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Abstract
Integrin αIIbβ3 has emerged as an important therapeutic target for thrombotic vascular diseases
owing to its pivotal role in mediating platelet aggregation through interaction with adhesive
ligands. In the search for effective anti-thrombotic agents that can be administered orally without
inducing the high-affinity ligand binding state, we recently discovered via high-throughput
screening of 33,264 compounds a novel, αIIbβ3-selective inhibitor (RUC-1) of adenosine-5′-
diphosphate (ADP) -induced platelet aggregation that exhibits a different chemical scaffold and
mode of binding with respect to classical Arg-Gly-Asp (RGD)-mimicking αIIbβ3 antagonists.
Most importantly, RUC-1 and its higher-affinity derivative, RUC-2, do not induce major
conformational changes in the protein β3 subunit or prime the receptor to bind ligand. To identify
additional αIIbβ3-selective chemotypes that inhibit platelet aggregation through similar
mechanisms, we screened in silico over 2.5 million commercially available, ‘lead-like’ small
molecules based on complementarity to the predicted binding mode of RUC-2 into the RUC-1-
αIIbβ3 crystal structure. This first reported structure-based virtual screening application to the
αIIbβ3 integrin led to the identification of 2 αIIbβ3-selective antagonists out of 4 tested, which
compares favorably with the 0.003 % “hit rate” of our previous high-throughput chemical
screening study. The newly identified compounds, like RUC-1 and RUC-2, showed specificity for
αIIbβ3 compared to αVβ3 and did not prime the receptor to bind ligand. They thus may hold
promise as αIIbβ3 antagonist therapeutic scaffolds.

© Springer Science+Business Media B.V. 2012

Correspondence to: Marta Filizola, marta.filizola@mssm.edu.

Electronic supplementary material The online version of this article (doi:10.1007/s10822-012-9594-6) contains supplementary
material, which is available to authorized users.

NIH Public Access
Author Manuscript
J Comput Aided Mol Des. Author manuscript; available in PMC 2013 September 01.

Published in final edited form as:
J Comput Aided Mol Des. 2012 September ; 26(9): 1005–1015. doi:10.1007/s10822-012-9594-6.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

http://dx.doi.org/10.1007/s10822-012-9594-6


Keywords
Integrins; Virtual screening; Anti-thrombotic agents; Platelet aggregation; Small molecules

Introduction
Heart attacks and strokes caused by platelet-mediated thrombosis are leading causes of death
or serious, long-term disabilities worldwide [1]. Although the incidence of these conditions
in developed countries is declining, it is increasing in developing ones [2, 3]. Integrin
αIIbβ3 is the most abundant adhesion/aggregation receptor on the surface of platelets and
mediates platelet aggregation by binding the adhesive plasma proteins fibrinogen and von
Willebrand factor [4]. These interactions are responsible for the arrest of bleeding at sites of
vascular injury. However, in diseased states, they may result in thrombus formation, and
consequent heart attacks and strokes, providing a rationale for therapeutic blockade of
integrin αIIbβ3.

Recent αIIbβ3 crystal structures have provided detailed information about the primary
binding site of the endogenous fibrinogen ligand recognized by its receptor during platelet
aggregation [5]. In these structures, the fibrinogen C-terminal γ-chain peptide sequence
GAKQAGDV binds to the αIIbβ3 binding pocket lying between the αIIb and β3 subunits,
in part, by interacting with the αIIb subunit through a basic moiety and with the β3 subunit
through a negatively charged aspartate that coordinates the Mg2+ ion in the metal ion-
dependent adhesion site (MIDAS). Similar interactions account, in part, for the ability of
small peptides containing the Arg-Gly-Asp (RGD) cell adhesion sequence to inhibit
fibrinogen binding to αIIbβ3 [6].

Several potent αIIbβ3 antagonists have been developed as anti-platelet agents, of which
three intravenously administered drugs are currently licensed for human use [7]. These are:
(1) the Fab fragment of a chimeric, humanized version of the monoclonal mouse antibody
7E3 (abciximab), (2) a conformationally-constrained cyclic heptapeptide containing an
αIIbβ3-selective Lys-Gly-Asp (KGD) motif (eptifibatide), and (3) a non-peptide, small-
molecule RGD-mimicking compound (tirofiban). Recent crystal structures of αIIbβ3 bound
to eptifibatide, tirofiban, and another RGD-mimetic, L-739758, confirmed binding of these
agents to the αIIb subunit through their basic moieties and to the β3 MIDAS Mg2+ ion
through their carboxyl groups, suggesting that their mechanisms of action are similar [5].

A series of orally-active αIIbβ3 antagonists were developed patterned after the RGD
sequence, but none of them received regulatory approval because they failed to demonstrate
efficacy as antithrombotic agents and some of them were paradoxically associated with a
30–35 % increased risk of death [8, 9]. In addition, they produced thrombocytopenia in a
small percentage of patients [10]. It has been hypothesized that the increased risk of
thrombosis with these compounds is due to their inducing the αIIbβ3 receptor to adopt a
high-affinity ligand state such that, when their plasma levels declined, the receptor was able
to spontaneously bind endogenous ligands, resulting in platelet aggregation [8, 9]. Similarly,
it has been postulated that the conformation(s) induced by these agents expose regions of the
receptor to which some patients have preformed antibodies, resulting in antibody coating
their platelets, leading to thrombocytopenia [10].

We recently discovered a novel inhibitor of αIIbβ3-mediated platelet aggregation (RUC-1;
IC50 = 13 ± 5 µM) via high-throughput screening of a chemical library of 33,264 small
molecules [11]. RUC-1 is specific for αIIbβ3 relative to the closely related integrin αVβ3
and, unlike the RGD-based antagonists, it does not induce a major conformational change in
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the β3 subunit as demonstrated by the binding of monoclonal antibodies selective for ligand-
induced binding sites, gel filtration, and dynamic light scattering [11, 12]. Moreover, unlike
eptifibatide and an RGDS peptide, preincubation of αIIbβ3 with RUC-1 did not “prime” the
receptor to bind its ligand fibrinogen [11, 12]. Structural studies demonstrated that RUC-1
binds exclusively to the αIIb subunit through direct interactions with residues D224 and
Y190 as well as water-mediated interactions with residue D232 [12]. A more potent
derivative of RUC-1, RUC-2 (IC50 = 0.096 ± 0.011 µM) [13, 14], was obtained via
structure-based chemical optimization. The recently solved RUC2-αIIbβ3 crystal structure
[13, 14] confirmed that RUC-2 binds to the αIIb subunit much like RUC-1, but in addition it
exhibits a novel mode of binding to the β3 subunit involving a charge-charge interaction
with the side chain of the β3 E220 residue usually involved in the coordination of the
MIDAS Mg2+ ion, thus displacing the latter from its site. RUC-2 is also specific for αIIbβ3
compared to αVβ3 and does not prime the receptor to bind fibrinogen [14]. Notably, RUC-1
and RUC-2 exhibit unique binding modes to αIIbβ3 which differ from that of the RGD-like
molecules, with potential advantages in that they induce less conformational changes in the
αIIbβ3 β3 subunit [12].

Here, we describe the results of a structure-based in silico screening study aimed at
identifying inhibitors of αIIbβ3-mediated platelet aggregation by emulating the unique
mode of binding of RUC-2 to αIIbβ3, with the goal of identifying alternative, possibly
improved, therapeutic scaffolds. To the best of our knowledge, this is the first structure-
based virtual screening study involving integrin αIIbβ3 reported in the literature.
Specifically, we screened a large, putatively unbiased library of over 2.5 million
commercially available, ‘lead-like’ small-molecules based on complementarity to the
predicted mode of binding of RUC-2 into the crystal structure of the RUC-1-αIIbβ3
complex [12]. The study led to the identification of small-molecule chemotypes specific for
αIIbβ3 that inhibit ADP-induced platelet aggregation, but do not induce a high-affinity
ligand binding conformation in the receptor. When the RUC-2/αIIbβ3 complex crystal
structure [14] became available after these studies began, the virtual screening was repeated
using this structure, but no additional hits were discovered.

Methods
Ligand set

Compounds of the ‘lead-like’ subset of the ZINC database [15] were used for the molecular
docking study. At the time this screen was performed (March 22th, 2011) this subset
contained over 2.5 million commercially available small-molecules derived from a large,
potentially unbiased library of commercially available compounds selected using the
following criteria: calculated log P between 2.5 and 3.5, molecular weight between 250 and
350, and number of rotatable bonds between 5 and 7. For each molecule, the following
information was accessible through the ZINC database: (1) up to 1,000 conformations pre-
generated using the program OMEGA [16]; (2) van der Waals parameters derived from the
all-atom AMBER force-field [17]; and (3) partial atomic charges and transfer free-energies
calculated using AMSOL [18, 19].

Molecular docking screen
Docking calculations were performed with DOCK3.5.54 [20–22] using the crystal structure
of the closed headpiece of integrin αIIbβ3 in complex with RUC-1 (PDB ID: 3NIF [12]) or
RUC-2 (PDB ID: 3T3M [13, 14]). All non-protein atoms, except for the adjacent to MIDAS
(ADMIDAS) and the synergistic metal binding site (SyMBS) metal ions, were removed
from the PDB, and the most probable protonation state at pH 7.4 was assigned to the
ionizable protein residues. Forty-five matching spheres, labeled for chemical matching
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based on the local protein environment, were used to indicate putative RUC-2 atom
positions within the αIIbβ3 binding pocket. Ligand sampling was obtained using a bin size
of 0.2 Å, a bin size overlap of 0.1 Å, and a distance tolerance of 1.2 Å for both the binding
site matching spheres and the docked molecule (default parameters). The time of calculation
was ~1.6 h using 312 2.9 GHz cores for each virtual screening experiment. An energy-based
score corresponding to the sum of the receptor-ligand electrostatic and van der Waals
interaction energies, corrected for ligand desolvation, was used to evaluate the docking of
each molecule of the ligand set into the αIIbβ3 binding pocket. Specifically, the electrostatic
energies in the binding site were calculated using the program Delphi [23] and partial
charges from the united atom AMBER force-field [24] for all protein atoms and ions. A van
der Waals grid based on the same force-field was generated with the program CHEMGRID.
The ligand desolvation energy was estimated based on transfer free-energy between solvents
of dieletrics 78 and 2, taking into account the extent to which the ligand is buried in the
receptor binding site [25, 26]. The best energy-scored conformations of the ligand set
received 100 steps of rigid-body energy minimization. A small fraction (0.6 %) of the 500
top-scoring docking compounds was discarded from the virtual screening against the
predicted binding mode of RUC-2 into the RUC-1-αIIbβ3 crystal structure because these
molecules appeared to have missing or disconnected atoms. No broken molecules were
found among the 500 top-scoring docking compounds derived from the virtual screening
against the RUC-2-αIIbβ3 crystal structure.

Compound sourcing, characterization, and solubilization
Five compounds, MSSM-1–5, were selected from the 500 top-scoring docking compounds
based on the criteria specified in the “Results and discussion” session. Compound MSSM-1
was purchased from Enzo Life Science (http://www.enzolifesciences.com/), MSSM-5 was
purchased from Toronto Research Chemical (http://www.trc-canada.com/), and compounds
MSSM-2–4 were obtained from the National Cancer Institute of the National Institutes of
Health. Compounds MSSM-1 and MSSM-3 were soluble in DMSO and MSSM-2 and
MSSM-5 were soluble in water, but compound MSSM-4 was not soluble in DMSO, water,
or Tris/HCl-saline buffer and so was not studied further. Compound MSSM-1 and MSSM-5
were 98 and 97 % pure according to their manufacturers, as established by HPLC and C18-
reverse phase thin layer chromatography, respectively. The HPLC purification utilized a 0.1
% aqueous-TFA/acetonitrile solvent system, running a 30 min linear gradient of 0–20 %
acetonitrile. The MSSM-2 and MSSM-3 were purified by HPLC on a C18 reverse phase
column (Gemini) using a trifluoroacetic acid/acetonitrile gradient. Their final purities were
97 and 94 %, respectively, as judged by analytical LC/MS (Waters Acquity UPLC coupled
to a Thermo LTQ mass spectrometer). Mass spectroscopic analysis of the active compounds
MSSM-1 and MSSM-2 yielded the expected masses (Figure S1) and 1H NMR analysis of
compounds MSSM-1,2,3, and 5 yielded the expected spectra (Figure S2).

Similarity calculations
Similarities between the 4 tested ligands and the 2,691 annotated αIIbβ3 integrin ligands in
the ChEMBL database (http://www.ebi.ac.uk/chembl) were quantified by calculating their
Tanimoto similarity coefficients to the nearest neighbors, using extended connectivity
fingerprint maximum distances 4 (ECFP4) generated with the open source Java library for
chemical fingerprints called jCompoundMapper [27]. The Tanimoto similarity coefficients
were calculated using an in-house script in R language (see Supporting Information). For the
generation of the fingerprints, all molecules were converted from a PDB file format to their
corresponding SDFile using the program Corina [28]. To calculate Tanimoto similarity
coefficients for RUC-1 and RUC-2, these compounds were removed together with their 18
congeners from the list of 2,691 annotated αIIbβ3 ligands contained in the ChEMBL
database. The same methodology was used to run similarity calculations between the
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RUC-1/RUC-2 compounds and the lead-like subset of the ZINC database updated on
February 6th, 2012 (4,554,059 entries).

Platelet function assays
RUC-1, RUC-2, 7E3, tirofiban, and eptifibatide were obtained as previously described [12,
14]. The following assays were all carried out as previously described [11, 12, 14]: platelet
adhesion to fibrinogen; adhesion of HEK293 cells expressing αVβ3 to vitronectin; and
platelet aggregation to ADP (5 µM) using citrated platelet-rich plasma. The vehicles used to
solubilize the compounds (saline or DMSO at 0.3 % final concentration) did not affect the
central values of these assays.

Priming assay
To assess the ability of compounds identified to induce the high affinity, ligand binding state
of the αIIbβ3 receptor we employed a modified version of the assay developed by Du et al.
[29]. Washed platelets in HEPES-modified Tyrode’s buffer were incubated with the
compounds for 20 min at room temperature (RT), fixed with 1 % paraformaldehyde for 40
min at RT, incubated with 5 mM glycine for 5 min at RT, washed X4, resuspended in buffer
containing 2 mM Ca2+ and 1 mM Mg2+, incubated with Alexa 488-conjugated fibrinogen
(200 µg/ml; Invitrogen) (with or without 10 µM eptifibatide) for 30 min at 37 °C, washed,
diluted ten-fold, and analyzed by flow cytometry. The net fluorescence was calculated by
determining the percentage of platelets with fluorescence values greater than 25 arbitrary
units and subtracting the percentage in the untreated samples. In the 3 separate experiments,
the mean ± SD values in the untreated samples were 4 ± 3 %.

Results and discussion
The mode of binding of αIIbβ3 co-crystallized small-molecule antagonists

Figure 1 shows the chemical structures of select αIIbβ3 non-peptide, small-molecule
antagonists that have been studied in complex with αIIbβ3 by X-ray crystallography. They
are the RGD-mimicking antagonists (S)-2-(butylsulfonamino)-3-(4-[4-(piperidin-4-
yl)butoxy]phenyl) propanoic acid (tirofiban) and 3-{[5-(2-Piperidin-4-yl-ethyl)-thieno [2,3-
b]thiophene-2-carbonyl]-amino}-2-(pyridine-3-sulfonylamino)-propionic acid (L-739758),
as well as the newly discovered 2-ethyl-5-(piperazin-1-yl)-7H-[1,3,4]thiadiazolo[3,2-a]
pyrimidin-7-one (RUC-1) and 2-amino-N-(3-(5-oxo-7-(piperazin-1-yl)-5H-
[1,3,4]thiadiazolo[3,2-a]pyrimidin-2-yl)phenyl) acetamide (RUC-2). Figure 2 illustrates the
differences and similarities between the modes of binding to αIIbβ3 of tirofiban (PDB ID:
2VDM [5]), L-739758 (PDB ID: 2VC2 [5]), RUC-1 (PDB ID: 3NIF [12]), and RUC-2
(PDB ID: 3T3M [13, 14]). Specifically, both tirofiban and L-739758 exhibit a binding mode
similar to RGD peptides (Fig. 2A, B, respectively), with the ligand lying between the αIIb
and β3 subunits, and mostly stabilized through strong, polar interactions with the D224
residue of the αIIb subunit, the β3 MIDAS Mg2+ ion, and the R214 residue of the β3
subunit. Although RUC-1 (Fig. 2C) and RUC-2 (Fig. 2D) also form an interaction between
their basic moieties and the D224 residue of the αIIb subunit (in addition to a π-π stacking
interaction with αIIb Y190, and water-mediated interactions with αIIb D232), they do not
participate in the coordination of the MIDAS Mg2+ ion within the β3 subunit. While RUC-1
binds exclusively to the αIIb subunit, the crystal structure of the RUC-2-αIIbβ3 complex
[13, 14] confirms similar interactions with the αIIb subunit, but reveals a charge-charge
interaction of the β3 E220 residue with RUC-2 instead of the MIDAS Mg2+ ion, which was
missing from the site.
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Virtual screen and compound selection
A workflow of the structure-based virtual screening approach is shown in Fig. 3. We
initially screened over 2.5 million commercially available, “lead-like” compounds from the
ZINC database [15] based on complementarity with the predicted binding mode of the
newly identified RUC-2 compound into the RUC-1-αIIbβ3 crystal structure [12].
Subsequently, when the crystal structure of the RUC-2-αIIbβ3 complex (PDB ID: 3T3M
[14]) became available, we performed an additional screen using this structure. The protein
was kept rigid while each “lead-like” compound was docked into the binding pocket in an
average of 425 orientations relative to the receptor, and an average of 2,500 conformations
for each orientation. A score was assigned to each molecule and configuration within the
binding pocket based on van der Waals and electrostatic complementarity with the receptor,
corrected for ligand desolvation. In the initial screen, the 500 top-scoring docking hits
(Table S1 of Supporting Information; 0.02 % of the docked library) were visually inspected.
Ligands for experimental testing were selected based on chemotype diversity, chemico-
physical properties, and other features that the molecular docking screen does not take into
account. Molecules were singled out based on the following criteria: (1) The presence of
hydrogen bond interactions between the ligand and both the αIIb D224 and the β3 E220
residues, or as an alternative, the αIIb D232 and β3 E220 residues; (2) chemotype diversity;
and (3) purchasability. In the initial screen using the RUC-1 crystal structure, thirteen small
molecules were extracted from the set of 500 best-scored compounds (see Table S1) based
on the first criterion. These molecules corresponded to the DOCK scoring ranks 6 (MSSM-1
in Table 1), 45 (MSSM-2 in Table 1), 122, 141 (MSSM-3 in Table 1), 163, 238, 299, 336,
360, 385, 393 (MSSM-4 in Table 1), 400 (MSSM-5 in Table 1), and 433. Two of these
(corresponding to DOCK scoring ranks 163 and 360) were eliminated because of chemical
similarity to MSSM-3 and MSSM-4, respectively. Of the remaining 11 molecules, those
corresponding to DOCK scoring ranks 122, 238, 299, 336, 385, and 433 were either no
longer commercially available (compounds 122 and 336) or unacceptably expensive
(compounds 238, 299, 385, and 433). We purchased the 5 remaining compounds (MSSM-1–
5), but one (MSSM-4) could not be tested in functional assays because it was insoluble in
water, saline, and DMSO. Thus, we ultimately tested the function of 4 compounds
(MSSM-1–3 and 5).

In the subsequent screen using the RUC-2 crystal structure [14], approximately half of the
resulting 500 top-scoring docking hits were identical to those derived from the initial virtual
screen, although not necessarily with a corresponding scoring rank. These included 12
(highlighted in blue color in Table S2) of the 13 molecules we had selected based on
specific hydrogen bonding interactions with both αIIb D224 (or D232) and β3 E220. Of the
remaining half top-scoring docking hits, 10 additional molecules were selected based on the
aforementioned interactions (highlighted in pink color in Table S2). These molecules
corresponded to the DOCK scoring ranks 156, 161, 179, 202, 210, 320, 350, 364, 424 and
450. Among them, those corresponding to DOCK scoring ranks 161, 179, 210, 320, 350,
424 and 450 were no longer commercially available, while 156, 202 and 364 were
unacceptably expensive, leaving us with no additional molecules to test from the virtual
screening experiment using the RUC-2-αIIbβ3 crystal structure.

Inhibitory activity, binding specificity, and “priming” effect
As shown in Fig. 4 and Table 1, two compounds (MSSM-1 and MSSM-2) were active in the
platelet adhesion assay. In 3 separate experiments, conducted at a concentration of 100 µM,
MSSM-1 produced 61 ± 6 % (mean ± SD) and MSSM-2 produced 36 ± 9 % inhibition of
platelet adhesion to fibrinogen, respectively, whereas MSSM-3 and MSSM-5 produced 10 ±
3 % and no inhibition, respectively. RUC-1 and RUC-2 were more potent inhibitors of
platelet adhesion at 100 µM, and at 10 µM, RUC-2 still produced 99 ± 9 % inhibition,
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whereas RUC-1, MSSM-1 and MSSM-2 produced much less or no inhibition. For further
comparison, tirofiban at 10 µM produced 100 ± 6 % inhibition.

Since MSSM-1 and MSSM-2 showed the most activity in the adhesion assay, they were
further tested for their ability to inhibit the initial wave of ADP-induced platelet aggregation
of citrated platelet-rich plasma (Fig. 5, Table 1). Their IC50 values were 12.5 ± 1.19 µM and
47.7 ± 4.7 µM (n = 3), respectively. By comparison, the IC50 values (n = 3) for RUC-1 and
RUC-2 were 11.5 ± 1 µM and 0.15 ± 0.01 µM, respectively, when tested against the same
platelet-rich plasma samples. It must be noted, however, that unlike RUC-2, RUC-1 and
MSSM-1–2 derive directly from screenings and have not been further optimized. The IC50
values for mAb 7E3 determined in two of the above experiments were both 0.10 ± 0.01 µM.

The specificity of MSSM-1 and MSSM-2 for αIIbβ3 was assessed by analyzing their ability
to inhibit the interaction of the closely related integrin receptor, αVβ3, with its ligand,
vitronectin (Fig. 6). The αVβ3-specific mAb LM609 inhibited adhesion of HEK293 cells
expressing αVβ3 to vitronectin by 101 ± 2 % (n = 4) at 80 µg/ml and the anti-αVβ3 +
αIIbβ3 mAb 7E3 inhibited adhesion by 97 ± 6 % (n = 4), whereas mAb 10E5 inhibited
adhesion by 3 ± 6 % (n = 4; Fig. 6). In sharp contrast, MSSM-1 at 300 µM produced only 8
± 9 % (n = 4) inhibition and MSSM-2 at the same concentration produced only 11 ± 14 %
inhibition (n = 4). For comparison, RUC-1 at 100 µM produced 8 ± 11 % (n = 4) inhibition
and RUC-2 at 10 µM produced 7 ± 8 % inhibition (n = 4). Thus, like both RUC-1 and
RUC-2, MSSM-1 and MSSM-2 showed specificity for αIIbβ3 compared with αVβ3.

We also tested the “priming” effect of MSSM-1 and MSSM-2, that is, their ability to induce
αIIbβ3 to adopt a high-affinity ligand binding conformation as judged by their inducing
platelet αIIbβ3 to bind fibrinogen (Fig. 7). Incubation of washed platelets with tirofiban (0.5
µM), an RGDS peptide (100 µM), or eptifibatide (1 µM) followed by fixation in
paraformaldehyde and washing, increased fluorescent fibrinogen binding to platelets as
judged by the percentage of platelets with fluorescence values above those in the absence of
the agents. The increases were 31.8 ± 14.1, 34.6 ± 15 %, and 31 ± 18.1 respectively (n = 5
for all). The specificity of the binding was established by the ability of eptifibatide or EDTA
to block the binding. In sharp contrast neither MSSM-1 nor MSSM-2 at 300 µM produced
an increase in the percentage of platelets binding fibrinogen (0 ± 0.4 and 0 ± 0 %,
respectively; n = 5). For comparison, RUC-1 (100 µM) produced a 14.4 ± 6.7 % (n = 5)
increase and RUC-2 (1 µM) produced a 3 ± 2.7 % (n = 5) increase. Based on these data we
concluded that MSSM-1 and MSSM-2, like RUC-1 and RUC-2, demonstrate minimal
priming activity when compared to tirofiban, the peptide RGDS, and eptifibatide.

In summary, based on the platelet adhesion and aggregation data, half of the compounds we
tested demonstrated biologically meaningful inhibition of the receptor. This value can be
compared to the inhibitory activity of 14 % of the compounds selected from a structure-
based virtual screening application to the highly homologous αVβ3 integrin, with IC50
values ranging from 30 to 200 µM [30]. Although docking scoring functions are often
unable to rank order ligands by affinity and/or potency, we note that the identified inhibitors
MSSM-1 and MSSM-2 exhibited the highest rank (6th and 45th, respectively) among the
docked ~2.5 million compounds based on complementarity to the predicted binding mode of
RUC-2 in the RUC-1-αIIbβ3 crystal structure.

Predicted binding modes
As shown in Fig. 8, MSSM-1–5 were predicted to interact with key interaction sites of
RUC-2 (Fig. 8A), including αIIb D224 (or alternatively D232), αIIb Y190, and β3 E220.
Compounds MSSM-1 and MSSM-2 (Fig. 8B, C, respectively) formed a hydrogen bond with
the αIIb D224 residue, whereas MSSM-3, MSSM-4 and MSSM-5 (Fig. 8D, E, F,
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respectively) interacted with the αIIb D232 residue. The importance of an interaction with
D224 instead of D232 is suggested by the greater ability of MSSM-1 and MSSM-2 to inhibit
platelet adhesion to fibrinogen.

Novelty
MSSM-1 and MSSM-2 are significantly different from annotated αIIbβ3 ligands in the
ChEMBL database (http://www.ebi.ac.uk/chembl), as quantified by comparing their
topological fingerprints and their calculated Tanimoto similarity coefficient (Tc) [31] values
(Table 1). The latter identifies nearest neighbors based on extended connectivity fingerprint
maximum distance 4 (ECFP4), with a value of 0 indicating that the compounds are
maximally dissimilar and 1 indicating that they are maximally similar [32]. MSSM-1 and
MSSM-2 demonstrated ECFP4-based Tc values of 0.21 and 0.32, respectively to all of the
annotated αIIbβ3 small-molecule ligands in the ChEMBL database, which is below 0.40,
the value above which molecules are considered reasonably similar [33]. These data
suggested the novelty of both agents. However, MSSM-1 itself is annotated in the ChEMBL
database as a potent serine protease (C1r) inhibitor (cited under the names of 6-
[amino(imino)methyl]-2-naphthyl 4-{[amino(imino)methyl] amino}benzoate, futhan, or
nafamostat) [34, 35], and has been used clinically as nafamostat mesylate in Asia to treat
pancreatitis [36]. Moreover, a further literature search unexpectedly revealed that MSSM-1,
under the nafamostat designation, has actually been reported to inhibit platelet aggregation
induced by ADP [37] [with an IC50 very similar to the one we obtained (9.3 ± 2.8 µM vs our
12.5 ± 1.2 µM)] and fibrinogen binding to ADP-stimulated human platelets [38]. In addition,
the chemical space of this compound has been exploited to obtain more potent, classical,
RGD-like αIIbβ3 antagonists. Specifically, compounds 4-(6-amidino-2-
naphthylaminocarbonyl)phenoxyacetic acid and 4-(6-amidino-2-
naphthalenecarboxamido)phenoxyacetic acid, which had the guanidine group of nafamostat
replaced by a carboxylic acid inhibited ADP-induced aggregation of human platelet-rich
plasma with IC50 values of 0.05 and 0.07 µM, respectively [39]. The higher affinity of these
compounds can be explained based on current structural knowledge as most likely reflecting
the ability of their carboxylic acid moieties to directly coordinate the MIDAS Mg2+ ion, and
therefore to induce the unwanted high-affinity ligand binding conformation in the receptor.

MSSM-2 is known as 4-({(E)-amino[(4-carbamimidoylphenyl) amino] methylidene} amino)
benzenecarboximidamide, and has been reported to have an antileukemic effect in mouse
models according to information that is accessible through the Developmental Therapeutics
Program of the National Cancer Institute. The most similar annotated αIIbβ3 small-
molecule ligand to this compound in the ChEMBL database, 3-[3-(4-Carbamimidoyl-
phenylcarbamoyl)-propionylamino]-propionic acid [40], is a substituted β amino acid, RGD-
like derivative (Table 1). Based on its structure, and unlike MSSM-2, this compound is
expected to interact with the MIDAS Mg2+ ion within the β3 subunit through its carboxylic
group, and therefore to produce unwanted conformational changes in the receptor.

In order to assess whether comparable results could have been achieved using a much
simpler approach, similarity calculations were run between the RUC-1/RUC-2 compounds
and the currently available lead-like subset of the ZINC database (updated on February 6th,
2012 with 4,554,059 entries). Neither MSSM-1 nor MSSM-2 would have been identified by
this approach considering that their Tc values compared to RUC-2 are 0.096 and 0.078,
respectively. Even the compounds most similar to RUC-1 and RUC-2 (C23695127 and
C63922479) had Tc values of 0.37 and 0.25, respectively [33]. It must be noted, however,
that the compound with a Tc of 0.37 with respect to RUC-1 is a RUC-1 derivative.
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Conclusions
Although three αIIbβ3 antagonists (abciximab, eptifibatide and tirofiban) are currently used
in clinical practice as effective anti-platelet agents, they can only be administered
intravenously and the two small molecules prime the receptor to assume the high affinity
ligand binding conformation. Our structure-based virtual screening and compound selection
criteria allowed us to efficiently identify small-molecule chemotypes with a very favorable
hit-rate of 50 %. To the best of our knowledge, this is the first report of a structure-based
virtual screen to identify an inhibitor of integrin αIIbβ3. Most importantly, it uses novel
structural information and a unique hypothesis of a novel mechanism of inhibitory action
that does not require coordination of the MIDAS Mg2+ ion within the β3 subunit. Thus, the
current study shows the potential of structure-based virtual screening against new αIIbβ3
integrin crystal structures to explore novel ligand binding mechanisms, and possibly identify
anti-platelet agents with better benefit-to-risk profiles. We were pleased to note that the
chemical scaffold of one of the two active compounds (MSSM-1) has already been utilized
to develop inhibitors of αIIbβ3-mediated platelet aggregation, though it required producing
compounds that interact with the MIDAS Mg2+ ion [38, 39] and thus may have some of the
undesirable features of other compounds in this group [8, 9]. To the best of our knowledge,
the other compound (MSSM-2) has never been identified as inhibiting platelet aggregation
or the binding of adhesive proteins to αIIbβ3 or platelets. Following our mechanistic
hypothesis that the inhibitory action of these compounds does not involve engaging the
MIDAS Mg2+ ion, these identified ligands are promising new starting points for structure-
based ligand optimization, which is an ongoing effort of our laboratories.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Chemical structures of known antagonists co-crystallized with αIIbβ3 integrin
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Fig. 2.
Crystallographic binding modes of antagonists tirofiban, L-739758, RUC-1, and RUC-2 (A,
B, C and D, respectively). The αIIb and β3 subunits are shown as light blue and white
cartoons, respectively. Side chains of protein residues interacting with the ligands are shown
as sticks. ADMIDAS and SyMBS ions are shown as white spheres while the MIDAS ion is
shown as a grey sphere. Ligands are shown as orange sticks, while black dot lines indicate
hydrogen bonds
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Fig. 3.
A workflow of the structure-based virtual screening approach applied to a model of the
RUC-2/αIIbβ3 complex

Negri et al. Page 14

J Comput Aided Mol Des. Author manuscript; available in PMC 2013 September 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 4.
Effect of RUC-1, RUC-2, MSSM-1 and MSSM-2 on adhesion of platelets to immobilized
fibrinogen at different concentrations. Washed platelets in buffer containing 1 mM Ca2+ and
1 mM Mg2+ were allowed to adhere to microtiter wells precoated with purified fibrinogen
(50 µg/ml) in the absence or presence of the indicated compounds. After 1 h at RT the wells
were washed and the adherent platelets detected by lysing them with 0.1 % Triton X-100
and assaying the released acid phosphatase activity
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Fig. 5.
Inhibition of ADP-induced platelet aggregation. Compounds were incubated at the indicated
concentrations with citrated platelet-rich plasma for 15 min at 37 °C and then ADP (5 µM)
was added and aggregation monitored by the change in light transmission. The initial slopes
of platelet aggregation were measured and the IC50s determined by comparison with the
untreated sample. Data shown are mean ± SD (n = 3), except for mAb 7E3, which is shown
as the means of 2 separate experiments
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Fig. 6.
Effect of EDTA, mAbs 7E3, 10E5, LM609, RUC-1, RUC-2, MSSM-1, and MSSM-2 on
adhesion of HEK293 cells expressing αVβ3 to immobilized vitronectin. HEK293 cells
expressing αVβ3 were added in buffer containing 1 mM Mg2+ to microtiter wells precoated
with vitronectin (5 µg/ml). After 1 h at RT, the wells were washed and the adherent cells
detected by lysing the cells with Triton X-100 and measuring released acid phosphatase
activity
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Fig. 7.
Priming effects of compounds. Tirofiban (0.5 µM), an RGDS peptide (100 µM), eptifibatide
(1 µM), RUC-1 (100 µM), RUC-2 (1 µM), MSSM-1 (300 µM), or MSSM-2 (300 µM) were
added to washed platelets and then the platelets were fixed with 1 % paraforrmaldeyde.
After quenching the paraformaldehyde with glycine and washing, fluorescent fibrinogen
(200 µg/ml) was added for 30 min at 37 °C and then, after washing again, bound fluorescent
fibrinogen was detected by flow cytometry. The percentage of platelets with fluorescence
values above 25 arbitrary units (AU) was recorded. The data shown is the percentage of
platelets with values above 25 AU in the presence of each compound, minus the percentage
in the untreated platelet sample. The latter averaged 4 ± 3 %
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Fig. 8.
Predicted binding modes of the 5 ligands identified by the docking screens (B, C, D, E and
F) compared to the RUC-2 binding pose (A). The αIIb subunit is shown as a light blue
cartoon with the side chains of residues as sticks. The β3 subunit is shown in white cartoon
with the side chain of E220 as sticks. ADMIDAS and SyMBS ions are shown as white
spheres. The five ligands are shown as orange sticks and the co-crystallized antagonist
RUC-2 is shown using cyan sticks (A) or cyan lines (B, C, D, E and F). Black dot lines
indicate hydrogen bonds
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