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Abstract

Background: Arterial thrombosis causes heart attacks and strokes and constitutes one of the
leading causes of morbidity and mortality in the world and few therapies are available for its
treatment. Thus, new therapeutic approaches in the prevention and treatment of arterial
thrombosis are needed. Protein disulfide isomerase (PDI) has been shown to be expressed on
vascular cells following injury and to be involved in regulating thrombus formation in vivo.
Since inhibition of PDI prevents platelet accumulation and fibrin generation, it makes it a
valuable target for the development of new antithrombotics. Rutin, a flavonol glycoside
derivative of Quercetin, was previously described for displaying decent potency against PDI, and
it inhibited the agonist-induced platelets aggregation in vivo, however its utility is limited by its
low solubility and its off-target activity. Rutin was recently reported to bind specifically to the b’
domain of PDI affecting protein flexibility which results in the inhibition of its reductase
activity. To investigate Rutin inhibitory mechanism we used docking and molecular dynamics
simulation and we observed that Rutin binds to a specific hydrophobic pocket of the b’ domain
which reduces PDI flexibility. Methods: In an attempt to identify more potent, soluble and
specific PDI inhibitors, we established an in silico approach based on similarity search in Zinc
Drug-like library composed of more than 17 million compounds satisfying Lipiniski’s rule of
five. A KNIME workflow was established for selecting Rutin-similar compounds based on
Tanimoto coefficients. Then, a virtual screening of selected compounds was performed using
Autodock Vina on PDI target pocket. In order to select PDI specific probes, a counter-screen was
run to eliminate hits binding Erp57 thioredoxin active site. Hits were then submitted to
druglikeness prediction using Quantitative Estimate of Druglikeness (QED). A total of 5
compounds were selected and submitted to re-docking with Autodock Vina. Complexes were
subject to Molecular Dynamics simulation using NAMD. Results and Discussion: a total of 4
compounds were shown to form stable complexes with PDI binding pocket and then could
constitute promising candidates for lead optimization. In conclusion, our in silico approach lead
to the identification of potential novel PDI inhibitors that may form suitable candidates for

Avrterial thrombosis drug discovery.

Keywords: Protein Disulfide Isomerase, Thrombosis, Virtual Screening, Molecular docking,

Molecular Dynamics

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.1919v1 | CC-BY 4.0 Open Access | rec: 1 Apr 2016, publ: 1 Apr 2016




65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Introduction

Arterial thrombosis causes heart attacks and strokes and is one of the leading causes of morbidity
and mortality in the world. However, few adequate therapies are available for treating arterial
thrombosis. Protein Dislufide Isomerase (PDI), the founding member of a large family of thiol
oxydoreductases, was shown to be required for thrombosis, hemostasis and vascular
inflammation (Cho 2013). PDI was discovered 50 years ago as the first folding catalyst. Since its
discovery, it was demonstrated that PDI acts as a dithiol-disulfide oxidoreductase capable of
reducing, oxidizing and isomerizing disulfide bonds. Independently of its redox activity, PDI can

also act as a chaperone both in vitro (Cai et al. 1994) and in vivo (McLaughlin & Bulleid 1998).

Thioredoxin family comprises 20 members that vary in length and domain arrangement. Most
PDI family members share in common catalytic and non-catalytic thioredoxin-like domains. PDI
is organized in four thioredoxin-like domains, a, a’, b and b’, in addition to a linker domain; x.
The catalytic domains a and a’ contain catalytic CGHC motifs reacting with thiol groups in
substrate proteins. Non catalytic domains b and b’ were shown to be involved in substrate

recognition and recruitment (Kozlov et al. 2010).

Although PDI is assisting newly synthesized proteins to fold in the endoplasmic reticulum (ER)
of majority of cells (Vaux et al. 1990), extracellular roles for PDI have been reported by previous
studies, namely in the initiation of thrombus formation (Cho et al. 2008). Upon vascular injury,
endothelial cells and platelets are activated and secrete PDI and other thiol isomerases. PDI,
ERp5 and ERp57 have been shown to be involved in the initiation of thrombus formation in vivo
(Furie & Flaumenhaft 2014). Following laser-induced vascular injury, PDI was demonstrated to

be secreted from activated endothelial cells, then secreted from the bound platelets, to be finally
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associated with thrombus growth. Inhibition of PDI with a blocking antibody completely
inhibited both platelet thrombus formation and fibrin generation (Cho et al. 2008; Jasuja et al.

2010). All these data point towards PDI as valuable and emerging drug target for thrombosis.

Quercetin-3-Rutinoside, known also as Rutin, a flavonol glycoside derivative of Quercetin, was
previously described for displaying decent potency against PDI (IC50=6 uM), and it inhibited the
agonist-induced platelets aggregation at 30 uM (Jasuja et al. 2012), however its utility is limited
by its low solubility and its off-target activity. Interestingly, a recent study demonstrated that
Rutin inhibits PDI by binding directly to its b’x domain and not to the catalytic domains as

expected (Lin et al. 2015), which revealed new insights into PDI inhibition mechanisms.

In an attempt to identify more potent, soluble and specific PDI inhibitors, we established an in
silico approach based on similarity search for Quercetin-similar compounds. A virtual screening
followed by Molecular Dynamics Simulation allowed the identification of 4 compounds that
were shown to form specific and stable complexes with PDI b’x domain and then could

constitute promising candidates for lead optimization in preventing arterial thrombosis.

Material and Methods

Ligand library preparation

A subset of 17,900,742 Drug-like compounds was obtained in SDF format from ZINC database

(http://zinc.docking.org/). The compounds were filtered according to Lipinsky’s rule of five (

MW <= 500, MW >= 150, XlogP <= 5, Rb <=7 and PSA < 150, Hbond_donors <=5 ,
Hbond_acceptors <= 10) (Lipinski 2000). Rutin structures were sketched and obtained from
Pubchem database (PubChem CID:5280805). Quercetin was obtained from the ZINC database

(http://zinc.docking.org/; ZINC03869685). A KNIME (Nicola et al. 2015) workflow was set to

4
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filter compounds with similarity to Quercetin according to Figure 1. In brief, compounds in SDF
format were read and Morgan fingerprints were generated using RDKit KNIME node. A
Tanimoto index (Bajusz et al. 2015) for similarity was calculated and a total number of 9533
compounds showing a similarity index more than 0.3 to Quercetin were selected for virtual

screening.

Target Preparation

Reduced human Protein Disulfide Isomerase (PDI) and ERp57 crystal structure (PDB ID: 4EKZ
(Wang et al. 2013) and PDB ID: 3F8U (Dong et al. 2009)) were obtained from RCSB database
(http://www.rcsb.org/) . Residues numbers were edited in the pdb file and input structure was
prepared by removing all water molecules, adding and merging non polar Hydrogen, and
computing Gasteiger charges, using Autodock tools (Morris et al. 2009). Structures were

converted to PDBQT format for docking with Autodock Vina (Morris et al. 2009).

Pocket analysis

Binding sites on PDI and Erp57 were analyzed using Pockets plugin for Vegazz software.
Pockets is the graphic interface for fpocket developed by Vincent Le Guilloux and Peter
Schmidtke to detect protein cavities. This program uses an optimized algorithm based on
Voronoi tessellation that is very fast and allows to analyze large molecules waiting for a
reasonable time. Parameters were set as follows: radius of a-sphere ranging from 0.3 to 0.6,
minimum number of a-sphere = 30, minimum apolar neighboring = 3, maximum distance for
clustering = 1.73, maximum distance for single linkage = 2.5, maximum distance between
spheres = 4.5, and 2500 iterations for volume calculation. A score for each pocket was calculated

using a scoring function of different pocket descriptors including Number of alpha spheres,
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Density of the cavity, Polarity Score, Mean local hydrophobic density, Proportion of apolar alpha
spheres, Composition of amino acids, Maximum distance between two alpha sphere,
Hydrophobicity , Charge, Volume and B-factor scores. Output pdb result were visualized and

analyzed by Pymol.
Rutin Docking and Pose prediction

Rutin structure was converted to pdbqt format using OpenBabel (O'Boyle et al. 2011) and
docked to PDI using Autodock Vina (Trott & Olson 2010). Grid boxes were centered on PDI
binding pockets at the b> domain and box size was set to 13824 A%, Docking was performed with
exhaustiveness=48 and 9 poses/run. Best Rutin conformation (E=-8 Kcal/mol) was saved to
generate protein-ligand complexes for molecular dynamics study and protein-ligand interactions.
A docking on ERp57 equivalent site was also performed for Rutin using the same approach as

for PDI.
Virtual Screening

Filtered compounds were subject to a first round docking to PDI b> domain using Autodock Vina
(Trott & Olson 2010) with an exhaustiveness of 12 and an affinity cutoff of -8.8 Kcal/mol
(Average affinity + 2SD). Selected compounds (69 conformations were selected) were subject to
a counter screening on ERp57 b’ domain for target selectivity. All docking were performed using
Autodock Vina (Trott & Olson 2010) with an exhaustiveness of 12 and a grid box of 13824 A3

centered on b’ domain. A scoring function was established for compound ranking as follows:

Score = Epp*(1 + ((Erutin_Erps7-Eerps7)/Erutin_Erps7))
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Where Epp, are compound affinities for PDI b” domain, Egs7 is compound affinity for Erp57 is

compound affinity, and Eruin_erps7 IS Rutin affinity for Erp57.

Compounds were ranked according to the scoring function, a total of 23 were selected with
respective score higher than Rutin’s score. Selected Hits were subject to Drug-likeness filtering
using DruLito(Bickerton et al. 2012) by applying Unweighted Quantitative estimate of drug-
likeness filter with a cut-off of 0.5 (QED)). A total of five molecules were shown to satisfy those
filters and were subject to a second round docking to PDI using Autodock Vina. Grid boxes were
centered on b’ domain and box size was set to 13824 A®. Docking was performed with
exhaustiveness=48 and 9 poses/run. Best conformations for were saved to generate protein-
ligand complexes used for protein-ligand interaction analysis by lig-Inetraction plugin of
Maestro (Schrédinger Release 2015-4: Maestro, version 10.4, Schrodinger, LLC, New York,

NY, 2015).
Molecular Dynamics Simulation

Based on the docking results, molecular dynamics simulations were performed for PDI alone or
in complex with a total of 6 ligands; five of them were issued from the virtual screening
workflow, in addition to the previously described PDI inhibitor; Rutin (Jasuja et al. 2012).
Swissparam server (Zoete et al. 2011) was used to generate ligand topology and parameters files
based on the Merck molecular force field (MMFF) and compatible with the CHARMM force
field. PDI alone or in complex with ligand was solvated in a cubic Waterbox with periodic
boundary condition and a 2.4 A layer of water for each direction of the coordinate structure using
the VMD solvation plugin (Humphrey et al. 1996). All MD simulation were performed using

NAMD (NAnoscale Molecular Dynamics program; v 2.9) (Phillips et al. 2005). Structures were
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relaxed through 50000 steps of steepest descent energy minimization followed by 1 ns NVT. For
the production run, we used 1 fs time step, switching distance of 9 A, cutoff of 10 A, electrostatic
contribution evaluated every 2 steps, Particle Mesh Ewald with 1 A spacing, NVT ensemble and
Langevin thermostat with 310 K as target temperature and pressure of 1.013 bar. Trajectories

were analyzed by VMD and VegaZZ software.
Results
Docking Analysis

Human Protein Disulfide Isomerase (PDI) and ERp57 crystal structure were prepared for
docking with Autodock Vina (Morris et al. 2009). Pocket analysis showed the presence of 31
potential binding sites on PDI, among them, a pocket lying in the b’ domain showed the highest
overall score of 34.5714 according to fpocket scoring function with a total volume of 1526.7041
A”. Figure 2 shows the pocket surface representation with a hydrophobic cavity surrounded by
charged (E239 and D297) and polar (N298 and T428) residues. This pocket was selected for
docking analysis of Rutin binding mode. Ligands were prepared and docked using
AutodockVina using a Grid of 13824 A™ centered on the considered pocket. Docking poses
fitting to the considered pocket were selected and were analyzed manually, the one with the
lowest binding energy (-8.0 kcal/mol) were selected for building protein-ligand complex for
molecular dynamics simulations. The same approach was applied to Erp57 (lowest energy = -7.3

Kcal/mol).
Similarity Search and Virtual Screening

A subset of 17,900,742 Drug-like compounds filtered according to Lipinsky’s rule of five from
the ZINC database was analyzed by a KNIME workflow (see Figure 1) to filter compounds

8
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showing a similarity Tanimoto index above 0.3 comparing to Quercetin structure. A total number
of 9533 compounds were selected and were subject to a first round docking to PDI b’ domain

then to a counter screening on ERp57 b’ domain for target selectivity.

Compounds were ranked according to the scoring function, a total of 23 were selected with
respective score higher than Rutin’s score (see Table 1). Drug-likeness filtering was performed
using DruLito(Bickerton et al. 2012) and identified five molecules, listed in Table 3. Selected
compounds were subject to a second round docking to PDI b’domain and best conformations for
were used to generate protein-ligand complexes for protein-ligand interactions and molecular

dynamics study.

Ligand-protein Interaction analysis

Ligand-protein interaction analysis Rutin fitting into the hydrophobic cavity in the b’ domain
pocket through its Quercetin backbone as shown by Figure 3. Rutin forms H-bonds between
hydroxyl groups and PDI charged residues E239 and D297 and displays a significant exposure to

solvent mainly through the Rutinoside’ hydroxyl groups.

Similar poses were predicted to the selected ligands. Figure 4 shows the superposition of all
compounds inside the pocket. Figure 5 showed all the compounds having important surface
interaction with the hydrophobic cavity with a partial exposure to solvent and a proximity to
charged residues. No polar bonds were predicted. Except for ZINC19928318, all the compounds

established Pi-Pi stacking interaction with F304.
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Molecular Dynamics Simulation

For Molecular Dynamics Simulations, PDI alone or in complex with ligand was solvated in a
cubic Waterbox with periodic boundary condition Structures were relaxed through 50000 steps
of steepest descent energy minimization followed by 500 ps NVT with 310K as target
temperature and pressure of 1.013 bar. Trajectories were analyzed by VMD and MD simulation
results are summaraized in Table 2. Trajectory analysis for PDI alone showed an average RMSD
of 4.91 A + 0.37 for the total protein. Rutin was shown to form a more stable complex with PDI
as shown by Figure 6 with an average RMSD of 4.76 A +0.35. Among selected ligands, four
were shown to stabilize PDI structure; ZINC19928318, ZINC24834252, ZINC24601822 and
ZINC24601767 with RMSDs values of 4.78+0.36, 4.77+0.37, 4.76+0.365 and 4.75x0.36,
respectively in a similar manner to Rutin. Only one compound ZINC19632922 showed an

increase in RMSD average comparing to PDI alone (4.97+0.38).
Discussion

PDI is secreted by platelets and endothelium cells following vascular injury and is shown
to bind to B3 integrins on activated cells causing thrombus initiation (Cho et al. 2008). Blocking
of PDI by a specific antibody reduced significantly both platelet thrombus formation and fibrin
generation in mouse thrombosis model (Flaumenhaft et al. 2015). Quercetin-3-Rutinoside; Rutin,
was reported as PDI reductase activity inhibitor and a potent anti-thrombotic agent in vitro and in
vivo (Jasuja et al. 2012). In a recent study published by Lin et al. (Wang et al. 2013), Rutin was
reported to directly bind to the b’ domain of PDI with a 1:1 stoichiochemistry restricting
conformational flexibility of the protein allowing a more compact conformation. PDI b’

fragment was shown to contain the major binding site of Rutin and the infusion of the b’x

10
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fragment in mouse thrombus model reversed Rutin inhibition of platelet thrombus formation

(Wang et al. 2013).

In an attempt to investigate the structural insights of PDI inhibition by Rutin, we
analyzed pocket distribution in the full length protein structure of reduced human Protein
Disulfide Isomerase (PDI), PDB ID: 4EKZ (4), and we identified a pocket with significant score
that can be used for Rutin binding prediction in the b’ domain of the protein (see Figure 2). The
pocket contains a cavity with a hydrophobic environment surrounded by charged and polar
residues, as shown by figure 2. We used docking simulation to predict the best conformation for
Rutin binding (see Figure 3) in the considered pocket. Interaction analysis showed Rutin partial
interaction with the hydrophobic cavity of the binding site and significant exposure to solvent,
mainly through the Rutinoside hydroxyl groups. H-bonds were predicted between Rutin
hydroxyl groups and PDI charged residues E239 and D297. In the study of Jasuja et al. (Jasuja et
al. 2012). the evaluation of structure activity relationships demonstrated that a sugar at 3’
position in the C ring of quercetin-3-Rutinoside is critical for its ability to inhibit PDI (see Table
3). All analogs tested with a sugar in this position inhibited PDI, while analogs lacking this sugar

failed to demonstrate inhibition.

In order to investigate the binding effect of Rutin on PDI stability, we carried Molecular
Dynamics simulation. MD simulation showed PDI to have a significant flexibility with an
average RMSD of 4.91 A + 0.37. The Interdomain flexibility was previously reported in several
studies, namely on Yeast PDI (Tian et al. 2008; Tian et al. 2006) where interdomain flexibility
was reported to be essential for protein catalytic activity and this may be the main reason why
PDI was resistant to crystallization efforts for a long time. Among all PDIs with x-linker,

mobility between the b’ and the a’ domain was reported to be more pronounced than between a
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and b domains (Kozlov et al. 2010). Although, a and a’ domains are essential for the catalytic
activity of the enzyme, b’ domain constitutes the major binding site for unfolded substrate
proteins and plays a central role in substrate recognition. Indeed, homology analysis showed
significant divergence of b’ domain among PDI superfamily allowing substrate specificity
(Kozlov et al. 2010). Structural investigation showed b’ hydrophobic cavity located between
helices al and a3 and formed by several residues; Phe223, ala228, Phe232, Ile284, Phe287,
Phe288, Leu303 and Met307 side chains, is involved in substrate recognition and binding (Byrne
et al. 2009). In our study, Rutin displayed predicted hydrophobic exposure to many of these
residues, in addition, Rutin was able to establish polar contact with charged residues surrounding
the cavity and to be exposed to the solvent. We hypothesize that the binding mode of Rutin to the
b’ domain pocket allows stability of the protein-ligand complex and hence limits protein
interdomain flexibility between b’ and a’ domains. This hypothesis was confirmed in silico by
Molecular Dynamics simulation. In fact, Rutin was shown to form a more stable complex with
an average RMSD of 4.76 A +0.35 comparing to PDI alone. In addition to the hydrophobic
interaction with the protein b’ cavity, solvent exposure of the ligand and polar contacts with
surrounding residues appear to be essential to stabilize the complex and reduce protein flexibility

which results in catalytic activity inhibition.

Despite its potency, the low solubility and off-target activity of Rutin limited its further
use as antithrombotic agent. In order to identify potential novel PDI Inhibitors with interesting
pharmacological properties, we used Quercetin structure to search for analog compounds that
could satisfy binding mode constraints for PDI catalytic activity inhibition, in a similar way to
Rutin. A Morgan Fingerprint filtering workflow allowed the identification of 9533 compounds

with a similarity Tanimoto coefficient above 0.3. Compounds were docked to the binding pocket
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of PDI b’ domain using a virtual screening approach. A counter screen was run using Erp57 as
target since equivalent b’ pocket is divergent with human PDI’ one (20% homology) and
contains negatively charged residues (Kozlov et al. 2010). Following screening workflow,
compounds were ranked according to the scoring function and a total of 23 were selected for
Drug-likeness filtering. Five compounds were selected and re-docked to PDI b’ domain. The
compounds are listed in Table 3. Interaction analysis showed all the compounds displaying
surface exposure to the hydrophobic cavity through the benzo-furan group of ZINC19928318,
ZINC24601822; ZINC24601767 as well as the naphthalene group of ZINC24834252. The
benzyl residue attached to the piperazin allows partial exposure to solvent and a proximity to
charged residues despite that no polar bonds was predicted. Except for ZINC19928318, all the
compounds established Pi-Pi stacking interaction with F304, a residue part of the hydrophobic
cavity of b’ domain. These structural features are coherent with the Rutin inhibitory binding
mode. Selected compounds were finally used for MD simulation in complex with PDI. As
expected, four compounds were shown to stabilize PDI structure and reduce protein flexibility;
ZINC19928318, ZINC24834252, ZINC24601822 and ZINC24601767 with respective RMSDs
lower than PDI alone, in a similar way to Rutin (see Table 2). We believe that adding charged
groups on the benzyl group attached to piperazin may increase protein-ligand stability by
establishing polar bonds with charged residues harboring the binding pocket, and hence limits
protein flexibility and catalytic activity. Only one compound ZINC19632922 showed an increase
in RMSD (see Table 2) which can be due to benzo-furan group solvent exposure (see Figure 5).
This compound is a drug known as Befuraline, it was previously reported as inhibitor of
Proteinase-activated receptor 1, and Anandamide amidohydrolase (Planty et al. 2010; Vincent et

al. 2009).
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Conclusion

In conclusion, we reported in this study new insights into PDI inhibition mechanism
through structure-activity relationship and molecular dynamics simulation of a reported PDI
inhibitor; Rutin. We have successfully established a new virtual screening workflow to identify
novel and pharmacologically relevant compounds that can constitute potential leads in targeting

PDI-catalyzed thrombus formation and a new class of anti-thrombotic agents.
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Figures Legends

Figure 1. KNIME workflow for database filtering. ZINC Drug-like database is read in SDF
format and molecule descriptors are calculated. Morgan fingerprint is generated for each
molecule and compared to Rutin fingerprint using RDKkit Fingerprint similarity node.
Compounds showing a Tanimoto coefficient above 0.3 are selected and written in SDF format.

Figure 2. Surface representation of the target pocket in b> domain. The pocket is organized in a
hydrophobic cavity (Green) surrounded by charged residues (Red) and polar residues (Light
Blue).

Figure 3. Ligand-protein interaction analysis for PDI-Rutin complex. A. Rutin is fitting into the
hydrophobic cavity in the b’ domain pocket through its Quercetin backbone. B. Rutin displays a
significant exposure to solvent mainly through the Rutinoside’ hydroxyl groups which form H-
bonds with PDI charged residues E239 and D297 harboring the binding pocket.

Figure 4. Superposition of docking poses of selected compounds inside the b’domain binding
pocket. The hydrophobic cavity is represented in green, by charged residues in red and polar
residues in light blue.

Figure 5. Protein Ligand Interaction Plot.

Figure 6. RMSD variation for PDI alone and in complex with Rutin. Rutin forms a stable
complex with PDI reducing the protein flexibility.
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Table 1. Ranking of docking energies of selected compounds against PDI and Erp57.

Number

Name

Energy PDI
(kcal/mol)

Energy Erp57

1 ZINC20464669 -9.4 -7.3 -9.4

2 ZINC23460729 -10 -7.8 -9.31507
3 ZINC24834252 -9.2 -7.4 -9.07397
4 ZINC19928318 -9.4 -7.6 -9.0137
5 ZINC13687653 -9.1 -7.4 -8.97534
6 ZINC19632922 -9.2 -7.5 -8.94795
7 ZINC24601822 -9.2 -7.5 -8.94795
8 ZINC23909252 -9.5 -7.9 -8.71918
9 ZINC24601767 -8.8 -7.4 -8.67945
10 ZINC23957133 -8.9 -7.6 -8.53425
11 ZINC21868339 -9.2 -7.9 -8.44384
12 ZINC11771953 -8.8 -7.6 -8.43836
13 ZINC14977925 -9 -7.8 -8.38356
14 ZINC22830797 -9.6 -8.3 -8.28493
15 ZINC12385770 -9.2 -8.1 -8.19178
16 ZINC13678813 -8.9 -7.9 -8.16849
17 ZINC16474806 -8.9 -7.9 -8.16849
18 ZINC19889230 -8.9 -7.9 -8.16849
19 ZINC20731042 -9.3 -8.2 -8.15342
20 ZINC20045482 9.1 -8.1 -8.10274
21 ZINC77200565 -9.1 -8.1 -8.10274
22 ZINC19700487 -8.8 -7.9 -8.07671
23 ZINC12439199 -8.9 -8 -8.04658
24 Rutin -8 -7.3 -8
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Table 2. Average RMSD for Protein-Ligand complexes

Prote gand D D
PDI = 491 0.37
PDI Rutin 4.76 0.35
PDI ZINC19928318 4.78 0.36
PDI ZINC24834252 4.77 0.37
PDI ZINC24601822 4.76 0.36
PDI ZINC24601767 4.74 0.36
PDI ZINC19632922 4.97 0.37
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Table 3. Compounds Chemical names and Structure

Compound Id Chemical name Structure
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