for details.

Despite the high potency of thrombin inhibition, the Y, and
Yum for inhibition of Spectrozyme TH hydrolysis calculated
from eq 3 indicate a maximal inhibition of only 13.5 + 0.2% for
HT (Figure 3A) and 20 + 2.0% for BT (not shown). This
implies that the efficacy of thrombin inhibition by SOS is weak,
but still significant, and contrasts with that of heparin (full-
length or LMWH), which does not inhibit the enzyme even at
concentrations as high as 200 yM."®

SOS Competes with Low-Molecular Weight Heparin
for Interaction with Human Thrombin. If SOS binding in
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exosite II of thrombin is the source of thrombin inhibition, then
it is expected to compete with full-length heparin or LMWH
and show a decrease in the potency of thrombin inhibition.
Competition studies were performed by monitoring thrombin’s
proteolytic activity as a function of SOS in the presence of a
fixed concentration of LMWH. In the presence of 50 uM
LMWH, the ICsy increased to 42 + 3 uM (Figure 3C).
Furthermore, the presence of LMWH did not affect the efficacy
of SOS inhibition of thrombin, which remained unchanged at
~11%. According to the Dixon—Webb relationship for ideal
competitive behavior, the apparent ICsy expected for SOS is
32 uM, very close to that observed. The decrease in the level of
inhibition of thrombin by SOS in the presence of LMWH
confirms that SOS binds at exosite II and that this binding is
the source of the inhibition of catalytic activity.

SOS Binds at Two Nonequivalent Subsites of Exosite
Il in the Monomer—Monomer Interface of a Bovine

Thrombin Dimer. The crystal structure of the BT—SOS

complex shows binding of two SOS molecules at the interface
of the two BT monomers constituting the crystallographic
asymmetric unit. The BT dimer in this crystal lattice is not the
same as that for PPACK-HT in its crystal structure with
LMWH.*® Figure 4 shows the distinct monomer—monomer
association mode of the BT—SOS complex compared to that of
the PPACK-HT—LMWH complex. One monomer of each of
these dimer structures was superposed (HT2 and BT2, bottom,
pale green), and the relative positions of the other monomers
in each of the dimer structures are colored pink (PPACK-HT—
LMWH complex) and wheat (BT—SOS complex). In the
PPACK-HT—LMWH structure, the exosite II portions (blue)
of the two HT monomers (pink and light green) in the dimer
are almost exactly juxtaposed. The LMWH (red stick) binds in
this interface, and the local 2-fold rotation axis relating the two
HT monomers approximately bisects the LMWH (red stick)
bound between them. In the BT—SOS complex (wheat and
light green), the exosite II portions (blue) of the opposed
monomers are not exactly juxtaposed across the dimer interface
but are skewed so that only parts of the exosites face each other.
This skewing of the two BT monomers leaves much of exosite
II on each BT monomer open for unimpeded SOS (green
sticks) binding, resulting in two nonequivalent binding sites per
BT dimer (sites A and B).

The thrombin ligand groups that interact with the sulfate
groups of SOS are listed in Table 3, and a detailed comparison
of the interactions of BT and HT with SOS and LMWH,
respectively, is shown in panels A and B of Figure 5. The
binding of SOS in site A is almost exclusively to charged
residues in exosite II of a single BT monomer (Figure 4, light
green monomer; Figure SA, residues labeled in black) and
suggests that polyanion binding to this site does not require a
thrombin dimer for complex formation. The second SOS ligand
in site B makes fewer interactions with BT, and these are
approximately equally distributed between the two thrombin
monomers (Figure 4, light green and wheat) in the dimer
(Figure SB). The close approach of two sulfate groups, one
from each of the two bound SOS molecules, is stabilized by the
intervening e-amino group of K240. Both sites are inferred to
be simultaneously occupied, because the refined occupancies of
each of the SOS ligands are 0.75—0.80. Three of the residues
(K87, K235, and R244) that interact with SOS in site B do not
interact with LMWH in its complex with PPACK-HT
(magenta), though they lie in the zone
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HT2 & BT2
overlaid

Figure 4. Differences in monomer contacts between HT—LMWH complex and BT-SOS complex dimers. Monomer AB (HT2) of the AB—GH
dimer of the HT—heparin complex was superposed on monomer CD (BT2) of the AB—CD dimer of the BT—SOS complex (light green surface).
The relative positions after this superposition of the monomer mates [GH (HT1) in the HT—heparin complex and AB (BT1) in the BT—SOS
complex] in each of the dimers are colored pink and wheat, respectively. LMWH (red stick) bound to the HT-LMWH dimer and SOS (green stick)
bound to sites 1 and 2 of the BT—SOS complex are shown after superposition of HT2 and BT2 monomers. Both ligands occupy the extended
exosite II (residue surface colored blue) shown as a close-up.

Table 3. Thrombin Amino Acid Residues That Interact with Sulfate Groups of Heparin and SOS in Their Crystal Complexes
K87 H91 R93 R101  R/K126  R165 R233 K235 K236 W237 K240 R244

Heparin — HT J Y V V 3 y V y V
SOS -BT v v V v V v v v v v
V amino acid interacts with sulfate group in crystal complex

[ amino acid does not interact with sulfate group in crystal complex

Binding of SOS at site B of a thrombin monomer would consequence of the small differences in crystallization condi-
likely be weaker than that for binding to site A, because of the tions, possibly specific to each thrombin, despite their high
smaller number of interactions between SOS and either of the degree of sequence similarity (86% identical and 92% similar).
two monomers that contribute to its binding site. Analytical Ultracentrifugation. Crystals of HT-LMWH

The 4S5 ionic interactions between SOS and BT in exosite and BT—SOS complexes were obtained under nonphysiological
II (site A) of the crystal structure complex are consistent with conditions. To determine the relationship between the oligo-
multiple ionic interactions calculated from solution binding meric modes of thrombin-ligand complexes observed in the
data. There are several other defined cationic side chains that crystal structures and those that exist under more physiological
could be reoriented to make interactions with sulfates of SOS conditions in solution, we determined the profile of molecular
but instead adopt alternative conformations. These may be species in these thrombin—ligand mixtures by analytical
restrained by interactions with solvent molecules, not all of ultracentrifugation and used the known structures of the crystal
which could be confidently placed at the resolution of our complexes to calculate expected Sy, values (Figure 6).
electron density map. Sedimentation velocity ultracentrifugation was conducted

The crystal lattice of unliganded BT, crystallized under the on BT and HT alone and incubated with SOS and heparin in
same conditions from which the BT—SOS complex crystallized, 10 mM Tris-HCI buffer (pH 8) and 50 mM NaCl at high
is closely similar to that of the latter, differing by 7 A along one (1.2 mg/mL) concentrations of BT and lower (0.5 mg/mL)
lattice direction. This implies that the mode of dimerization in concentrations of HT to check for concentration-dependent
the BT—SOS crystals is not due to differences between SOS aggregation. In the presence and absence of the SOS ligand, BT
and LMWH, or the irreversible inhibition of HT by PPACK and HT had Sy, values of 3.1—3.2. This is in agreement with
in its complex with LMWH. Rather, it is more likely a the Syo value (3.14) calculated for the thrombin monomers
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Figure S. Schematic diagram of the interactions (dotted lines) of each
of the two SOS ligands with groups on BT in (A) site 1 and (B) site 2.
Distances are shown in angstroms. The thrombin monomer of each
interacting group is denoted in black by AB or CD. Double lines from
a single group indicate that two possible hydrogen bonds could form
simultaneously for the indicated pair. Magenta denotes the heparin
subunit (H prefix) in the HT-LMWH complex structure to which the
indicated residue binds and the thrombin chain in which the residue
occurs.

from their crystal structures. The slight shift in the mobility of
the BT—SOS peak relative to that of BT alone is consistent
with formation of a monomeric BT—SOS complex. In contrast,
deconvolution of the broad peak observed for the LMWH
complex with BT shows three species. These are consistent
with monomer (3.45), dimer (4.45), and tetramer (5.5) com-
plexes of BT with LMWH. The profile of the HT-LMWH
complex (not shown) shows only a species with an Sy, of 4,
which is most consistent with a 2:1 HT-LMWH dimer, similar
but not identical to that observed in the crystal structure of this
complex, from which an Sy ,, of 4. 72 is calculated.”® This dif-
ference may indicate a difference in the frictional ratio between
the complex in solution and that in the crystal structure, or it
may arise from the fact that the crystal complex was composed
of PPACK-inhibited HT and LMWH.
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Figure 6. Sedimentation velocity profile showing molecular species of
thrombin—ligand complexes. C(s) is the relative concentration of each
species: black for unliganded BT, red for the BT—SOS complex, green
for the HT—SOS complex, and blue for the BT-LMWH complex.

B DISCUSSION

The high affinity of thrombin for full-length heparin has been
attributed to the fact that the polysaccharide is a linear molecule
of nearly 10—30 disaccharides that represent millions of
sequences (Figure 1). This increases the probability of
favorable electrostatic interaction with a high-affinity subset of
this large population. The probability of interaction is further
increased because heparin contains a large number of iduronic
acid residues, which confer conformational flexibility (*C, and
2So forms) on the polymer.

In contrast to heparin, SOS is considerably smaller and homo-
geneous with a much more limited distribution of conforma-
tions. For these reasons, it was expected that SOS would have
a low-affinity interaction with exosite II of thrombin. It is
therefore surprising that SOS, a molecule ~15-fold smaller than
full-length heparin, binds to human thrombin with nearly
identical affinity and with a greater nonionic energy contribu-
tion. This suggests that SOS has some structural features and
charge properties that distinguish it from heparin and could
confer tight binding to thrombin. Nonionic binding energy in
interactions of sulfate groups is likely to arise from the partial
hydrogen bond character of the primarily electrostatic sulfate—
arginine (or lysine) ion pairs. This hydrogen bond character
increases the specificity of interaction because of its
directionality®® and could confer a greater specificity on the
interaction of SOS with thrombin than is observed for heparin,
whose interactions with thrombin are predominantly ionic.

At least 10 unique crystal structures of SOS—protein com-
plexes have been determined (PDB entries 1AFC, 1LR7, 2P39,
2UWN, 2UUS, 2VSE, 3CUl, 3LD]J, 3K6B, and 3QRC), but
none for thrombin with SOS. The BT—SOS crystal structure
described here appears to have a single mode of SOS binding
with two SOS molecules bound at the monomer—monomer
interface of the thrombin crystal dimer. This 1:1 stoichiometry
and the disposition of the two thrombin monomers in the BT—
SOS crystal dimer differ from those of the HT-LMWH
complex whose stoichiometry is 1:2 (LMWH:HT). The two
exosite II portions of the HT-LMWH complex sandwich the
single LMWH, which lies centered on the noncrystallographic
2-fold axis relating the two HT monomers. The SOS bound in
site A of the BT—SOS complex interacts with a large fraction of
the same anionic groups with which LMWH interacts in the
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exosite II portions of the HT crystal dimer. However, in the
BT—-SOS complex, these groups, with one exception, are
entirely on a single thrombin monomer, in contrast to the HT—
LMWH complex, where they are contributed by both thrombin
monomers in the dimer. The exception is K240, which lies
between proximal sulfate groups of the two adjacent SOS
ligands bound in the exosite II portions of the BT crystal dimer.
The analytical ultracentrifugation results are consistent with
the crystal structures, showing 1:1 SOS—BT and SOS—HT
complexes and a 1:2 LMWH—HT complex.

The reduction in thrombin’s ability to hydrolyze small
peptides as a result of its interaction with SOS distinguishes this
polyanion ligand from heparin, which does not show this effect.
Our measurements show a lower Kp for SOS binding to
thrombin and somewhat higher levels of thrombin inhibition
by SOS than have been reported by others.”” These differences
may be due to use of different buffer conditions (ionic strength
and presence of Ca’>") and/or different substrates.

There are several possible ways in which SOS binding could
alter the activity of thrombin. The higher specificity in the SOS
interaction conferred by a greater contribution of nonionic
forces to stabilization of the SOS—thrombin complex may
impose a specific local conformation that affects the active site
through altered static or dynamic properties of the protein. The
available structures of BT and the BT—SOS complex are not of
sufficient resolution to reveal subtle static changes in structure
that could be responsible for this modest loss of thrombin
activity on binding SOS, but any such changes are extremely
limited. Alternatively, the higher specificity of the interaction of
SOS with thrombin may alter the dynamics of the thrombin
structure and/or the population distribution of active thrombin
conformers, which manifests as allostery.”” >° Possibly related
to such dynamics-driven allostery is the displacement of solvent
on binding of heparin and SOS to exosite II. Although SOS has
a higher charge density than heparin, heparin binding to
thrombin may displace less bound water than SOS because of
the presence of hydroxyl groups on heparin and their absence
on SOS. Such solvent effects could contribute to the higher
affinity of SOS for thrombin compared to the affinity of heparin
for thrombin. Finally, the difference in the solution oligomeric
state of thrombin between the SOS complex (monomer) and
the thrombin—LMWH complex (dimer) could also induce
dynamic allosteric effects. The closed dimer of thrombin with
LMWH may stabilize the two thrombin structures and suppress
small structural changes necessary for inhibition of thrombin
activity. The inhibition of thrombin catalytic activity by SOS
binding in exosite II opens new possibilities for understanding
communication between exosite II and the active site and also
validates exosite II as a target for the design of more effective
thrombin inhibitors.
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