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Abstract

Background: Interaction between immunoglobulin-like receptor glycoprotein VI
(GPVI) and collagen plays a central role in platelet activation and sequent firm adhe-
sion. Of various antithrombotic agents targeting GPVI, antibody 10B12 is of great
potential to block the GPVI-collagen interaction, but less is known about 10B12 para-
tope and GPVI epitope.

Methods: Along the pathway in the computer strategy presented in our previous
work, the 10B12/GPVI complex model was constructed through homology modeling
and rigid-body docking, and the molecular dynamics (MD) simulation was used to
detect the paratope residues on 10B12 and their partners on GPVI. Quantified by free
and steered MD simulations, the stabilities of hydrogen bonds and salt bridges were
used to rank the contributions of interface residues to binding of 10B12 and GPVI.

Results: We predicted 12 key and seven dispensable residues in interaction of 10B12
to GPVI with present computational procedure. Besides of the 12 key residues, two
are epitope residues (LYS*' and LYS>®) which had been identified by previous muta-
tion experiments, and others, including four epitope residues (ARG®®, SER*, ARG*
and TYRY on GPVI) and six paratope residues (GLU', ASP8, GLU'??, ASP'%, ASP'% and
ASP''" on 10B12), were newly found and also might be important for the 10B12-GPVI
binding. The seven predicted dispensable residues on GPVI were had been illustrated
in previous mutation experiments.

Conclusions: The present computer strategy combining homology modeling, rigid
body docking and MD simulation was illustrated to be effective in mapping paratope
on antithrombotic antibody 10B12 to epitope on GPVI, and have large potential in drug
discovery and antibody research.

Keywords: 10B12/GPVI interaction, Homology modeling, Molecular dynamics, Key
residue analysis

Background

Platelet-collagen interactions are believed to be of great significance in physiological
hemostasis and pathological thrombosis [1]. During this process, binding of immuno-
globulin (Ig)-like receptor glycoprotein VI (GPVI) to collagen is recognized as a central
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step [2], which leads to platelet integrin o, [, activation and platelet granule release [3, 4].
Activated a,f, could bind tightly to collagen and mediate firm adhesion of platelets to the
injury site [5], while platelet granule contents would activate nearby circulating platelets
and propagate thrombus formation. Therefore, GPVI becomes a primary therapeutic tar-
get for prevention of arterial thrombotic diseases such as heart attack and stroke [6].

Anti-GPVI antibody 10B12 is a potent antithrombotic agent and receives wide atten-
tion owing to the specific and efficient blocking of GPVI-collagen interaction [7, 8].
Injection of single-chain antibody fragment (scFv) 10B12 abolished binding of human
platelets to human type III collagen and collagen-related peptide (CRP) [7, 8]. Mutagen-
esis experiments have been carried out to identify the epitope residues of GPVI interact-
ing with 10B12 (Table 1). Smethurst et al. [7] found K59E substitution reduced binding
of GPVI to CRP and 10B12, while ARG, PHE®!, ARG', TYR"S, PHE'®, ARG'¥,
SER'™ and ARG!® were dispensable for the binding. O’connor et al. [9] proved that
the mutation of the residue LYS*! to alanine abolished 10B12 binding while mutation
of ARG had no significant effect. The messages for paratope on 10B12 and epitope
on GPVI is not enough so that mapping paratope to epitope is required in increasing
the efficacy of 10B12 [10, 11]. Traditional methods, including mutagenesis, phage dis-
play peptide libraries, X-ray crystallization and nuclear magnetic resonance, are usually
expensive, time-consuming and blind [12]. Thus, computational methods such as rigid-
body and flexible docking program are more and more used in paratope and epitope
mapping [11, 13, 14]. Protein—protein interfaces, different from small molecules binding
sites, are relatively large and discontinuous, leading to barriers in docking. And, pro-
tein flexibility also plays a great role in predicting druggable binding sites as well as the
locations of interacting interfaces [11, 14—20]. The conformation transforming is missed
completely in rigid body docking or partly in flexible docking, making it incapable to
illustrate whether these residues are crucial or not for binding [12].

Recently, a novel computational procedure to predict paratope residues and their
partners via molecular dynamics (MD) simulations was developed and succeeded in
mapping paratope to epitope of 6B4/GPIba complex [21]. Along the pathway in the
computer strategy described in our previous work [21], the 10B12/GPVI complex model
was constructed through homology modeling and rigid-body docking, and MD simula-
tion was used to detected the paratope residues on 10B12 and their partners on GPVI,
with hypothesis that the dominant linkers between paratope and epitope are mainly
contributed by the stable hydrogen bonds and salt bridges across the complex interface.
Twelve key and seven dispensable residues in interaction of 10B12 to GPVI were pre-
dicted, in better agreement with previous mutation experiments. The results illustrated
that the present computer strategy might be effective in mapping paratope to epitope
on GPVI/10B12, and have a wide application in guiding mutagenesis experiments and
computer-aided antibody design.

Table 1 Identified interaction residues between GPVI with 10B12 from mutagenesis
experiments

Function Name

Epitope residues on GPVI LYS*, LYS*' 7, 9]
Dispensable residues on GPVI ARG®®, PHE® ARG'", TYR''® PHE'?, ARG'*° SER'®* ARG'® [7, 9]
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Methods

Homology modeling

The structure of antibody 10B12 consists of a light chain (V; and C; domains), a heavy
chain (Vi and Cp domains), and a 15-amino-acid (Gly,Ser); linker. The amino acid
sequence of 10B12 was obtained from NCBI (Accession: AAN15184 and AAN15185).
The structural templates of 10B12 were built up via PDB database search with BLAST
for homology modeling [22]. The templates for heavy-, light-chains and (Gly4Ser), linker
were the crystal structures of 8F9-Fab (PDB code 3F12, 83% identity), D5-Fab (PDB
code 2CMR, 100% identity) and Fv antibody fragment (PDB code 1F3R, 100% identity),
respectively. To yield the most likely VH-VL orientations, the crystal structure of anti-
SARS ScFv antibody 80R (PDB code 2GHW) was used as a global template because it
has the highest sequence identity (60%) with 10B12-ScFv among all antibody crystal
structures containing the (Gly,Ser); linker in PDB based on the BLAST result. Mean-
while, both the light- and heavy-chain sequences of 10B12 were submitted to NCBI
IgBlast (http://www.ncbi.nlm.nih.gov/igblast/) to identify complementarity determin-
ing regions (CDRs) of 10B12. CDR H1, H2, H3 in the heavy chain were made up of the
sequences from 26th to 33rd residue, from 51st to 58th residue and from 96th to 112nd
residue, whereas the sequences from 163rd to 168th residue, from 186th to 188th res-
idue and from 225th to 233rd residue contributed to the CDR L1, L2 and L3 in light
chain, respectively. 10B12 was first aligned to its templates by ClustalX [23], then the
homology modeling was performed by Modeller 9v6 [24]. Eight 10B12 models of single
chain Fv (ScFv) were built up and the model with a smallest Z-score value was regarded
as a native-like model and selected for further docking to GPVL

Docking

The structure of unliganded GPVI (PDB code 2G17) was downloaded from PDB data-
base. Docking of 10B12 to GPVI was performed with ZDOCK3.0 [25] and the shallow
groove adjacent to the C’E loop of GPVI was designated as the binding site of 10B12
CDRs, as indicated in previous works [4]. In docking to a fixed 10B12, GPVI was trans-
lated and/or rotated with 6° sampling density in rotational space. Altogether 54,000
poses were generated with rigid-body docking and they were then analyzed and scored
by Zrank [26]. Top 20 complexes ranking with negative Z-rank score were taken for vis-
ual inspection with the software visual molecular dynamics (VMD) [27]. The complex
with the lowest Z-rank score was regarded as the best model [26], which was used in
MD simulations.

Free and steered MD simulations

Two software packages, VMD for visualization and modeling [27] and NAMD 2.9 pro-
gram for MD simulations [28], were used here. The best 10B12/GPVI complex gener-
ated by ZDOCK was solvated with TIP3P water molecules in a rectangular box of
67.41 A x 40.47 A x 36.46 A. Then Na™ and Cl~ ions were added to neutralize the sys-
tems at a 150 mM salt concentration. The CHARMM?22 all-atom force field [29], along
with cMAP correction for backbone, particle mesh Ewald algorithm for electrostatic
interaction and a 12 A cutoff for electrostatic and van der Waals interaction, were used

to perform MD simulations with a periodical boundary condition and a time step of 2 fs.
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First, the system was energy-minimized for 15,000 steps with all protein atoms fixed
and for another 15,000 steps with all atoms free. Then the system was equilibrated for
60 ns twice with pressure and temperature control. The temperature was held at 310 K
using Langevin dynamics, and the pressure was held at one atmosphere by the Langevin
piston method. Time-curves of the temperature, total energy and root mean square
deviation (RMSD) of heavy atoms were used to observe whether the system had been
equilibrated. Two equilibrated complex structures were obtained from two correspond-
ing equilibrated systems described above, and taken as the two initial conformations for
free and steered MD simulations.

Free and steered MD simulations were run thrice on each equilibrated complex struc-
ture, respectively. Free MD simulation was conducted over 10 ns without control of
temperature and pressure. In steered MD simulations, the C-terminal Ca atoms of both
heavy and light chains of 10B12 were fixed and the C-terminal Ca atom of GPVI was
steered with a virtual spring at a spring constant of 7000 pN/nm. A pulling over 9 ns was
performed with time step 2 fs and a constant velocity of 1 nm/ns along the direction ver-
tical to the line between two fixed C-terminal Ca atoms of 10B12.

All simulations were supported by National Supercomputer Center in Guangzhou.

Survival ratio, normalized rupture time and stabilization index of a hydrogen bond

It was assumed that the interaction of a paratope residue to its partner can be scored
out by the best stable one of H-bonds and/or salt bridges between this residue pair [21,
30]. A hydrogen bond was defined if the donor—acceptor distance and bonding angle
were small than 3.5 A and 30° respectively. But only the bond-length cutoff of 3.5 A was
applied to examine the salt bridges in binding site. The H-bonds and/or salt bridges
across interface of complex were detected through VMD. Survival ratio of a H-bond (or
salt bridge) was defined as the bond survival time in the period of simulation.

The survival ratio of the jth bond (coj) expressed its thermal stability in free MD simu-
lations. ; = max{w;;, w;,}, where w;; (i = 1, 2) is the mean survival ratio of the jth bond
detected from thrice free MD simulations with the ith initial equilibrated complex con-
formation. The normalized rupture time a; expressed the relative mechanical strength of
the jth H-bond in steered MD simulations. o = Gj/max{Gl, 0,,..., Oy}, and Gj = max{ejl,
sz}, where N is the total number of involved H-bonds, 9;1 is the mean rupture time of the
jth bond detected from thrice steered MD simulations with the ith initial equilibrated
complex conformation fori=1, 2.

The stabilization index of the jth H-bond (HBSIj), which synthesizes the effects of both
thermal stabilization and mechanical strength of the bond on the paratope—epitope
interactions, was defined as that HBSL = ((;oj + O(j) /2. We defined that a bond is low, mod-
erate and high stable, if anyone of its survival ratio, normalized rupture time and HBSI

index lies in the region from 0 to 0.3, from 0.3 to 0.55 and from 0.55 to 1.0, respectively.

Results

The best docking model provided less information of epitope and paratope residues

of 10B12/GPVI

We obtained a model of 10B12-ScFv through homology modeling (see “Methods” sec-
tion). Its six CDRs, which located on the top of both light- and heavy-chains, mainly
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contribute to binding of 10B12 to GPVI (Fig. 1a). After that, 54,000 poses were gener-
ated by rigid-body docking of the above 10B12-ScFv to ligand-free GPVI (see “Meth-
ods” section). The 2718th complex (Fig. 1b) with the lowest Z-rank score of —106.48 was
picked out. This complex model may be the best one, because the lowest Z-rank score
means its conformation is most energy favorable.

Subsequent conformational analysis with VMD revealed that the selected 10B12/
GPVI model might be meaningful biologically. Katsunori Horii et al. [4, 9] found that a
shallow groove formed by basic residues on the surface of D1 domain surface including
LYS*, LYS®, ARG®® and ARG, adjacent to the C’E loop, was the main binding site on
GPVI to collagen. From Fig. 1b, we could clearly see that this region (blue) was mostly
occupied by CDR H3 of 10B12 (purple), suggesting a competitive binding of 10B12 and
collagen to GPVL

Furthermore, we analyzed the H-bonds and salt bridges at the interface of the 2718th
complex with VMD to get the information about epitope and paratope residues [21, 30].
Mutation data demonstrated that both LYS® and LYS* were key residues (Table 1) [7,
9]. We found from 2718th complex that there existed three H-bonds and one salt bridge,
involving four residues (GLU*,, TYRY, GLN*® and LYS*) on GPVI and four residues
(GLUY, GLY?, ASP'%7 and LYS'®®) on 10B12 (Table 2). From these eight residues, just
LYS* emerged and LYS* did not. It means that, docking analysis of one static complex
only provided less information on intermolecular interaction at binding site even if this
conformation is energy favorable, as shown in our previous research [21]. The reason
might be that the molecular recognition and drug binding are dynamic processes [31]
and 10B12/GPVI complex in water should undergo a random conformational transition.

linker = (J
Fig. 1 The best docking model of 10B12 in binding without or with GPVI. a The best model of 10B12 from
Homology modeling, including the light chain (cyan), heavy chain (gray), linker (yellow) and the six CDR
regions (purple). b Conformation of 10B12 (left) bound to GPVI (right, orange). The binding sites (blue) on GPVI
to 10B12 were shown here

Table 2 Residue interactions between 10B12 and GPVI from docking model

No. Hydrogen bond Salt bridge

GPVI 10B12 GPVI 10B12
1 GLN*® GLU! GLU” Lys'8
2 TYRY GLY?

3 LYS® ASP'Y
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Thermal stabilization of H-bonds marked paratope and epitope residues of 10B12/GPVI
complex
It was demonstrated that paratopes and epitopes could be mapped by H-bonds with
higher thermal stabilization in free MD simulations [21]. Here, the 2718th complex,
the best model of 10B12/GPVI, was chosen to perform MD simulations. System equi-
librium was performed twice along a same protocol of energy minimization. From the
time-curves of the temperature, total energy and RMSD of heavy atoms (Fig. 2), it was
shown that the two systems were equilibrated after 30 ns. We examined the events of
breaking and forming of bonds by performing free MD simulations thrice on each of ini-
tial equilibrated conformation I and II of 10B12/GPVI complex for 10 ns. Survival ratios
of all detected H-bonds were listed in Table 3, which indicated that, in comparison with
docking results (Table 2), two H-bonds and one salt bridge were lost but 24 H-bonds
were newly detected. Of these detected bonding, the 2nd bond only appeared in the
simulations for the equilibrated conformation I while the 5th—8th bonds only emerged
from the simulations for the equilibrated conformation II (Table 3). The characteristic of
initial state-dependent H-bonds formation suggests that a number of simulations in par-
allel are required to better understand the residue interactions across protein interface
[21].

The maximum value of mean survival ratios with initial equilibrated conformation
I and II was taken as the mean survival ratio () of a H-bond (see “Methods” section,
Table 3). Twenty-five H-bonds were clustered into three groups of low, moderate and
high thermal stabilization by their corresponding mean survival ratio values ranging
from O to 0.3, from 0.3 to 0.55 and from 0.55 to 1.0, respectively. The H-bonds with mod-
erate and high thermal stabilization were used to map paratope to epitope residues for
preventing loss of potential key residues. Involved in 16 H-bonds from the 1st to the
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Fig. 2 Variation of the temperature, total energy and RMSD of heavy atoms of GPVI/10B12 complex versus
simulation time. a, b Denote two independent system equilibrium processes (a, b) of GPVI/10B12 complex,
respectively. Each system equilibrium process was demonstrated by the time-courses of the temperature,
total energy and RMSD of heavy atoms of the complex
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16th bonds in Table 3), 13 residues, including ARG, LYS*, SER*, ARG*®, TYRY, LYS®®
and ARG'® on GPVI as well as GLU', ASP*®, GLU'®, ASP'”, ASP'® and ASP''"! on
10B12 (Fig. 3), were sorted out with a cutoff of 0.3. As expected, the key residue LYS*!,
which was identified to be dominant for the binding by the mutagenesis experiment [9]
but not observed in docking analysis, formed the high stable 2nd H-bond with GLU'*
on 10B12. The key residue LYS® involved in three H-bonds (the 8th, the 10th and the
15th bonds), explaining why its mutation seriously impaired the binding between GPVI
and 10B12 [7]. Out of expect, ARG'®® formed three H-bonds (the 5th, 7th and 16th
bonds) with GLU'® but it was proved dispensable for the binding by the experiment [9],
possibly coming from that this mutation might enhance the interactions of GLU'* to
its two other partners LYS*' and SER** on GPVI (Table 3). Taken together, two critical

Table 3 Summary of survival ratios, rupture time and involved residues of hydrogen
bonds detected from free and steered MD simulations

Bond GPVI 10B12 Survival ratio Rupture time

No. Residue Atom Residue Atom | 1} w 1 (ns) 1l (ns) a

1 ARG NH2  ASP® OD1 0394004 0944001 094 1204031 2184081 075
2 Lys*! NZ GLU™  OE2 0794008 079 2884108 0144011 100
3 ARG*®  NH2  GLU OE1 0424030 0664014 066 0694080 1714050 059
4 TYRY OH  GLU OE2 0094004 065+015 065 1484023 051
5 ARG NH2  GLU'™®  OF1 056 +£004 056 0444023 0.15
6 ARG NH2  ASP'  OD2 0544029 054 2414071 083
7 ARG'®®  NH1  GLU'®  OF2 0544006 054 036+£029 0.12
8 LYs>® NZ ASP'”  0D2 0534027 053 0444025 0.15
9 ARG NH1  ASP® oDl 050%+0.13 050 2484053 0.86
10 LYs> NZ ASP™®  OD1 0334010 0484038 048 0564030 0304027 0.19
11 SER* 0G GLU™  OE2  045%0.11 045 1284098 0054009 044
12 ARG*® NH1  GLU' OE2 0444021 0454009 045 0724080 1504049 052
13 ARG NE GLU™  OE1 0404008 040 1544010 0024004 053
14 SER* 0OG  GLU'®  OFE1  040+£0.10 040 1524035 0014001 053
15 LYs>® NZ ASP™®  OD2 0394008 0364040 039 0444031 0.15
16 ARG'®®  NH2 GLU'®  OF2 0304001 030 061+£024 021
17 Lys* NZ ASP'Y  OD1 0294030 029

18 ARG NH2  ASP® OD2 0274003 . 027 1184092 041
19 ARG®  NH2  GLU OE2 0254017 0214016 025 0564071 0074007 0.19
20 ARG'®®  NH1  GLU'®  OF1 0234002 023 0634027 022
21 ARG NH1  ASP'  OD2 0234013 023 0714035 024
22 SER* 0G GLU™  OE1 0224020 0.22

23 TYR OH ASP'®  OD2 0174035 0.17

24 ARG*® NH1  GLU' OE1 0114008 0124010 012 057+071 0.20
25 TYRY OH  GLU OE1 0014001 0094012 009 009+£008 003

The heading | and Il denote two different equilibrated complex conformation of 10B12 bound to GPVI, and the values
(Column 8 and 11) of express the thermal and mechanical stabilities of the bonds detected from free and steered MD
simulations thrice with two different equilibrated conformations (see “Methods” section). The superscript numbers on
residues (Column 2 and 4) designate the positions of their respective involved residues in sequences of GPVI and 10b12
with serial numbering, the donor- and acceptor-atoms (Column 5) on paratope residues (Column 4) together with their
respectively partners (Column 3) on epitope residues (Column 2) contribute to bonds in binding site. All bonds, which were
derived from thrice independent free and steered MD simulations with equilibrated conformation I and II, respectively, were
designated by nonzero values (mean =+ SD) of survival ratios and rupture times of bonds



Liu et al. BioMed Eng OnLine 2016, 15(Suppl 2):152 Page 654 of 658

Fig. 3 The predicted interaction residues on interface of GPVI-10B12. a The key residues on GPVI and b the
key residues on 10B12. Red stands for the identified residues via mutagenesis experiments, and blue stands
for the key residues which were predicted by MD simulation without mutagenesis data, cyan stands for the
dispensable residues demonstrated by mutation data. All interaction residues on interface of GPVI-10B12
complex were predicted here by mean survival ratio, normalized mean rupture time or HBSI index

residues on GPVI (LYS* and LYS®®) were both sorted out by H-bonds with moderate
and high thermal stabilization and the simulations also predicted ten potential key resi-
dues without mutagenesis experiments data.

Mechanical H-bonding stabilization is another mark for key interaction residues

across 10B12/GPVI complex interface

Similar to the thermal stabilization reflected by the survival ratios of H-bonds, the
mechanical stabilizations of H-bonds was also used to map paratope and epitope resi-
dues [21]. Rupture times of all H-bonds (Table 3) were detected from steered MD simu-
lations which were performed thrice for each of the equilibrated conformation I and II
(see “Methods” section). The random feature and initial-state dependence of H-bonds
were also observed, similar to those in the free MD simulations. For example, the 5th—
8th bonds only appeared in the simulations for the equilibrated conformation II, while
and 9th bond emerged only in the simulations for the equilibrated conformation I
(Table 3). Normalized mean rupture time («) of each H-bond was calculated and listed
in Table 3 (see “Methods” section). Seven H-bonds, including 1-4th, 6th, 9th, 11-14th
and 18th bonds, had high mechanical stabilization for their normalized mean rupture
time o larger than 0.3. With these H-bonds, nine residues were predicted to be paratope
and epitope residues, including five (ARG, LYS*, SER*, ARG*, TYRY) on GPVI and
four (GLU?, ASP%, GLU'2, ASP''!) on 10B12 (Table 3; Fig. 3).

A bonding may be stable thermally rather than mechanically and vice versa. It was
shown from Table 3 that, the 5th, the 7th and the 8th bonds had higher thermal stabi-
lizations for their survival ratio larger than 0.5, but their mechanical stabilizations were
low because of the normalized mean rupture time a smaller than 0.2; the 18th bond
was stable mechanically rather than thermally for its mean survival ratio of 0.27 and its
normalized mean rupture time a of 0.41. Of the above nine residues proposed through
mechanical stabilization, LYS*! had been identified as an epitope residue by mutagenesis
experiments, and others had not. In comparison with key residues from free MD simula-
tions, four residues (LYS*®, ARG'® on GPVI and ASP'%7, ASP'% on 10B12) were missed
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in the steered MD simulations, where mutation data demonstrated LYS® dominant and
ARG dispensable for binding [9].

Mapping paratope to epitope via H-bond stabilization index
To score synthetically the thermal and mechanical stabilization of a hydrogen bonding,
hydrogen bond stabilization index (HBSI), which was presented in our previous work for
antithrombotic antibody 6B4 [21], were calculated by the average of the mean survival
ratio and the normalized mean rupture time of each of all detected bond (see “Methods”
section). All H-bonds were clustered into three groups with low, moderate and high sta-
bilization by HBSI values ranging from 0 to 0.3, 0.3 to 0.55 and 0.55 to 1.0, respectively.
The H-bonds with HBSI values (from 0.33 to 0.89) ranked in top 15 were predicted to
be stable (Table 4). Thirteen residues, seven (ARG, LYS*, SER*, ARG*, TYRY, LYS>,
and ARG'®®) on GPVI and six (GLU', ASP%8, GLU'%2, ASP'%7, ASP'%8, ASP'!) on 10B12
and two pre-identified epitope residues (LYS*' and LYS®®), were involved in above stable
bonds. Of these predicted key residue, LYS*' and LYS® are the identified epitope resi-
dues (Fig. 3) [7, 9]. The key residues from HBSI analysis were the same as those from free
MD simulations, but the stabilization ranking of their involved H-bonds were different.
The bond ranked 2nd in survival ratio but 1st in the normalized mean rupture time due
to the highest mechanical stabilization (Table 4), highlighting the importance of epitope
residue LYS*; and, the 18th bond was missed from free MD simulations but ranked 14th
in HBSI, benefiting from its high mechanical stabilization too. It indicated that, mechan-
ical stabilization of bonding should be important in predicting paratope—epitope inter-
actions via MD simulation, and HBSI might include more detailed information about
paratope—epitope interactions in comparison with survival ratio and rupture time.

Table 4 The stable H-bonds with HBSI values >0.3

Rank Bond no.? HBSI Interaction residue pairs

GPVI 10B12
1 2 0.89 LYS41 GLU102
2 1 0.85 ARG46 ASP98
3 6 0.69 ARG46 ASP111
4 9 0.68 ARG46 ASP98
5 3 0.63 ARG38 GLU1
6 4 0.58 TYR47 GLU1
7 12 048 ARG38 GLU1
8 13 047 ARG46 GLU102
9 14 046 SER44 GLU102
10 1 045 SER44 GLU102
1 5 0.36 ARG166 GLU102
12 8 0.34 LYS59 ASP107
13 10 0.34 LYS59 ASP108
14 18 0.34 ARG46 ASP98
15 7 0.33 ARG166 GLU102

? The bond no in column 2 were same as those in Table 3
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Discussion

Mapping paratope to epitope residues of potent antithrombotic antibody 10B12 is an
essential step to re-design this antibody for higher affinity or other desired modifica-
tions. However, only two epitope residues without their paratope residues were iden-
tified through mutation experiments [7, 9]. With a novel computational procedure
proposed in our previous work for the antithrombotic antibody 6B4 [21], we here inves-
tigated the paratope and epitope residues of 10B12/GPVI complex. Successfully, the two
known identified epitope residues (LYS*' and LYS®’) on GPVI were predicted as critical
residues, and seven residues (ARG®, PHE”, ARG', TYR"®, PHE'*’, ARG'*’, SER'**
and ARG'), being dispensable for the binding [7], did not listed in the key interaction
residues through our computational procedure. These results suggested that our compu-
tational procedure had higher sensitivity and specificity in mapping paratope to epitope
of the 10B12/GPVI complex. And, other newly predicted ten residues, four (ARG,
SER*, ARG, and TYRY) on GPVI and six (GLU', ASP%®, GLU'%2, ASP%7, ASP!%® and
ASP''!) on 10B12, might be important for binding. The reason for this success lies in
that MD simulations can mimic the atom fluctuations and conformational changes of
biomolecules in liquid or physiological environment [32, 33].

As illustrated in our previous work for the antithrombotic antibody 6B4 [21], the
present results indicated again that as a solid linker between a paratope residue and its
partner, the strong hydrogen bonding across complex interface was a better mark in
mapping paratope to epitope; the key and abundant messages of paratope and epitope
residues could be extracted from MD simulation rather than docking analysis, because
MD simulation would build up a quasi-complete complex conformation space, from
which most of hydrogen bonding could be detected; the weak thermal disturbing did
not cross the barrier of conformational transform but mechanical stretch did, this was
why some key interaction residues had not emerged from free MD simulation but could
be detected from steered MD simulation; and in the present computer strategy, three
different complex structures on equilibrium state, at least, should be used to the subse-
quent MD simulation, because of that, the simulated evolution of complex conformation
was dependent on the initial structure of the complex.

However, it should be noted that the residue ARG'®® on GPVI was a false positive in
our study. Maybe, the reason might come from that the simulation times were not long
enough and the sampling spaces were not large enough. It remains a room for improve-
ment in the accuracy of the procedure such as through extending the simulation time or
selecting more initial conformations.

Conclusions

The present computer strategy, combining homology modeling, rigid body docking and
MD simulation, should be effective not only in mapping paratope on antithrombotic
antibody 10B12 to epitope on GPVI but also in other antibody researches, have large
potential in drug discovery and antibody research, provide useful clues to mutation
experiments and assist the computer-aided antibody design.

Declarations

Authors’ contributions

JW and YF conceived and designed the experiments; WL performed the experiments complex; WL, GL, HZ, XF analyzed
the data; WL, YF, JW and GL wrote the manuscript. All authors (1) have made substantial contributions to conception and



Liu et al. BioMed Eng OnLine 2016, 15(Suppl 2):152 Page 657 of 658

design, or acquisition of data, or analysis and interpretation of data; (2) have been involved in drafting the manuscript or
revising it critically for important intellectual content; and (3) have given final approval of the version to be published.
Each author has participated sufficiently in the work to take public responsibility for appropriate portions of the content.
All authors read and approved the final manuscript.

Author details

! School of Bioscience and Bioengineering, South China University of Technology, Guangzhou 510006, China. 2 Division
of Birth Cohort Study, Guangzhou Women and Children’s Medical Center, Guangzhou Medical University, Guang-

zhou 510623, China.

Competing interests
The authors declare that they have no competing interests.

About this supplement

This article has been published as part of BioMedical Engineering OnLine Volume 15 Supplement 2, 2016. Compu-
tational and experimental methods for biological research: cardiovascular diseases and beyond. The full contents of
the supplement are available online http://biomedical-engineering-online.biomedcentral.com/articles/supplements/
volume-15-supplement-2.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the main paper.

Funding
Publication charges for this article have been funded by NSFC grants 11432006 (JW), 31170887 (JW), 11272125 (YF) and
31500591 (GL) and by the Fundamental Research Funds for the Central Universities (SCUT) (JW).

Published: 28 December 2016

References

1. Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the central receptor? Blood. 2003;102(2):449-61.

2. Moroi M, Jung SM. Platelet glycoprotein VI: its structure and function. Thromb Res. 2004;114(4):221-33.

3. Nieswandt B, Brakebusch C, Bergmeier W, Schulte V, Bouvard D, Mokhtari-Nejad R, Lindhout T, Heemskerk JW,
Zirngibl H, Fassler R. Glycoprotein VI but not a231 integrin is essential for platelet interaction with collagen. EMBO J.
2001;20(9):2120-30.

4. Horii K, Kahn ML, Herr AB. Structural basis for platelet collagen responses by the immune-type receptor glycopro-
tein VI. Blood. 2006;108(3):936-42.

5. Chen H, Kahn ML. Reciprocal signaling by integrin and nonintegrin receptors during collagen activation of platelets.
Mol Cell Biol. 2003;23(14):4764-77.

6. Kahn ML. Platelet-collagen responses: molecular basis and therapeutic promise. Semin Thromb Hemost.
2004;30(4):419-25.

7. Smethurst PA, Joutsi-Korhonen L, O'Connor MN, Wilson E, Jennings NS, Garner SF, Zhang Y, Knight CG, Dafforn TR,
Buckle A, et al. Identification of the primary collagen-binding surface on human glycoprotein VI by site-directed
mutagenesis and by a blocking phage antibody. Blood. 2004;103(3):903-11.

8. Jarvis GE, Raynal N, Langford JP, Onley DJ, Andrews A, Smethurst PA, Farndale RW. Identification of a major GpVI-
binding locus in human type Ill collagen. Blood. 2008;111(10):4986-96.

9. O'Connor MN, Smethurst PA, Farndale RW, Ouwehand WH. Gain- and loss-of-function mutants confirm the impor-
tance of apical residues to the primary interaction of human glycoprotein VI with collagen. J Thromb Haemost.
2006;4(4):869-73.

10. Carter PJ. Potent antibody therapeutics by design. Nat Rev Immunol. 2006;6(5):343-57.

11. Gershoni JM, Roitburd-Berman A, Siman-Tov DD, Tarnovitski Freund N, Weiss Y. Epitope mapping: the first step in
developing epitope-based vaccines. Biodrugs. 2007;21(3):145-56.

12. Fontayne A, De Maeyer B, De Maeyer M, Yamashita M, Matsushita T, Deckmyn H. Paratope and epitope mapping of
the antithrombotic antibody 6B4 in complex with platelet glycoprotein Iba. J Biol Chem. 2007;282(32):23517-24.

13. Kuroda D, Shirai H, Jacobson MP, Nakamura H. Computer-aided antibody design. Protein Eng Des Sel.
2012,25(10):507-21.

14. LiH, KasamV, Tautermann CS, Seeliger D, Vaidehi N. Computational method to identify druggable binding sites that
target protein—protein interactions. J Chem Inf Model. 2014;54(5):1391-400.

15. Lo Conte L, Chothia C, Janin J. The atomic structure of protein—protein recognition sites. J Mol Biol.
1999,285(5):2177-98.

16. Jones S, Thornton JM. Principles of protein—protein interactions. Proc Natl Acad Sci USA. 1996;93(1):13-20.

17. Liu G, Fang Y, Wu J. A mechanism for localized dynamics-driven affinity regulation of the binding of von Willebrand
factor to platelet glycoprotein Iba. J Biol Chem. 2013;288(37):26658-67.

18. Liu L, Fang Y, Wu JH. Flexibility is a mechanical determinant of antimicrobial activity for amphipathic cationic
a-helical antimicrobial peptides. BBA Biomembr. 2013;1828(11):2479-86.

19. Lexa KW, Carlson HA. Protein flexibility in docking and surface mapping. Q Rev Biophys. 2012;45(3):301-43.

20. Ou-Yang SS, Lu JY, Kong XQ, Liang ZJ, Luo C, Jiang H. Computational drug discovery. Acta Pharmacol Sin.
2012;33(9):1131-40.


http://biomedical-engineering-online.biomedcentral.com/articles/supplements/volume-15-supplement-2
http://biomedical-engineering-online.biomedcentral.com/articles/supplements/volume-15-supplement-2

Liu et al. BioMed Eng OnLine 2016, 15(Suppl 2):152 Page 658 of 658

21.

22.

23.

24,

25.

26.

27.
28.

29.

30.

31
32.

33

Fang X, Fang Y, Liu L, Liu G, Wu J. Mapping paratope on antithrombotic antibody 6B4 to epitope on platelet glyco-
protein Iba via molecular dynamic simulations. PLoS ONE. 2012;7(7).e42263.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ. Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids Res. 1997;25(17):3389-402.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUSTAL_X windows interface: flexible strate-
gies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997,25(24):4876-82.

Sali A, Blundell TL. Comparative protein modelling by satisfaction of spatial restraints. J Mol Biol.
1993;234(3):779-815.

Mintseris J, Pierce B, Wiehe K, Anderson R, Chen R, Weng Z. Integrating statistical pair potentials into protein com-
plex prediction. Proteins. 2007;69(3):511-20.

Pierce B, Weng Z. ZRANK: reranking protein docking predictions with an optimized energy function. Proteins.
2007,67(4):1078-86.

Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol Graph. 1996;14(1):33-8.

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kale L, Schulten K. Scalable
molecular dynamics with NAMD. J Comput Chem. 2005;26(16):1781-802.

Whitford PC, Noel JK, Gosavi S, Schug A, Sanbonmatsu KY, Onuchic JN. An all-atom structure-based potential for
proteins: bridging minimal models with all-atom empirical forcefields. Proteins. 2009;75(2):430-41.

Rakers C, Bermudez M, Keller BG, Mortier J, Wolber G. Computational close up on protein—protein interactions: how
to unravel the invisible using molecular dynamics simulations? Wires Comput Mol Sci. 2015;5(5):345-59.

Moroni E, Paladino A, Colombo G. The dynamics of drug discovery. Curr Top Med Chem. 2015;15(20):2043-55.
Adcock SA, McCammon JA. Molecular dynamics: survey of methods for simulating the activity of proteins. Chem
Rev. 2006;106(5):1589-615.

Long M, Sato M, Lim CT, Wu J, Adachi T, Inoue Y. Advances in experiments and modeling in micro-and nano-biome-
chanics: a mini review. Cell Mol Bioeng. 2011;4(3):327-39.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolVled Central




	Computer prediction of paratope on antithrombotic antibody 10B12 and epitope on platelet glycoprotein VI via molecular dynamics simulation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Homology modeling
	Docking
	Free and steered MD simulations
	Survival ratio, normalized rupture time and stabilization index of a hydrogen bond

	Results
	The best docking model provided less information of epitope and paratope residues of 10B12GPVI
	Thermal stabilization of H-bonds marked paratope and epitope residues of 10B12GPVI complex
	Mechanical H-bonding stabilization is another mark for key interaction residues across 10B12GPVI complex interface
	Mapping paratope to epitope via H-bond stabilization index

	Discussion
	Conclusions
	Declarations
	References




