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Most orally bioavailable drugs on the market are competitive
inhibitors of catalytic sites, but a significant number of targets
remain undrugged, because their molecular functions are believed
to be inaccessible to drug-like molecules. This observation specif-
ically applies to the development of small-molecule inhibitors of
macromolecular interactions such as protein–membrane interac-
tions that have been essentially neglected thus far. Nonetheless,
many proteins containing a membrane-targeting domain play a
crucial role in health and disease, and the inhibition of such
interactions therefore represents a very promising therapeutic
strategy. In this study, we demonstrate the use of combined in
silico structure-based virtual ligand screening and surface plasmon
resonance experiments to identify compounds that specifically
disrupt protein–membrane interactions. Computational analysis of
several membrane-binding domains revealed they all contain a
druggable pocket within their membrane-binding region. We ap-
plied our screening protocol to the second discoidin domain of
coagulation factor V and screened >300,000 drug-like compounds
in silico against two known crystal structure forms. For each C2
domain structure, the top 500 molecules predicted as likely factor
V-membrane inhibitors were evaluated in vitro. Seven drug-like
hits were identified, indicating that therapeutic targets that bind
transiently to the membrane surface can be investigated cost-
effectively, and that inhibitors of protein–membrane interactions
can be designed.

computational chemistry � discoidin domain � surface plasmon resonance

The availability of thousands of genes potentially involved in
disease has stimulated interest in the discovery of new drug

targets (1). However, many such targets are underexploited, be-
cause their molecular functions are believed to be inaccessible to
small drug-like molecules, and because the lead discovery costs are
estimated to be too high, anywhere from $500,000 to $1,000,000 for
screening 1 million compounds via high-throughput screening
(HTS) experiments (2, 3). Along the same line of reasoning, the
discovery of drug-like molecules acting outside catalytic sites is still
considered an unattainable goal by many research scientists. How-
ever, with the advent of high-throughput technologies, we are
witnessing a paradigm shift in drug discovery research. Potent
inhibitors of protein–protein and protein–DNA interactions can be
found, but the costs usually remain outrageous (4). Consequently,
relatively few lead discovery campaigns against such targets have
been performed, and even fewer studies have used in silico directed
approaches, precluding cost-efficient discovery of active drug-like
molecules against these macromolecular interactions. Although
small nonpeptide inhibitors against macromolecular interactions
are emerging, many cellular processes influencing the health and
disease states depend on yet another kind of interaction, protein–
membrane interactions. This interaction class has been largely
neglected for conceptual and technical reasons, even though effi-

cient and cost-effective protocols for the design of small inhibitors
would represent a valuable new therapeutic approach for many
disease indications. Indeed, with the availability of complete ge-
nome sequences for several different organisms and with structural
genomics initiatives further supported by progress in homology
modeling, an increasing number of potentially important therapeu-
tic proteins that interact with the membrane surface are likely to be
identified, indicating further that fast, inexpensive, and accurate
protocols to target this molecular mechanism have to be developed.

Despite their wide and successful applications, HTS approaches
often remain very costly for hit/lead identification purposes. There-
fore, in silico techniques should be applied wherever possible prior
and complementary to HTS experiments. For instance, if the 3D
structure of a membrane-binding target is known, a rational ap-
proach to identify inhibitors is to use structure-based virtual ligand
screening (SB-VLS) methods (5–9). However, it is important to
note that SB-VLS methods are also expensive, because they usually
require costly computer farms and several commercial software
licenses (10, 11). In addition to the 3D structure of the target and
a fast and accurate computational protocol, there is at least one
other prerequisite for successful SB-VLS studies, the knowledge of
the ligand-binding site. This is generally not known in detail for
proteins interacting with the membrane surface, but binding site
prediction methods can be applied to assist the identification of the
most promising regions (12).

Next to the use of in silico experiments, appropriate in vitro
protocols are required for the identification and validation of
membrane-binding inhibitors. Traditionally, membrane-binding
property assays are carried out by using different techniques,
ranging from microtiter-plate based assays (ELISA-like) to direct
binding experiments that make use of, for instance, surface plasmon
resonance (SPR). The immobilization of a well defined phospho-
lipid membrane surface and the stability and reproducibility of
binding, along with a true quantitative and direct binding measure-
ment character of the assay system, are of major importance for
assay outcomes. We therefore suggest that the right functional
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assays coupled with SPR experiments appear to be an optimal
combination for the identification of leads inhibiting protein–
membrane interactions. Indeed, SPR is ideally suited for the
identification of small molecular inhibitors (molecular mass �350
Da) in direct binding assays. Further, the use of SPR with liposomes
captured to an L1-chip represents a general experimental approach
to investigate inhibition of membrane binding at physiological
temperature (13, 14). The method is extremely robust and repro-
ducible and requires only minute amounts of the test compounds
and the target protein. Although the SPR throughput is modest, it
perfectly complements SB-VLS, because the number of molecules
to be tested after in silico screening computations is usually small.
Indeed, in our opinion, the combination of SB-VLS with SPR
screening represents a generic approach enabling cost-effective
identifications and developments of compounds that affect protein–
membrane interactions.

In the present study, we investigated five proteins with known 3D
structure that bind transiently to the membrane and performed a
theoretical prediction of druggable pockets. We found that all these
proteins possess a druggable pocket within the membrane-binding
region. For our proof of concept, we selected the second discoidin
domain (C2 domain) of coagulation factor V (FV) as a represen-
tative domain displaying calcium-independent membrane-binding
properties (15). We used our hierarchical SB-VLS protocol (16),
followed by functional and SPR-based assays, to identify and
characterize membrane-binding inhibitors. We thereby demon-
strate that membrane-binding inhibitors can be identified cost-
effectively, and that this approach can be implemented and effi-
ciently operated.

Results and Discussion
Membrane-Targeting Domains and Theoretical Prediction of Drug-
gable Pockets. Structural analysis of proteins that bind to the
membrane in a reversible manner via a membrane-targeting do-
main shows that these membrane-binding regions possess specific
chemical and topological properties (e.g., a cationic patch surround-
ing aromatic and aliphatic clusters), whereas their overall fold
varies, from all � through �/� to all � structures (17). Proteins or
protein modules of therapeutic importance with a known 3D
structure that belong to this membrane-binding class include the
‘‘tubby protein’’ (18), the PX domain (19), the plasma �2-
glycoprotein I (20), cyclooxygenase (21), and coagulation FV (22).
We investigated these five proteins and performed a theoretical
prediction of druggable pockets (2, 23, 24). We found that the
membrane-binding domains of all of the above-mentioned proteins
not only display patches of basic and aliphatic/aromatic residues at
the membrane-binding interface but, in the same region, also
possess a cavity that could be potentially targeted by drugs (Fig. 1).
These cavities are likely to play a major role in membrane binding
and could participate in (stereo)-specific interactions with the
phospholipid head groups. Interestingly, the sizes of the predicted
binding pocket envelopes for our five membrane-binding proteins
within the membrane-binding region range from 200 to 600 Å3,
values commonly computed for proteins cocrystallized with small
drug-like ligands (25). The pertinence of the pocket prediction
algorithms used here has been reported (12, 25, 26) and is further
validated in the case of FV. The C2 domain has been cocrystallized
with the phenyl mercury molecule [a covalent bond is formed;
Protein Data Bank (PDB) ID code 1CZS, open crystal form] (22),
and the region surrounding this small compound has been proposed
to form a key binding groove for specific interaction with acidic
phospholipids. This site was readily predicted with both, the ICM
PocketFinder utility (24) and with Q-SiteFinder (23).

Combined SB-VLS-SPR Screen to Identify FV–Membrane Interaction
Inhibitors. The C2 domain of coagulation FV. As proof of concept, we
selected the C2 domain of coagulation FV as a representative
protein domain involved in calcium-independent membrane bind-

ing. This domain is closely related, structurally and functionally, to
the C2 domain of factor VIII (FVIII, a protein involved in hemo-
philia A) (27). Although this domain is named C2, this region of FV
or FVIII is structurally unrelated to the so-called C2 domain of for
instance cytosolic phospholipase A2. FV and FVIII are homolo-
gous molecules sharing the domain architecture A1-A2-B-A3-C1-
C2. The binding of coagulation FV (via its C2 domain) to activated
membranes of circulating platelets is essential for its functions in
coagulation. Upon activation by thrombin, activated FV (FVa) acts
as a cofactor of activated factor X (FXa) in the prothrombinase
complex, which converts prothrombin to thrombin on an appro-
priate phospholipid surface (15, 28). Excess thrombin production
can lead to thrombotic events, suggesting that small inhibitors of
FV–membrane interactions could be the starting point for the
development of a novel class of antithrombotic drugs. The FV C2
domain comprises a distorted jelly-roll �-barrel motif consisting of
eight major antiparallel strands arranged in two �-sheets [support-
ing information (SI) Fig. 4]. Several loops, presenting hydrophobic/
aromatic residues, facilitate immersion into the membrane. Specific
interactions with phosphatidylserine (PS) head groups are expected
to occur in the groove enclosed by these membrane-binding loops
(22). This zone is surrounded by several basic residues, which
facilitate the formation of an encounter complex with the negatively
charged membrane phosphate groups via electrostatic steering, and
that anchor the module into the membrane bilayer (22, 29–31). The
FV membrane-binding loops can assume an open or closed con-
formation (SI Fig. 4) (22), and it is believed (but not proven) that
the closed form has low membrane affinity, whereas the open form
is suitable for membrane interaction. In the open crystal form, the
exposed indoles of Trp 2063 and Trp 2064 contribute to the
immersion of the module by interaction with the apolar membrane
core (Fig. 2). The nearby-predicted druggable pocket is lined with
polar/basic/aliphatic/aromatic side chains (Ser 2183, Gln 2085, Lys
2060, Trp 2068, Met 2120, Ser 2115, Leu 2116, and Arg 2080),
ideally arranged for interactions with lipid headgroups.
SB-VLS and SPR experiments on FV. SB-VLS methods help to prioritize
large compound collections before experimental testing and are
complementary and often superior to massive experimental HTS
(32). However, these computational approaches also suffer from
limitations (9). We applied our validated multistep SB-VLS pro-
tocol (16, 33) to both the open and closed C2 crystal forms and
selected the best 509 molecules for each receptor form (i.e., we
decided to screen �1,000 compounds in total). These 1,018 mol-
ecules were tested in groups of four compounds (each at a final
concentration of 100 �M) for their ability to inhibit prothrombin
activation. Compound mixtures showing �95% inhibition of pro-

Fig. 1. Relative orientation of the predicted druggable pockets with respect
to the membrane-binding surface. Five membrane-binding domains are ori-
ented toward the membrane surface on the basis of previously reported
biophysical and mutation studies. From left to right, the membrane binding
domains of coagulation FV (22), plasma Beta2-glycoprotein I (20), cyclooxy-
genase (21), PX domain (19), and the ‘‘tubby protein’’ (18) are displayed. A
color gradient is applied from the N-terminal region (blue) to the C-terminal
region (red). The predicted druggable pockets are shown in magenta. This
figure was prepared with ICM. The proteins are scaled differently to facilitate
the reading.
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thrombin activation were deconvoluted to determine the activity of
the individual compounds. Nine molecules were identified that
inhibited the prothrombinase assay by �99% at a concentration of
100 �M (Table 1 and SI Table 2). The IC50 of these molecules was
determined by varying their concentrations in the functional assay
(Fig. 3a). Control experiments showed that none of the nine hit
compounds inhibited chromogenic substrate conversion by FXa.
However, the two most active small molecules (001B03 and
010G06; Table 1) also inhibited prothrombin activation in the
absence of FVa and/or phospholipids, indicating that the inhibitory
effect of these compounds was not due to the impediment of the
FVa–lipid interaction. Therefore, both molecules were excluded
from further evaluation. To confirm that the remaining seven
compounds inhibited association between the FV C2 domain and
the membrane, we performed SPR experiments by using the
isolated FVa light chain (FVa LC; this part of the molecule contains
the A3 domain, and two discoidin domains) and a recombinant FV
C2 domain. The compounds were tested for their ability to inhibit
the binding of FVa LC or FV C2 to an immobilized phospholipid
bilayer containing 20:80 PS:phosphatidylcholine (Fig. 3 b and c,
respectively, and Table 1). We further verified that compounds
failing to inhibit prothrombin activation (Fig. 3 b and c) were unable
to impede membrane binding of the FVa LC and the FV C2
domain. The direct interaction of the hit compounds with FVa LC
or the FV C2 domain was additionally confirmed by SPR analysis
(data not shown). SPR control experiments were performed to
show that none of the seven hit compounds significantly bound to
the membrane [typically �25 resonance units (RU)], excluding the
possibility that penetration and subsequent disruption/distortion of
the lipid bilayer by these molecules were responsible for their
inhibitory effect. Moreover, none of the seven hit compounds
inhibited the calcium-dependent membrane-binding activity of the
human vitamin K-dependent proteins, prothrombin and FXa.
Furthermore, four of the seven hit compounds also inhibited
membrane binding of the structurally related blood coagulation
FVIII (Table 1), two of which (molecules 5B10 and 8A07) pre-
sented with an IC50 of 7.8 and 8.9 �M, respectively, for the
inhibition of FVIII–membrane interaction, as measured by SPR.
Although the small molecules described here show reasonable
inhibition of FV C2 membrane binding and FVa cofactor activity
in the activation of prothrombin by FXa, the compounds in their

current form, at 100 �M final concentration, do not inhibit FVa
procoagulant activity in a plasma-based assay system (data not
shown). A likely explanation for this observation is that the active
concentration of a given compound is markedly decreased when
bound to plasma proteins (particularly albumin, �1 acid glycopro-
tein and lipoproteins). To verify this hypothesis, we tested the most
potent compound (001C07) at a concentration of 50 �M in the
functional assay in the presence of increasing albumin concentra-
tions (0.5–80 mg/ml). As albumin concentration increases, the
inhibitory activity of the compound gradually decreases to �25%
at an albumin concentration of 40 mg/ml, which approaches the
plasma albumin concentration (SI Fig. 5). The binding of hit
compounds to albumin was further confirmed by SPR analysis
(data not shown). Optimization procedures could be carried out to
reduce affinity for albumin as shown for some cyclooxygenase 2
inhibitors (34) but are beyond the scope of the present investigation.

In silico structural analysis of the docked poses revealed that the
active molecules were all partially buried in the PS-binding groove.
Critical interactions with residues located in this cavity were iden-
tified. A consensus pose obtained by Surflex and LigandFit is shown
in Fig. 2. In general, the compounds display favorable contacts with
the side chains of FV C2 residues Gln 2085, Lys 2060, Trp 2068, Ser
2115, Leu 2116, Trp 2063, Trp 2064, Arg 2080, or Lys 2061. The
compounds found by using the closed crystal form could also be
docked in the open form, although with a different orientation.
Further investigation of the precise interaction would require
site-directed mutagenesis and/or NMR or x-ray crystallography
experiments.

SB-VLS-SPR Generic Platform to Design Protein–Membrane Interac-
tion Inhibitors. To the best of our knowledge, lead discovery
campaigns against membrane-targeting domains that include vir-
tual ligand screening have not been carried out, and only one study
has reported inhibition of FVIII–membrane interaction (35). In
that report, a traditional HTS lead discovery approach was applied,
leading to the initial identification of 10 best hits disrupting FVIII
C2 domain–membrane interactions after screening 10,000 mole-
cules from the ChemBridge collection. These 10 hits were grouped
into three categories: weak inhibitors (five compounds with IC50 �
20 �M), moderate inhibitors (two compounds with IC50 between 10
and 20 �M), and strong inhibitors (three compounds with IC50 �
10 �M). The hit rate was 0.10, whereas we achieved a hit rate of 1.2
when using the FV C2 domain open crystal form (six inhibitors
found after screening 500 molecules, four compounds with IC50 �
10 �M, and two compounds with IC50 � 20 �M). We obtained a
hit rate of 0.7 when testing the 1,018 molecules (i.e., on the open and
closed crystal structures). This value is still much better than when
using HTS alone as in the case of FVIII.

After completion of our study, control in silico experiments were
performed on the FVIII C2 domain to further validate our ap-
proach. We retrieved the x-ray structure of the FVIII C2 domain
and applied the same VLS protocol as was used for FV, including
the FVIII inhibitors of ref. 35 in our 300,000 ChemBridge absorp-
tion, distribution, metabolism, and excretion/tox filtered compound
collection. Because the FVIII loops important for membrane
binding are in an open conformation (27), we performed rigid body
docking and flexible docking on this x-ray structure. We identified
five compounds out of the 10 found by HTS in the top 1,000 Surflex
list. In addition, we also found three molecules identified in the
present study that cross-react with FVIII (see Table 1). Thus, we
obtained an overall hit rate for FVIII of at least 0.8. These results
indicate that for FVIII, our strategy is more efficient than the
HTS-only approach. In fact, typical hit rates from SB-VLS are
usually in the range of 1–5% (and more), depending on the
knowledge about the binding pocket, its overall shape, and its
physicochemical nature, compared with common hit rates from
HTS of �0.1% (36). Higher hit rates than the ones calculated here
using SB-VLS approaches can be obtained when some active

Fig. 2. Membrane-binding region of the FV C2 domain. (a) Ribbon plot of the
C2 domain open form highlighting the membrane binding loops and display-
ing the amino acid side chains of the key membrane-binding players (Left). (b)
Proposed docked pose for compound 001C07 (Upper Right, same orientation
as in a). The small molecule after Surflex and LigandFit consensus docking
occupies the phospholipids binding groove thereby impeding membrane
interaction. Hydrophobic–aromatic interactions occur with W2063, W2064,
and L2116 region. Hydrogen bonds between the side chain of K2060, N2089,
and Q2182 and the compound carboxylate group are predicted, whereas the
fluorobenzene group shows a favorable interaction with the side chains of
either W2064 or R2080. (c) The domain was rotated to have a view from the
membrane side (Lower Right). This figure was prepared with PyMol.
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molecules are already known (and when the binding pocket is well
defined), but in such situations, the use of SB-VLS approaches in
combination with ligand-based methods is highly recommended
(37). In the present study, we initially ignored the data on FVIII, to
evaluate the strengths and weaknesses of SB-VLS approaches. The
advantages of using hierarchical SB-VLS protocols with rigid body
docking before flexible ligand docking is that the computations run
significantly faster (thus can be carried out on only one workstation
in �2 weeks) than full flexible ligand docking of the entire

compound collection (�8 weeks on the same single workstation)
while performing better or equally well (10, 16, 33). The hierar-
chical approach used here is also very interesting when several 3D
structures of the receptor are available, because again, the com-
putations can be performed on a few workstations in parallel.

Along with appropriate in silico protocols, the use of suitable
experimental procedures is crucial to identify protein–protein or
membrane-binding inhibitors. For example, when studying protein–
protein interactions, ligand immobilization and regeneration are

Fig. 3. Titration curves for FV membrane-binding inhibitors identified by our multistep VLS procedure and in vitro screening. IC50 values of hit compounds were
determined by using a functional assay (a) or SPR analysis by using FVa LC (b) or FV C2 domain (c), as described in Materials and Methods. Black triangle, 010G06;
pink diamond, 001B03; green open diamond, 001C07; blue inverted triangle, 007H10; orange open circle, 006H08; open square, 001D08; green triangle, 005B10;
orange diamond, 007D08; pink square, 008A07; black circle, 007A09 (Neg. control).

Table 1. IC50 values for the identified hits

ChemBrige ID and
comments IC50 Ptase, �M IC50 Fva LC, �M IC50 Fva C2, �M Surflex ranking

7364519
(molecule 001C07)
FV-membrane specific

18.6 � 1.89 2.5 � 0.18 3.51 � 0.57 Open form, position 502

6305867
(molecule 007H10)
Acts on FV and FVIII
membrane binding

62.9 � 2.56 4.80 � 0.89 5.53 � 1.04 Open form, position 73

6043266
(molecule 006H08)
FV-membrane specific

9.19 � 0.94 8.56 � 1.14 6.71 � 1.66 Open form, position 305

5843746
(molecule 001D08)
Acts on FV and FVIII
membrane binding

8.95 � 1.02 8.55 � 0.95 7.40 � 1.05 Open form, position 187

7688319
(molecule 005B10)
Acts on FV and FVIII
membrane binding

32.4 � 5.1 15.71 � 2.26 14 � 1.88 Open form, position 476

7971347
(molecule 007D08)
FV-membrane specific

40.57 � 2.42 14.07 � 2.54 16.4 � 1.38 Open form, position 86

6446853
(molecule 008A07)
Acts on FV and FVIII
membrane binding

38.05 � 3.07 14.07 � 2.54 21.92 � 2.43 Closed form, position 13

5169083
(molecule 001B03)
Inhibition not due to
membrane interference

3.8 � 0.61 ND ND Open form, position 84

5870804
(molecule 010G06)
Inhibition not due to
membrane interference

1.81 � 0.17 ND ND Closed form, position 115

The IC50 values represent the mean of two independent experiments with their corresponding 95% confidence intervals.
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frequently a central problem. Whenever possible, capture assays are
preferred to exclude ligand heterogeneity; however, proper capture
reagents are not generally available. Protein–membrane interac-
tions differ in this respect, because both native and artificial
liposomes (13, 14) can be efficiently captured onto the surface of L1
sensorchips. The analyte (i.e., the membrane-binding protein) is
used in its unmodified native form. Chemical modification and
immobilization can obstruct the binding site, restrict conforma-
tional flexibility, and thus impair membrane binding. However,
SPR enables real-time kinetics resolution even for fast and/or weak
interactions. Highly reproducible binding data are generated be-
cause of precise control of experimental parameters. Captured
liposomes are not affected by 5% DMSO, a property that is
extremely useful in the early phase of drug development where the
binding affinities of the compounds are low, and solubility is often
a problem. Inhibition, but also stabilization of membrane binding
due to the interaction of the analyte with a test compound, can be
analyzed quantitatively. The assay is thus truly generic, because no
specific detection reagents or biological assays are required, the
only requirement being the membrane binding of the analyte.
Consumption of the test compounds is minimal, and consumption
of analyte is very favorable. For example, 1 mg of the C2 domain
or of the LC segment is sufficient to screen �10,000 test com-
pounds. Importantly, the lipid-binding properties of the test com-
pound can be determined at the same time. Moreover, the binding
of a drug to human serum albumin can be analyzed by SPR-based
experiments (13, 38). These assays can thus also be used to generate
early absorption, distribution, metabolism, and excretion data and
to confirm the specificity and mode of action of the test compounds.
A major disadvantage of the SPR assays is its modest throughput
of �100 samples per day. However, this limitation can be elegantly
overcome by combination with virtual screening approaches.

Conclusion
Experimental screening of difficult targets is time-consuming
and cost-intensive. Therapeutic targets that bind transiently to
the membrane have been neglected and remain among the most
difficult challenges in contemporary drug discovery. The nature
of protein–membrane interaction is not fully understood, success
stories are extremely rare, and generic approaches are missing.
Protein–membrane interactions are, however, crucial in many
biological processes, because they localize key molecular factors
on specific cell surfaces. In the present study, we combined
SB-VLS experiments with in vitro assays and found seven active
molecules that were able to disrupt FV membrane-binding
activity in a timely and cost-effective fashion. These molecules
are promising leads for the development of in vitro tools for
hemostasis research and for the design of a novel class of
anticoagulant drugs. It is remarkable that small molecules can
impede membrane binding, because the binding interface be-
tween the membrane-binding domain and the phospholipids is
relatively large, with immersion of the proteins several ang-
stroms deep into the membrane bilayers. However, just as in the
case of protein–protein interaction (39), the bulk of the binding
energy appears to derive from contacts with just a small number
of amino acid residues. We conclude that hierarchical virtual
screening approaches in combination with SPR technology are
an efficient and generally applicable approach for routinely
identifying membrane-binding inhibitors. This strategy could
therefore be applied to other relevant membrane-binding pro-
teins in search of the next generation of therapeutics.

Materials and Methods
Computational Procedure. Numerous membrane-binding domains
from the RCSB Protein Data Bank (40) were investigated by using
ICM (Molsoft, San Diego, CA). Five representative structures were
selected to illustrate our study: the ‘‘tubby protein’’ (18) (PDB ID
code 1I7E, resolution 1.95 Å), a PX domain (19) (PDB ID code

1H6H, resolution 1.70 Å), the plasma �2-glycoprotein I (20) (PDB
ID code 1C1Z, resolution 2.87 Å), cyclooxygenase (21) (PDB ID
code 1DIY, resolution 3.00 Å), and the C2 domain of coagulation
FV (22) (PDB ID code 1CZT, resolution 1.87 Å). Binding pocket
predictions were carried out with the ICM PocketFinder utility (24)
and with Q-SiteFinder (23). For each structure, we analyzed
pockets with a high druggability index (i.e., those with a pocket of
appropriate size and chemical nature to bind a drug-like molecule).
The best-ranked binding cavities were found at the expected
protein–membrane interface.

We used an efficient multistep procedure that is both time- and
cost-effective (16, 33) and studied the 500,000-molecule Chem-
Bridge compound collection. Absorption, distribution, metabolism,
and excretion/tox filtering was performed with Filter (OpenEye
Scientific Software, Santa Fe, NM) and FAF-Drugs (41). The
remaining 304,000 molecules were docked by using the rigid-body
docking package FRED (OpenEye Scientific Software) into the
closed (PDE ID code 1CZV) and open crystal (PDE ID code
1CZT or 1CZS) forms of the FV C2 domain. Up to 50 conformers
were generated for each ligand with OMEGA (OpenEye Scientific
Software). The top 60,000 unique molecules (Gaussian docking
function) after FRED docking in the open and closed forms were
selected for flexible docking with Surflex version 1.33 and the
scoring function of version 1.31 (42). The top 2,000 docked poses
were analyzed by using PyMOL (DeLano, San Carlos, CA), ICM
(Molsoft) and Cerius2 (Accelrys, San Diego, CA). The hit com-
pounds inhibiting FV-membrane binding were also redocked and
investigated with LigandFit (43) to identify consensus poses. Pro-
tonation state definitions for the FV C2 domains, open and closed
forms, were computed by using the PCE server (44) and the
addition of hydrogen atoms was performed accordingly with In-
sightII (Accelrys). The binding pocket was defined theoretically by
using Surflex, Q-SiteFinder and ICM PocketFinder. All water
molecules were removed from the structures before docking. The
hit rate was computed as the number of actives found divided by the
number of molecules screened � 100.

Proteins and Reagents. Human FVa and the FVa LC) were purified
from human plasma as described (45). The recombinant FV C2
domain was obtained as follows. Phospholipid vesicles containing
dioleoyl PS and dioleoyl phosphatidylcholine were prepared as
described (45). Small molecules were purchased from ChemBridge
(San Diego, CA). All other coagulation proteins were purchased
through Kordia Lab Supplies (Leiden, The Netherlands).

Cloning, Expression, and Purification of the Human FV C2 Domain. The
pMT2-V expression vector (American Type Culture Collection no.
40515) containing the full-length human FV cDNA was used as a
template for the construction of a PCR fragment containing the
coding region of the hFV C2 domain (hFVC2), using the following
forward and reverse primers: (FW: 5�-CTGGTCCCCCGGGGAT-
GTTCCACACCCCTGGGTAT-3�; RV: 5�-TAGGATTGCCGT-
CAAGTTTGGCGCG-3�). After digestion with SmaI and SalI, the
hFVC2 fragment was purified (Gel Extraction Kit, Qiagen, Valen-
cia, CA) and subcloned into the pet43.1.a expression vector (No-
vagen, Madison, WI). The resulting pet43.1a-C2 plasmid was
introduced into Escherichia coli DH5� cells, and positive clones
were identified by DNA sequencing. The recombinant plasmid was
then introduced into E. coli [Rosettagami(DE3)pLysS; Novagen]
for expression of a NusA-hFV C2 fusion protein.

Bacteria were grown at 37°C in LB medium with 100 �g/ml
carbenicillin/30 �g/ml kanamycin/34 �g/ml chloramphenicol/12.5
�g/ml tetracycline. At OD600�0.6 cultures were induced with 1 mM
isopropyl �-D-thiogalactoside and incubated overnight at room
temperature (RT). Cells were pelleted, resuspended in cell lysis
buffer [50 mM Tris/10 mM NaCl/0.1% (vol/vol) TritonX-100/2.5%
(vol/vol) glycerol/1 �M PMSF/10 mM benzamidine/1 mg/ml ly-
sozyme/0.1 units/ml benzonase (Novagen)/1 mM MgCl2, pH 8.5],
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incubated for 1 h at RT, and then sonicated twice (MSE Scientific
Instruments, Beun de Ronde, The Netherlands) at 16 �m ampli-
tude for 2 min. The cell debris were as removed by centrifugation
and the supernatant containing the recombinant NusA-C2 fusion
protein was applied to an anion exchange column (Q-Sepharose-
FF, GE Healthcare, Uppsala, Sweden) equilibrated with 50 mM
Tris/10 mM NaCl/2.5% glycerol, pH 8.5. After extensive washing
with the same buffer, bound proteins were eluted with a linear
gradient from 0.010 to 1 M NaCl. Peak fractions were analyzed for
C2 antigen by ELISA and SDS/PAGE. Fractions from a major peak
that eluted at 0.2 mM NaCl were pooled and applied to a Ni-NTA
affinity chromatography column (HisTrap FF, GE Healthcare)
equilibrated in 50 mM Tris/10 mM imidazole/300 mM NaCl/2.5%
glycerol, pH 8.0. After extensive washing with the same buffer,
bound proteins were eluted with a linear gradient from 0.01 to 1 M
imidazole. Pooled fractions containing the NusA-C2 fusion protein
were concentrated (Macrosep 3K centrifugal device, Pall Corpo-
ration, New York, NY) and applied to a PD10 column (GE
Healthcare) to exchange the buffer to 50 mM Tris/100 mM NaCl,
pH 8.0. The fusion protein was treated overnight at RT with 250 nM
thrombin to cleave off the fusion tag. After 4-fold dilution in 50 mM
Tris/10 mM NaCl/2.5% glycerol, pH 8.0, the protein suspension was
loaded onto a Mono S column (GE Healthcare) in the same buffer.
After washing, the bound native (untagged) hFV C2 domain was
eluted with a linear gradient from 0.01 to 1 M NaCl. Fractions
containing hFV C2 were concentrated and applied to a Superdex
200 column (GE Healthcare) equilibrated in 50 mM Hepes/100
mM NaCl/1 mg/ml PEG, pH 7.4. Peak fractions containing hFV C2
were identified by ELISA and SDS/PAGE. Peptide mass finger-
printing using MALDI-TOF MS was performed to further verify
the identity of the purified protein. The concentration of purified
hFV C2 was determined by measuring the absorbance at 280 nm.

In Vitro Screening of the Top-Scoring Molecules. The 509 top-scoring
molecules for the open and closed conformation of the FV C2
domain structure were screened in a functional assay, essentially as
described (45). In brief, compounds were diluted from 10 mM
stocks in DMSO to mixes of four compounds each at 2.5 mM per
compound in DMSO. Next, an 100 �M concentration of each
compound mixture was incubated for 5 min at 37°C with 20 pM
FVa1/0.5 �M prothrombin/2 mM CaCl2 in 25 mM Hepes/150 mM
NaCl/0.5 mg/ml ovalbumin, pH 7.5. Three minutes after the addi-
tion of phospholipid vesicles (5 �M 10:90 dioleoyl PS/dioleoyl
phosphatidylcholine, mol/mol), prothrombin activation was started
by the addition of FXa to a final concentration of 0.5 nM. After 2
and 4 min, aliquots were drawn from the reaction mixture, and rates

of prothrombin activation were determined by using the chromo-
genic substrate S2238. Compound mixtures showing �95% inhi-
bition were deconvoluted to identify the inhibitory individual
compound(s) from the initial mixture. The screen resulted in nine
compounds that inhibit prothrombin activation in the assay �99%
at a concentration of 100 �M. The IC50 values of these hit
compounds were determined by titration of variable concentrations
of compounds (0.1–100 �M) in the functional assay described
above. None of the inhibitors was found to inhibit prothrombin
activation in the absence of phospholipids and/or FVa and also did
not inhibit chromogenic substrate conversion by FXa.

SPR Measurements. Experiments were performed on a Biacore
T100 instrument (GE Healthcare) using a L1 sensor chip and PBS
with 5% DMSO as running buffer. Phospholipid vesicles (500 �M
20:80 PS:phosphatidylcholine in 50 mM Hepes/150 mM NaCl, pH
7.6) were injected at a flow rate of 10 �l/min for 3 min resulting in
capture levels of �5,000 RU. Captured vesicles were conditioned
with a 30-s pulse of 50 mM NaOH. The resulting baseline was stable
at 5,000 RU and allowed for �50 measurements. Vesicles were
stripped off the chip with isopropanol:50 mM NaOH (40:60 vol/
vol). A flowcell not covered with liposomes was used as reference
cell. All experiments were performed at 37°C.

Injection of 200 nM C2 or 50 nM LC for 2 min resulted in binding
signals of 400 and 1,000 RU, respectively. Both binding curves
exhibited saturation toward the end of the injection phase. Inhibi-
tion of membrane binding was analyzed by using 2-fold serial
dilutions of compounds in a range from 0.1 to 100 �M. Samples
were prepared fresh in LoBind protein tubes (Eppendorf, Ham-
burg, Germany) and measured within 1 h. Blank subtracted binding
levels were normalized, plotted against their corresponding com-
pound concentrations, and fitted to the following equation by using
GraphPad (San Diego, CA) Prism:

y �
1

1 � 10�logc50	logc
� h,

with y representing the relative binding signal, c the concentra-
tion of the compound, and c50 the concentration at which
half-maximal inhibition is reached, and h the Hill coefficient.
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