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ABSTRACT: Earlier, we reported on the design of sulfated
benzofuran dimers (SBDs) as allosteric inhibitors of thrombin
(Sidhu et al. J. Med. Chem. 2011 54 5522−5531). To identify the site
of binding of SBDs, we studied thrombin inhibition in the presence of
exosite 1 and 2 ligands. Whereas hirudin peptide and heparin
octasaccharide did not affect the IC50 of thrombin inhibition by a high
affinity SBD, the presence of full-length heparin reduced inhibition
potency by 4-fold. The presence of γ′ fibrinogen peptide, which
recognizes Arg93, Arg97, Arg173, Arg175, and other residues,
resulted in a loss of affinity that correlated with the ideal Dixon−
Webb competitive profile. Replacement of several arginines and
lysines of exosite 2 with alanine did not affect thrombin inhibition
potency, except for Arg173, which displayed a 22-fold reduction in
IC50. Docking studies suggested a hydrophobic patch around Arg173
as a plausible site of SBD binding to thrombin. The absence of the Arg173-like residue in factor Xa supported the observed
selectivity of inhibition by SBDs. Cellular toxicity studies indicated that SBDs are essentially nontoxic to cells at concentrations as
high as 250 mg/kg. Overall, the work presents the localization of the SBD binding site, which could lead to allosteric modulators
of thrombin that are completely different from all clinically used anticoagulants.

■ INTRODUCTION

The coagulation cascade is a rich assembly of homologous
serine proteases. Each enzymatic factor of the cascade
recognizes a P-1 arginine residue in its target, which sets up
possible crossover reactivity with enzymes of other systems too.
Nature avoids these crossover reactivities, especially of
macromolecular substrates, through clever engineering of the
environment around the enzyme active sites. For example,
thrombin contains the 60-insertion loop, the 149-insertion
loop, and the bulky Trp215 residue to restrict access to its
active site.1−3 Such stringent steric and/or electronic natural
gating assists in the design of small molecule, active site
inhibitors. In fact, a number of scaffolds that selectively inhibit
thrombin have been designed, such as pyrazole, napthylami-
dine, or benzimidazole scaffolds.4−7 Yet, the process remains
challenging and is threatened by cross-reactivity with closely
related enzymes, e.g., factor Xa, or with enzymes that exhibit
too broad substrate specificity, e.g., trypsin. A significant
advance in the design of thrombin inhibitors was the use of

hydrophobic P-1 substituents, e.g., a halophenyl group, that
interact with the Tyr228 in the S-1 pocket.8−10 This strategy
has also been exploited in the design of rivaroxaban, a
nonamidine or guanidine based factor Xa inhibitor, approved
for clinical use in the EU.11

In addition to steric or electronic gating, an alternative
strategy that nature exploits for engineering high selectivity is
the use of exosites. A classic example of this phenomenon is
thrombin cleavage of fibrinogen. In this process, the substrate
binds to exosite 1 that enables its efficient cleavage.1−3,12

Likewise, binding of full-length heparin in exosite 2 enables a
much faster inhibition of thrombin by antithrombin−heparin
complex.13,14 In addition to this exquisite dual recognition,
exosites afford a fine opportunity of allosteric modulation of
catalytic machinery. Both exosites 1 and 2 of thrombin as well
as exosites of many other coagulation enzymes are coupled with
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the active site. Although the intricate mechanism of this
coupling is not fully understood, it is known that it may involve
alteration of structure of catalytic triad and/or of neighboring
residues. For example, sodium binding is known to allosterically
alter the conformation of the catalytic triad.15 Likewise, heparin
binding in exosite 2 is known to change the electrostatics
around the active site with minimal change in catalytic
activity.16−18

Although allosteric modulation of thrombin’s catalytic
function by macromolecules is well established, its exploitation
in the design of drug-like molecules is still in its infancy.
Allosteric regulation is likely to offer a delicate control over
thrombin’s procoagulant activity, which is difficult to achieve
with competitive, active site inhibitors because of the drive to
achieve very high potency. At a fundamental level, small
molecules may be designed so that the allosteric conformational
change can exhibit tailored balance between pro- and anti-
coagulant activities. Another advantage of allosteric regulation is
the possibility of greater specificity of recognition arising from
greater differences in exosite geometries as compared to active
sites. In effect, allosteric regulation promises to afford exquisite
control over both specificity of recognition and efficacy of
inhibition.
To develop such regulators of thrombin, we started with the

design of sulfated low molecular weight lignins (LMWLs),
which were found to potently inhibit thrombin, factor Xa, and
plasmin.19−22 The oligomeric molecules targeted exosite 2 of
thrombin exclusively and were the first molecules in the class of
exclusive exosite 2-based allosteric modulators of thrombin.20

Sulfated LMWLs prevented human blood from clotting in ex
vivo assays with potency comparable to low molecular weight
heparins (LMWHs) and thus represented molecules of
considerable interest.21 Yet, the oligomeric nature of these
molecules did not bode well for clinical potential. To address
this issue, we designed sulfated benzofuran monomers from
sulfated LMWLs, which were found to allosterically inhibit
thrombin and factor Xa, albeit with poor potency (IC50 in mM
range).23 Subsequent advance in the design led to sulfated
benzofuran dimers (SBDs) that exhibited a wide range of
inhibition potencies (μM to mM) and efficacies (20−60%).24
Michaelis−Menten kinetic studies revealed that the SBDs
(Figure 1) reduced the maximal velocity of substrate hydrolysis
without affecting the substrate’s Michaelis constant (KM), a
classic case of noncompetitive allosteric modulation of
thrombin activity.24

In this work, we present detailed biochemical studies on the
interaction of one of the potent SBDs with thrombin with a
goal of identifying the site of binding for further rational
structure-based drug design. Our work reveals that the SBD
interacts with exosite 2 of thrombin but in a manner
dramatically different from all known exosite 2 ligands
including full-length heparin, heparin octasaccharide, sucrose
octasulfate, γ′-fibrinogen peptide, and sulfated LMWLs. The
localization of the binding region on thrombin, the allosteric
nature of inhibition, and the cellular toxicity profile suggest that
clinically relevant, allosteric modulation of thrombin based on
the SBD scaffold may be achievable.

■ EXPERIMENTAL PROCEDURES
SBD 12a, Thrombin, Fibrinogen Peptide, Chemicals and

Reagents. SBD 12a was synthesized as described in our earlier
report24 and stored at −80 °C in solid form until use. Human α-
thrombin and factor Xa were from Haematologic Technologies (Essex

Junction, VT). Stock solutions of the enzymes were prepared in 20
mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl.
Chromogenic substrate Spectrozyme TH (H-D-hexahydrotyrosol-Ala-
Arg-p-nitroanilide) was purchased from American Diagnostica (Green-
wich, CT). A peptide corresponding to the 20 amino acids at the
carboxyl terminal of γ′-fibrinogen chain (VRPEHPAETE-Y(PO3)-
DSL-Y(PO3)-PEDDL) was obtained from Dr. David Farrell.25 All
other chemicals were analytical reagent grade from either Sigma
Chemicals (St. Louis, MO) or Fisher (Pittsburgh, PA) and used as
such. Tyr63-sulfated hirudin-(54−65), labeled as HirP in this work
and labeled as 5-(carboxy)fluorescein ([5F]-Hir[54−65](SO3

−))
elsewhere, was a gift from Dr. Paul Bock.26

Recombinant Thrombin Mutants. Recombinant wild-type and
mutant thrombins were prepared in the Rezaie laboratory, as described
earlier.27,28 Briefly, Lys169Ala, Arg173Ala, Arg175Ala, Lys235Ala, or
Arg93,97,101Ala thrombin was prepared in prothrombin-1 form by
PCR mutagenesis and expression in baby hamster kidney cells (BHK)
using the pNUT-PL2 expression/purification vector system. The
mutants were purified to homogeneity by immunoaffinity chromatog-
raphy using the Ca2+-dependent monoclonal antibody, HPC4, and
activated to thrombin. The active-site concentrations of thrombin
mutants were determined by an amidolytic acivity assay and
stoichiometric titrations with antithrombin.27,28 These concentrations
were within 90−100% of those expected on the basis of their
absorbance at 280 nm.

Competitive Studies with Exosite 1 and Exosite 2 Ligands.
The inhibition effect of sulfated benzofuran diethyl ester dimer (12a)
on wild-type thrombin was studied in the presence of exosite 1 ligand,
a 12 residue hirudin peptide containing fluorescein at its N-terminus,
i.e., [5F]-Hir[54−65](SO3

−)20,26 and abbreviated in this paper as
HirP. Inhibition experiments were also performed in the presence of
exosite 2 ligands, heparin octasaccharide H8, bovine heparin (UFH),
and γ′-fibrinogen peptide (FibP) in a manner similar to that described
above for direct thrombin inhibition. Briefly, a solution of 10 μL of the
dimer (0−1000 μM) and 10 μL thrombin (4 − 10 nM) was mixed at
25 °C with 10 μL of the competitor at appropriate stock concentration
in either 20 mM Tris-HCl buffer, pH 7.4, containing 100 mM NaCl,
2.5 mM CaCl2, and 0.1% PEG 8000 or 50 mM Tris-HCl buffer, pH

Figure 1. Structure of sulfated benzofuran dimers 12a−f and 13−15
found to potently inhibit human thrombin. The selected dimers
correspond to those identified in our previous work,24 and their labels
(12a−12f and 13−15) have been retained here to maintain
consistency and ease of comparison. Most IC50 values being reported
here are lower than those reported earlier24 and possibly arise from
differences in glycosylation pattern of human α-thrombin. Asterisks
correspond to IC50 values taken from the earlier report.24
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7.4, containing 150 mM NaCl, 0.1% PEG 8000, and 0.02% Tween 80.
The solution was incubated for 10 min followed by the addition of
Spectrozyme TH and monitoring the increase in absorbance at 405
nm. The dose-dependence of the fractional residual thrombin activity
at each concentration of the competitor was fitted using eq 1 to obtain
the apparent concentration of the dimer required to inhibit thrombin
activity by 50% (IC50,app) and the efficacy of inhibition (ΔY = YM −
Y0).

= +
−

+ −Y Y
Y Y

1 10
M

I0
0

(log[ ] log IC )HS0 50 (1)

In this equation, Y is the ratio of residual thrombin activity in the
presence of inhibitor to that in its absence (fractional residual activity),
YM and Y0 are the maximum and minimum possible values of the
fractional residual proteinase activity, IC50 is the concentration of the
inhibitor that results in 50% inhibition of enzyme activity, and HS is
the Hill slope. A current version of SigmaPlot (SPSS, Inc. Chicago, IL)
was used to perform nonlinear curve fitting in which IC50, YM, Y0, and
HS were allowed to float.
Inhibition of Recombinant Thrombin Mutants and Factor

Xa. Direct inhibition of thrombin mutants and factor Xa by sulfated
benzofuran derivatives was measured through a chromogenic substrate
hydrolysis assay, as reported earlier.19,20 The buffer used in these
experiments was 20 mM Tris-HCl buffer, pH 7.4, containing 100 mM
NaCl, 2.5 mM CaCl2, and 0.1% polyethylene glycol (PEG) 8000.
Sulfated benzofuran derivatives (2 to 30 μL) at concentrations ranging
from 0.25 to 12.5 mM were diluted with an appropriate volume of
assay buffer in PEG 20,000-coated acrylic cuvettes at 25 °C. To this
solution, 5 μL of thrombin solution was added to give approximately 5
nM thrombin or 4 nM factor Xa final concentration. Following the
addition of thrombin, 20 μL (thrombin) or 100 μL (factor Xa) of 1
mM Spectrozyme TH was added after 10 min incubation. The residual
thrombin activity was then measured from the initial rate of increase in
absorbance at 405 nm. Relative residual thrombin activity at each
concentration of the inhibitor was calculated from the ratio of
thrombin activity in the presence and absence of inhibitor. Logistic eq
1 was used to fit the dose-dependence of residual proteinase activity to
obtain the apparent IC50, HS, and the efficacy ΔY (= YM − Y0) of
inhibition.
Molecular Modeling Studies. The crystal structure of thrombin

bound to its allosteric exosite 1 ligand hirugen at 1.53 Å resolution was
obtained from the Protein Data Bank (PDB ID = 3EQ0), as well as
two additional thrombin structures (PDB IDs = 1H8D and
2UUF).29,30 All the residues in region of Arg173 were manually
inspected to ensure that the side chains were completely resolved.
Each of the acidic and basic residues was modeled in its most
predominant ionization state at physiological pH (i.e., anionic Asp and
Glu; cationic Arg and Lys). The inorganic salts and water molecules
were deleted from the crystal structure, and hydrogen atoms were
added using SYBYL 8.1 (Tripos International, St. Louis, MO). To
prepare the structure for docking and scoring protocol, the newly
added hydrogen atoms were energy-minimized using the Tripos Force
Field (Gasteiger−Hückel charges; termination criterion of 0.05 kcal/
(mol × Å) or 1 × 105 iterations; distance-dependent dielectric
constant ε = 4.0).
Substituted SBDs 12a−f and 13−15, each synthesized and studied

previously,24 were prepared in SYBYL for virtual library screening.
Using in-house SYBYL Programming Language (SPL) scripts,
compounds contained in the resulting virtual library were post-
processed to (a) assign appropriate atom types to the sulfate groups
(sulfur atom = S.o2; terminal oxygen atoms = O.co2), (b) assign an
initial set of 3D coordinates using the CONCORD module within
SYBYL, (c) add missing hydrogen atoms, and (d) energy-minimize the
resulting structures using the Tripos Force Field as described for the
protein (vide supra).
Docking of the synthesized inhibitors onto the defined binding site

of the thrombin was performed using GOLD 4.1 (Cambridge
Crystallographic Data Centre, Cambridge, U.K.). The binding site
was defined to include all atoms within 22 Å around the Arg173 Cα

atom. Default parameters were employed during the GOLD docking

runs with the following exceptions: a protein hydrogen bonding
constraint was added such that the score was reduced by 10.0
GoldScore units if the ligand did not form an H-bond with the
guanidinium group of Arg173. Amide bonds were allowed to flip. The
number of GA runs was increased to 30 to more accurately screen all
possible binding geometries, and early termination was disabled. The
docking was driven by the GoldScore fitness function and the docked
solutions were ranked based on the unmodified GoldScore obtained.
To assess the reproducibility of the docked poses, the docking runs
were performed in triplicate.

Cellular Toxicity Studies. Human A549 cells were obtained from
American Type Culture Collection (ATCC) and maintained in growth
medium at 37 °C in 5% CO2 atmosphere. The growth medium was
Dulbecco’s Modified Eagle Medium (Invitrogen, CA) supplemented
with 10% heat-inactivated fetal bovine serum enriched with 2 mM L-
glutamine, 0.1 mM nonessential amino acids, 25 mM HEPES buffer,
50 U/mL penicillin, and 50 μg/mL streptomycin. Stock solutions of
12a were prepared in deionized water and stored at −20 °C. The
MTT solution was prepared at 5 mg/mL in 50 mM phosphate
buffered saline, pH 7.4, filtered, and stored at 4 °C. The MTT lysis
buffer was prepared by dissolving 25 g of SDS in 100 mL of 50% DMF
in water, and the pH was adjusted to 4.7 with a solution of 2.5% HCl
in 80% acetic acid. The MTT cell viability assay was carried out as
described earlier.31,32 Briefly, A549 cells were seeded at 30,000 cells/
well on a 96-well plate for 4 h before the treatment with either
medium or SBDs. After incubation for 72 h, the MTT solution (10
μL) was added to each well followed by incubation for 10 h. The
medium was then replaced with the lysis buffer (100 μL). After 10 h,
the A570 was read with a 318C-plate reader (Shanghai Sanke
Instrumental Corp. Ltd., China). Background correction was
performed using A690 values. Statistical analyses (oneway ANOVA
with Dunnett’s test) were performed by GraphPad Prism (version
4.00, GraphPad Software, San Diego, CA). Each SBD concentration
was tested at least three times.

■ RESULTS

SBDs Do Not Bind in the Anion-Binding Exosite 1 of
Thrombin. To test whether SBDs bind in exosite 1 of
thrombin, we selected 12a (Figure 1), a potent SBD designed
in our earlier work.24 Structurally, 12a is a monosulfated
benzofuran dimer containing two ethyl ester groups and is a
prototypical SBD. This scaffold is dramatically different from
the thousands of thrombin inhibitors being studied for
improved pharmacological and safety profile.4−11 It is the
only small molecule scaffold that has been found to
allosterically inhibit thrombin.24 Interestingly, the unsulfated
precursor of 12a was completely inactive suggesting that both
the anionic group and the hydrophobic backbone are important
for thrombin inhibition.24 Considering that anion-binding
exosites 1 and 2 of thrombin recognize charged ligands,
SBDs were hypothesized to induce inhibition through one of
these sites. In fact, sulfated tyrosine containing hirudin, a 65
amino acid long polypeptide that binds in exosite 1 as well as
active site, is known to be the most potent thrombin
inhibitor.33 On the other hand, exosite 2 of thrombin prefers
highly sulfated oligosaccharides.1,34 The anionic density of
these highly sulfated oligosaccharides is far greater than that of
molecules recognizing exosite 1. A priori, this indicated that
SBDs may prefer to interact with exosite 1 of thrombin.
To test with 12a binding in exosite 1, its inhibition potency

was measured in the presence of a hirudin-based peptide [5F]-
Hir[54−65](SO3

−), abbreviated as HirP, a molecule known to
engage exosite 1 of thrombin. HirP binds with a dissociation
constant of 28 nM under similar conditions,26,35 and its
presence was expected to significantly reduce the potency of
12a, if the two molecules competed for the same binding site.
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Our earlier work on the effect of HirP on thrombin’s hydrolysis
of Spectrozyme TH had shown that the peptide did not affect
the Michaelis constant of the substrate, while increasing the
catalytic efficiency of the enzyme nearly 50%.20 This implied
that the two molecules, HirP and 12a, were expected to induce
opposing catalytic influence (Vmax effect), which afforded a
convenient setup to study exosite 1 competition.
The IC50 was measured by quantifying thrombin’s hydrolysis

of Spectrozyme TH in the presence of fixed concentration of
HirP at pH 7.4 and 25 °C, as described earlier.20 A standard
sigmoidal dose−response profile was observed for 12a
inhibition of thrombin at all concentrations of HirP, which
could be fitted by the logistic eq 1 to obtain the potency (IC50)
and efficacy (ΔY = YM − Y0) of inhibition (Figure 2). In the

absence of HirP, 12a inhibited thrombin with an IC50 of 6.2 ±
2.7 μM. In our earlier work, the IC50 was found to be 61 μM.24

The primary difference between our two studies was a new
batch of human plasma α-thrombin. The change also resulted
in a slightly lower efficacy of inhibition (from 70% to 50%) and
an increased Hill slope (from ∼1.2 to ∼2.5, see Table S1 in
Supporting Information). We also tested whether the ability of
other SBDs to inhibit thrombin is similarly affected and found a
significant decrease in the IC50 of a majority of inhibitors
(Figure 1 and Supporting Information Figure S1). It is possible
that commercial human plasma α-thrombin contains minor
proportions of forms other than just α-thrombin, e.g.,
differentially glycosylated or partially lysed, resulting in altered
inhibition potential of 12a and other SBDs. The difference in
Hill slope could also arise from changes in the glycosylation
pattern of the protein. However, the substantial Hill slope of
2.5 raised a possibility that SBDs were aggregating under the
assay conditions. Yet, the UV−vis absorption profile of 12a
showed a red shift of 40−50 nm only at a concentration 100-
fold of the IC50 value (not shown) suggesting that aggregation
is not likely to be significant under the assay conditions. Thus,
for the purpose of identifying changes in the inhibition potency
as a function of the competitor concentration, the starting IC50
served as a reasonable reference point.
Varying the concentration of HirP from 0 to 30 nM resulted

in the no apparent change in IC50 (Figure 2 and Supporting
Information Table S1). The efficacy of inhibition increased

slightly with increasing concentrations of HirP (5−10%), which
may imply a coupling between exosite 1 and the SBD binding
site. Together, the two results suggest that HirP and 12a do not
directly compete with each other, but the presence of HirP
makes 12a a slightly better inhibitor of thrombin. Thus, 12a
does not appear to bind in anion-binding exosite 1 of thrombin.

SBD 12a Does Not Compete with Heparin Octasac-
charide For Binding in Exosite 2. Highly sulfated
polysaccharide chains including heparin octasaccharide H8,
low-molecular weight heparin, full-length heparin, and chon-
droitin sulfate utilize anion-binding exosite 2 to bind to
thrombin.1−3 The major difference in how these polysaccharide
ligands recognize thrombin is their span of interaction domain.
Whereas H8 recognizes primarily Arg233, Lys235, Lys236, and
Lys240, the full-length polymer recognizes in addition Arg93,
Arg101, and Arg165 residues. None of these ligands affect the
proteolytic activity of thrombin (not shown), which implies
that inhibition assays could be used for exosite 2 competitive
studies. Figure 3A shows the dose−response curves of 12a

inhibiting thrombin in the presence of H8 at pH 7.4 and 25 °C.
As the concentration of H8 was increased from 0 to 10 μM, the
IC50 of thrombin inhibition increased from 2.7 to 3.7 μM
(Supporting Information Table S1). This inconsequential
change in potency was accompanied by no noticeable change
in the efficacy of inhibition in the presence of H8. Thus, H8
does not compete with 12a for binding to thrombin suggesting
that the sulfated benzofuran does not recognize Arg233,
Lys235, Lys236, or Lys240. This is not too unexpected
considering the widely different structural features of the two
molecules. H8 is a highly anionic polysaccharide, while 12a is a

Figure 2. Competitive effect of the hirudin peptide HirP on the
inhibition of human plasma thrombin by 12a. Residual thrombin
activity was measured through Spectrozyme TH hydrolysis in 20 mM
Tris-HCl buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2,
and 0.1% polyethylene glycol (PEG) 8000 at 25 °C in the presence of
0 to 103 nM of HirP. Solid lines represent fits using the logistic eq 1 to
obtain the apparent IC50, as described in Experimental Procedures.

Figure 3. Competitive effect of heparin octasaccharide H8 (A) and
unfractionated heparin UFH (B) on the inhibition of human plasma
thrombin by 12a in 20 mM Tris-HCl buffer, pH 7.4, containing 100
mM NaCl, 2.5 mM CaCl2, and 0.1% polyethylene glycol (PEG) 8000
at 25 °C in the presence of 0 to 10 μMH8 and 0 to 48 μM UFH. Solid
lines represent fits using the logistic eq 1 to obtain the apparent IC50,
as described in Experimental Procedures.
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fairly hydrophobic small molecule with one negative charge, but
interestingly, the results suggest that, while exosite 1 and 12a
binding site appear to be slightly coupled (described above), a
similar increase in efficacy was not detected in H8 and 12a
competition experiments.
SDB 12a Competes Partially with Full-Length Hep-

arin. To assess whether 12a interacts with other exosite 2
residues, e.g., Arg93, Arg101, and Arg165, we studied
competition with the full-length heparin. Figure 3B shows the
inhibition profile in the presence of 0 to 48 μM UFH. In
contrast to H8, the sigmoidal dose−response profiles displayed
a slight shift to the right with increasing concentration of UFH
suggesting a noticeable competitive phenomenon. The IC50 of
12a inhibition of thrombin at pH 7.4 and 25 °C was found to
increase from 8.8 μM in the absence of UFH to 36.1 μM in the
presence of 48 μM UFH (Supporting Information Table S1).
This represents a maximal decrease in potency of 4.1-fold at a
UFH concentration ∼5-times higher than the KD of thrombin−
UFH complex.34 This suggests that, although UFH competes
with SBD, the competition is inefficient or partial.
SBD 12a Competes with γ′-Fibrinogen Peptide for

Binding to Thrombin. The absence of competition for
binding to thrombin with H8 eliminated Lys236 and Lys240 as
the site of interaction for 12a. Yet, partial competition observed
with UFH suggested recognition of one or more electropositive
residues of exosite 2, which is a fairly extensive domain with a
large number of basic residues. To further narrow the domain
of recognition, competition with γ′-fibrinogen peptide (FibP)
was studied. FibP is known to bind in exosite 2 by interacting
with residues that bind to H8 (Arg126, Lys235, Lys236, and
Lys240),36 while also interacting with Arg93, Arg97, Arg173,
and Arg175 as demonstrated by NMR studies.37 This makes
FibP a useful probe for studying the interaction with this group
of arginines that lie beyond the H8 binding site. Figure 4A
shows the dose−response profiles of 12a inhibition of
thrombin in the presence of 0 to 6.5 μM FibP. A distinct
shift in the inhibition profiles was observed as the concentration
of FibP increased suggesting strong competition between the
two ligands for thrombin binding. The apparent IC50 increased
from 7.9 μM in the absence to 118 μM in the presence of 6.5
μM FibP (Supporting Information Table S1).
A more quantitative test of competitive binding is the

Dixon−Webb relationship (eq 2), which predicts the effect of
competition on a measured equilibrium parameter (KD or
IC50). In this equation, KFibP is the dissociation constant of
thrombin−FibP complex, which was earlier measured to be
0.63 μM under similar conditions.37

= × +
⎛
⎝⎜

⎞
⎠⎟K

IC IC 1
[FibP]

50,app 50
0

FibP (2)

The IC50,app predicted using eq 2 for 12a inhibition of
thrombin in the presence of varying concentrations of FibP are
listed in Supporting Information Table S2, and Figure 4B
shows a comparison of the observed and predicted IC50,app. The
measured IC50,app is consistently higher than those predicted for
FibP competition suggesting a strong competitive effect. The
reason for the more-than-predicted competitive effect of FibP is
not clear; however, it is possible that a small change in the
affinity of FibP for thrombin under the current experimental
conditions is the cause. Yet overall, competition with FibP
indicates that 12a binds in exosite 2 in a region away from the

H8 binding residues and most probably with one or more of
Arg93, Arg97, Arg173, and Arg175.

Sulfated Benzofuran 12a Interacts with a Single
Arginine, Arg173, of Exosite 2. To identify the basic
residues that might play an important role in the dimer
recognition, we studied the inhibition of five thrombin mutants
containing single and triple replacement of Arg and/or Lys to
Ala. The preparation of these recombinant thrombins has been
described earlier,27,28 and each mutant was screened for direct
inhibition by 12a in a manner similar to that used for the wild-
type form. The dose−response profiles of three of the four
single-point mutants studied in this work were essentially
identical to the recombinant wild-type enzyme (Figure 5). The
IC50 measured for Arg175Ala, Lys169Ala, and Lys235Ala
thrombins ranged from 4.9 μM to 9.0 μM, while that measured
for the recombinant wild-type enzyme was 5.5 μM (Supporting
Information Table S2). The triple-point mutant Ar-
g93,97,101Ala had a comparable IC50 of 5.0 μM suggesting
none of the three amino acids contribute to 12a binding. This
was quite different from our results with macromolecular
sulfated LMWLs, which primarily relied on Arg93 and Arg175
for mediating their inhibitory role.38 Although the above-
mentioned basic residues do not contribute to 12a recognition,
the site-directed thrombin mutants were inhibited more than
the wild-type enzyme. For example, the efficacy of 12a
inhibition (i.e., ΔY) increased to ∼70% for the triple mutant
in comparison to ∼30% for wild-type recombinant enzyme
(Supporting Information Table S2).
One particular thrombin mutant, Arg173Ala, was dramati-

cally different. It displayed a 22-fold increase in IC50 compared

Figure 4. (A) Competitive effect of the γ′-fibrinogen peptide on the
inhibition of human plasma thrombin by 12a in 20 mM Tris-HCl
buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1%
polyethylene glycol (PEG) 8000 at 25 °C in the presence of 0 to 6.5
μM of the peptide. Solid lines represent fits using the logistic eq 1 to
obtain the apparent IC50, as described in Experimental Procedures. (B)
Comparison of the predicted (shaded bars) and observed (unshaded
bars) IC50,app. Error bars represent ±2 SE.
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to the wild-type enzyme (Figure 5 and Supporting Information
Table S2). This suggested that Arg173 was essential for
thrombin binding and inhibition by 12a.24 It is striking that a
single residue, of the 12 electropositive residues present in
exosite 2 of thrombin, was found to be critical for 12a
interaction. This explains the critical role of the 5-sulfate,
observed earlier,24 in mediating the inhibitory effect of all SBDs.
Further, 12a inhibition of human factor Xa was found to be
impaired by at least an order of magnitude (IC50,fXa > 300 μM,
see below). This result is readily explainable considering that
residue 173 in factor Xa is a serine, instead of an arginine.
Likewise, factor VIIa contains a serine at position 173 and was
also not targeted by 12a (data not shown). In combination, the
results indicate a high level of specificity that supports a strong
possibility of developing allosteric modulators.
Molecular Docking Identifies a Single Plausible

Binding Geometry for 12a on Thrombin. To identify a

plausible binding geometry of sulfated benzofuran dimers on
thrombin, we employed a molecular docking and scoring
approach. We have previously utilized a genetic algorithm
(GA)-based strategy relying on the automated docking routine
GOLD to understand how highly sulfated oligosaccharides
recognize proteins.39,40 This approach was also exploited to
study the recognition of antithrombin by sulfated LMWLs,41

which are the parent molecules for the SBDs being studied
here. Hence, we chose to employ GOLD-based identification of
plausible binding site and geometry of 12a on human plasma
thrombin.
The GOLD-based docking and scoring approach utilizes a

GA to iteratively derive the best binding geometry for each
ligand in a predefined binding site. Our recent work on the
recognition of sulfated LMWLs binding to thrombin mutants
revealed that hydrophobic patches in the vicinity of Arg93 may
be involved.38 Considering this, we hypothesized that hydro-
phobic region(s) near Arg173, which has been implicated by
the Arg173Ala thrombin mutant studies presented here, would
be important for recognition of 12a and related SBDs. Several
GA docking runs were thus performed to assess how well 12a
could be recognized by the binding site regions surrounding
Arg173. Each GA docking run was performed using a constraint
that encouraged the guanidine group of Arg173 to hydrogen
bond with the sulfate group of SBD (see Experimental
Procedures). GOLD-based docking suggested that the region
around Arg173 of thrombin was strikingly complementary to
12a. In this site, 12a bound in an extended, flat conformation.
Supporting this interaction is the hydrophobic area of thrombin
located between Arg173 and its active site (Figure 6), which
recognizes 12a’s benzofuran rings and their substituents (see
Supporting Information Figures S2 and S3). To cross-check
whether the localization remains independent of thrombin’s
crystal structure, we performed GOLD-based docking studies
on 3EQ0, 1H8D, and 2UUF29,30 structures that had been
acquired with high resolution (1.5−2.5 Å) and displayed well-

Figure 5. Dose−response profiles for 12a inhibition of recombinant
wild-type and mutant thrombins in 20 mM Tris-HCl buffer, pH 7.4,
containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1% polyethylene
glycol (PEG) 8000 at 25 °C. Solid lines represent sigmoidal dose−
response fits of eq 1.

Figure 6. (A) Connolly surface of thrombin (PDB ID = 3EQ0), showing the location of several electropositive basic residues, including those
contributing to exosite 2 and the γ′-fibrinogen peptide binding site (purple patches). The putative binding site and mode of the lead sulfated
benzofuran dimer 12a is rendered as a yellow surface and shows the high degree of shape complementarity with its putative binding site. The
thrombin light chain (yellow ribbon) and hirudin peptide denoting the location of exosite 1 (red ribbon) are also shown. (B) The same 3D image
rotated by 90°, further highlighting the high degree of shape complementarity between the ligand dimer and its proposed binding site. The active site
is displayed with a hydropathic potential map (blue = hydrophilic, green = amphipathic, and brown = hydrophobic) with the nucleophilic serine
S195 shown as a red patch. The S1 and S4 substrate specificity pockets are indicated; the hydrophobic S4 pocket is occluded because it is occupied
by the ethyl group of the 3′-ethyl ester of 12a. (C) Expanded view of the interaction of 12a with it putative binding site as shown in panel B. The
ligand is rendered as a ball-and-stick figure, and binding site residues are rendered as capped sticks. All binding site side chains within 5 Å of 12a are
displayed. Hydrogen bonds between Arg173 and the ligand sulfate group are shown as green dotted lines.
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defined side chains around Arg173. In each of these docking
runs, 12a bound in an essentially identical orientation.
Sulfated Benzofuran 12a Does Not Inhibit Factor Xa.

To further support the site of SBD binding on thrombin, we
compared the crystal structures of thrombin and factor Xa,
especially exosite 2, to identify similarities and differences.
Factor Xa does not contain an Arg 173-like residue in this
region suggesting that 12a can be expected to not inhibit this
highly homologous serine protease. Direct inhibition of human
factor Xa was performed in a manner similar to thrombin. The
dose−response profile showed essentially no decrease in factor
Xa activity (Figure 7). These results strongly support the
allosteric, hydrophobic binding site capped with Arg173 as a
site for the small SBD binding to thrombin.

SBDs are Essentially Nontoxic to Cells. The above work
highlights that SBDs are pharmacologically novel entities, the
fundamental basis for which is their unique structure. This
implied that, for further pharmaceutical development, a critical
question to address was whether the SBD scaffold is tolerated
well by cells. To address this, the effect of 12a on the human
lung A549 cell line was studied. Human A549 cells were
cultured in a 96-well microplate in the presence of varying
concentrations of 12a. Following exposure of cells to 12a for
120 h, MTT assay for cell viability was performed according to
literature reports.31,32 The proportion of viable cells remaining
at the end of this exposure was obtained spectrophotometrically
(A570) using a reference of viable cells in the wells containing
medium alone. The viabilities of human A549 cells in the
presence of 12a were not significantly different by one-way
ANOVA statistical analysis with Dunnet’s test (P > 0.05)
(Figure 8). These results indicate that 12a, and most probably
other SBDs, do not induce any significant toxicity up to ∼420
μM, a concentration more than 80-fold higher than the IC50 of
thrombin inhibition. This concentration roughly corresponds to
a dose of 250 mg/kg, a fairly high dosage level for a
pharmaceutical agent.

■ DISCUSSION
No small, drug-like molecules have been designed as of yet that
function as allosteric modulators of thrombin. Our SBDs, which
were designed as mimetics of heparin, are the first small
hydrophobic molecules that allosterically reduce thrombin’s

catalytic activity.23,24 Discovering allosteric modulators is
challenging because identifying exosites that are energetically
coupled to the active site in an agonistic or antagonistic manner
is not routinely possible. More importantly, even if such an
exosite was known, designing molecules that fit the site snugly
is challenging because the classical, allosteric induced-fit
mechanism would require good recognition of both the native
and conformationally altered states.
The advantage with thrombin is that it is a highly pliable

enzyme. The presence of multiple exosites in thrombin
enhances the likelihood of discovering small molecule allosteric
regulators. However, such probabilistic advantage does not
imply automatic translation into drug-like molecule design, and
thrombin is no exception. The scenario with other coagulation
enzymes, such as factors Xa, IXa, and XIa, is also similar. Yet,
allosteric regulation of these enzymes offers phenomenal
opportunity to induce tailored conformational change so as
to maintain a delicate balance between bleeding and clotting
tendencies, especially in the disordered state. With this goal in
mind, we designed sulfated LMWLs from which were designed
SBDs.19−24

This work suggests that SBDs appear to utilize a hydro-
phobic region between around Arg173 and thrombin’s active
site (Figure 7). Although designed as mimetics of heparin,
SBDs do not engage the traditional exosite 2 ligand residues
including Arg101, Arg126, Lys235, Lys236, and Lys240. SBDs
recognize Arg173, a heparin-binding residue. Yet, the predicted
binding mode and orientation of 12a is likely to be dramatically
different from that of polymeric heparin with its chain oriented
along the highly electropositive surface.34 In fact, 12a binds in a
region different from that predicted for sulfated LMWLs, which
appear to bind in a linear hydrophobic segment present in
exosite 2 on either side of residues Arg93 and Arg101.38

SBD 12a does not compete with the chromogenic substrate
and yet reduces the rate of substrate hydrolysis24 suggesting
that the new binding site is energetically coupled to the active
site. The affinity of 12a for thrombin at pH 7.4 and 25 °C is
approximately 6 μM, which implies a reasonably high affinity
interaction. In fact, other than the antithrombin-binding
heparin pentasaccharide, which binds with an affinity of ∼50
nM,14,42 no small sulfated molecule is known to bind with such
high affinity.43,44 A recent study of a group of synthetic heparin
octasaccharides that target herpes virus glycoproteins with ∼20
μM affinity further support this observation.45 The reason for
the very high affinity of antithrombin-binding heparin

Figure 7. Dose−response profiles for 12a inhibition of human plasma
alpha-thrombin and human plasma factor Xa in 20 mM Tris-HCl
buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl2, and 0.1%
polyethylene glycol (PEG) 8000 at 25 °C. Solid lines show sigmoidal
dose−response fit of eq 1 to thrombin data or linear trendline fit to
factor Xa data. See text for details.

Figure 8. Cell toxicity studies with 12a. The viability of human A549
after 120 h of incubation at 37 °C with varying concentrations of 12a
was studied using MTT cell viability assay. Cell viability was measured
spectrophotometrically using absorbance at 570 nm, as described in
Experimental Procedures. Error bars represent standard deviation
measured in three experiments at each concentration studied.
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pentasaccharide is marvelous engineering by nature over
millions of years. Thus, the ∼6 μM affinity of 12a, which is
∼1000-fold higher than that of its monomer precursor,23 is a
good lead. In fact, the putative binding site presents excellent
opportunities advancing the design. For example, Lys224 and
Arg221A are within 8 Å of the carboxylic acid ester (Figure 7).
Likewise, several hydrophobic residues are also available for
targeting.
Molecule 12a reduces thrombin’s catalytic activity by only

about 50% in comparison to other active site and exosite 1
inhibitors that display efficacy of nearly 100%.5−7 This implies
that 12a does not completely inhibit the procoagulant signal.
Whereas this could be traditionally considered as a defect of
design, considering the problems of overanticoagulation
induced by thrombin inhibitors, the less than perfect reduction
in catalytic activity of thrombin may serve to create the fine
balance between procoagulant and anticoagulant signals. More
importantly, detailed inhibition profiles reveal that some SBDs
exhibit efficacies of greater than 50%, while for others, it is
between 10 and 20%.24 The variability in the efficacy of
thrombin inhibition suggests that the equilibrium between the
native and conformationally altered state is tunable, and
optimally designed molecule(s) may be effective in treating
varying levels of pro-coagulant tendencies.
A feature of critical interest for developing effective

anticoagulants is the extent of their adverse effects, e.g., organ
toxicity, in addition to bleeding complications.46,47 A major
advantage of SBDs appears to be the low in vitro cellular
toxicity, which may translate into high efficacy to toxicity ratio.
The reason for the low cellular toxicity noted with SBD is not
clear at present, but it is likely to be the considerable water
solubility of the monosulfated molecule. We predict that an
advanced derivative of 12a that is designed to interact with
Lys224, Arg221A, and other polar amino acids will possess an
even better safety profile.
The discovery of the new allosteric binding pocket and the

benzofuran scaffold that is able to bind tightly and regulate
thrombin activity raises many questions before a clinically
viable candidate can be realized. For example, it is well
established that the presence of FibP does not affect thrombin
cleavage of fibrinogen48 but reduces the cleavage of other
thrombin substrates such as factor V, factor VIII, platelet
glycoprotein 1, and PAR1. Our earlier work has shown that
SBDs inhibit clotting of human plasma, which implies that the
presence of this molecule reduces the rate of fibrinogen
cleavage by thrombin,24 but if these molecules also reduce
platelet glycoprotein 1 and PAR1 cleavage, SBDs may function
as dual antiplatelet and anticoagulant agents. This does not
necessarily imply a distinct advantage because of the possibility
of introducing bleeding risk. Future studies will clarify these
involved aspects.
Overall, this work presents a new specific, hydrophobic

binding pocket near Arg173 that is energetically coupled to the
active site and a group of small, synthetic, hydrophobic
molecules that recognize this site with reasonably high affinity.
An appropriately designed allosteric SBD inhibitor could
prevent the hemorrhagic complications and avoid narrow
dosing regimens that are characteristic of thrombin active site
inhibitors.49
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