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Prediction of Molecular Interaction between Platelet Glycoprotein
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Simulations

Seiji Shiozaki', Shu Takagi? and Shinya Goto'

'Department of Medicine (Cardiology), Tokai University School of Medicine, Kanagawa, Japan
*Department of Mechanical Engineering, The University of Tokyo, Tokyo, Japan

Aim: The molecular mechanism of the unique interaction between platelet membrane glycoprotein
Iba (GPIba) and von Willebrand Factor (VWF), necessary for platelet adhesion under high shear
stress, is yet to be clarified.

Methods: The molecular dynamics simulation using NAMD (Nanoscale Molecular Dynamics) pack-
age with the CHARMM 22 (Chemistry at Harvard Macromolecular Mechanics) force field were
used to predict dynamic structural changes occurring in the binding site of A1 domain of VWF and
N terminus domain of GPIba under water soluble condition.

Results: The mean distance between the mass center of A1 domain of VWF and GPIba in the stable
form was predicted as 27.3 A. The potential of mean force between the Al domain of VWF and
GPIba were calculated in conditions of various distances of the mass center between them. All the
calculated values were fitted to the Morse potential energy function curve. The maximum adhesive
force between A1 domain of VWF and GPIba was predicted as 62.3 pN by differentiating the poten-
tial of mean force with respect to the molecular distance.

Conclusions: The molecular dynamics simulation is useful for predicting the dynamic structure
changes of protein bonds involved in platelet adhesion and for predicting the adhesive forces gener-

ated between their interactions.
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Introduction

In the initial stage of thrombus formation, plate-
let adhesion at site of endothelial injury plays a crucial
role?. Various in vive and in vitro experiments dem-
onstrated that glycoprotein Iba (GPIba), which is
present on the platelet surface, and its interaction with
von Willebrand factor (VWE), which is exposed at the
site of endothelial injury, play an important role, espe-
cially under the flow conditions generating high wall
shear stress*”. Although there are other adhesive pro-
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teins such as glycoprotein IIb/IIla (GPIIb/Illa) to
bind with VWF upon platelet activation*®, GPIba
binding with VWF is necessary for capturing flowing
platelet to the vessel wall even when platelet cells were
fully activated>?.

Our previously published lattice model of the
interaction between GPIba and VWF for kinetic
Monte Carlo method predicted that the number of the
bonds between GPIba and VWF should not exceed
100 due to space limitation'?. Large and concentrated
multimeric structure of VWF molecules is one poten-
tial characteristic to explain specific adhesive function
between GPIba and VWEF'V. Recent research progress
showed the important regulatory functions of a disin-
tegrin and metalloproteinase with a thrombospondin
type 1 motif (ADAMTS)-13 for cleaving VWF multi-

mer'> . Specific biomechanical characteristic of the
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binding GPIba and VWF was also reported in
domain level using atomic force microscope'* .
Here, we conducted a Molecular Dynamic simu-
lation of the interaction between Al domain of VWF
and GPIba. We have predicted the structure of Al
domain of VWF bound with GPIba dissolved in
water. We have predicted that the part of A1 domain
(SER®¢2-ILE®%® and ILE>-TRP*’) remained bound
with GPIba just before dissociation. Unlike previous
publications'® ', we have calculated the potential of
mean force between Al domain of VWF and GPlba
and predicted the adhesive force to be 62.3 pN. We
have shown the usefulness of Molecular Dynamic sim-
ulation for understanding the molecular mechanism
of platelet membrane protein interaction with vessels.

Methods

Molecular Dynamics

The interaction between N-terminal leucine rich
repeat within GPIba (residues HSE'-PRO**®) mole-
cule and A1 domain of VWF (residues ASP>*°-PRO7%)
was targeted in our study using Molecular Dynamics
(MD) method'. The molecular dynamics simulation
method is based on the Newton’s second law; F=ma,
where F is the force exerted on the atom and  and «
are its mass and acceleration, respectively. Using the
potential energy model taking into account of the
coulombic interaction, the van der waals interaction
and the hydrogen bonding, the force affecting each
atom constructing both proteins and water can be cal-
culated. Based on the value of the forces calculated
from potential energy model, the acceleration of each
atom can also be calculated. Integration of the equa-
tion of motion then yields a trajectory that describes
the positions and velocities of the atoms as they vary
with time. In our MD simulation, the initial structure
of Al domain of VWF bound with GPIba was taken
from the crystal structure'. It is noted that the struc-
ture we have referred to is an expansion of early publi-
cation?” on a complex with R1306Q Al domain of
VWEF and M239V GPIba mutations, but the struc-
ture of the mutant are supposed to be close to their
wild type. All MD simulations were conducted using
the NAMD (Nanoscale Molecular Dynamics) pack-
age?” with the CHARMM?22 (Chemistry at Harvard
Macromolecular Mechanics) force field??, which
refers to the form and parameters of the functions
used to describe the potential energy of a system of
atoms, in the canonical (NVT) ensemble, using a con-
stant number of atoms (N), constant volume (V), and
constant temperature (T). The system was solvated
with the TIP3P (transferable intermolecular potential

with three interaction sites) water molecules using
VMD (Visual Molecular Dynamics)??. A time step of
2.0 femto-seconds was used. Particle Mesh Ewald
(PME) summation®” was used for the long-range elec-
trostatic interactions, with a cut off length of 12 A for
the direct interactions. The estimation of the positions
of proton, solvation of the system with water mole-
cules, calculations of root mean square deviation
(RMSD) and drawing of protein structures were done
with VMD. The total number of atoms including the
protein molecules and water molecules was about
172,934 in this system, whose size was 83%95x105
A with the periodic boundary conditions. Before start-
ing the calculation to predict the equilibrated struc-
ture of the Al domain of VWF bound with the N-ter-
minus of GPIba, our systems were initially energy-
minimized with 10,000 steps of calculation. Our sys-
tems were equilibrated for 1 nano-second under con-
stant temperature of 310 K controlled by Langevin
dynamics®® with a temperature coefficient of 5 ps™".
Potential of Mean Force between A1 Domain of
VWEF and GPIba

In order to calculate the free energy profiles for
the process of Al domain of VWF binding with
GPIba, Potential of Mean Force (PMF) calculations
were conducted using umbrella sampling method*®.
Each windows were separated by 0.5 A, covering the
reaction coordinate, which represent the distance
between the center of mass of Al domain of VWF
and GPIba N-terminal domain, from 20 to 78 A. The
total number of windows for each complex structure
was 101. For each window, the MD simulations were
performed for 10 nano-seconds at 310 K controlled
by Langevin dynamics. The biasing force constant
applied in the different windows of the umbrella sam-
pling was 1.0 kcal/(mol-A?). The systems were first
equilibrated for 2 nano-seconds and then kept for 10
nano-seconds to take a sample for a window. It took
about 280 hours to complete 12 nano-seconds calcu-
lation on RICC (RIKEN Integrated Cluster of Clus-
ters) facility with 32 processors. From the trajectory of
101 windows, the PMF was calculated using the
weighted histogram analysis method (WHAM)?".
The Morse potential, which is expressed as follows,
was fitted to the obtained free energy profile using the
Levenberg-Marquardt algorithm enabling to minimize
the sum of integrated amount of deviation of each cal-
culated value and the fitted curve®®.

Um=De{(1 —exp(=a(r—r)))*— 1} (1)

Where r is the reaction coordinate (the distance
between the center of mass of VWF and GPIba), re is
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Fig.1. Confirmation of Convergence in Our Molecular Dynamic Simulation Cal-
culation.

The root mean square deviation (RMSD) of all atoms which constitute the A1 domain of
VWF and N-terminus domain of GPIba (black line), the A1 domain of VWF (red line)
and N-terminus domain of GPIba (blue line) starting from crystal structure (time 0) to
1000 pico-second is shown. The RMSD become convergent after 400 pico-seconds of cal-

culation.

the reaction coordinate at equilibrium state, De is the
well depth, and # controls the width of the potential.

Assuming that the proteins do not interact with
each other when the distance between the mass cen-
ters of them exceeded certain value, the average PMF
at that distance (7) was set to zero. By differentiating
the Morse potential curve with respect to 7, the mean
(ensemble-averaged) force between GPIba and VWEF
was calculated as predicted binding force between Al
domain of VWF and GPIba. In order to evaluate the
fitting error, the high accuracy fitting was conducted
using the quartic function expressed as equation (2)
around the 7 with highest binding force.

U,=Ko+ Kir+ Kar? + Ksr® + Kar 2)

Where Uy is the Potential of Mean Force and
Ko-Ki are the fitting parameter.

Results
Equilibration of Our Calculation Model

As shown in Fig. 1, the root mean square devia-
tion (RMSD) of all protein atoms, started with the
crystal structure, changed after exposure to water and
reached the equilibrated state after 400 pico-seconds
of calculation (Fig.1). The RMSD starting from crys-

tal structure to the structure stable in the water was
approximately 2.3 A. The most stable water dissolved
structure of VWF bound with GPIba is shown in
Fig.2 (dynamic change in the structure is shown in
supplemental movie provided journal web site). The
distance between the center of mass of VWF Al
domain and that of GPIba N-terminal in this struc-
ture was 27.3 A.

Potential of Mean Force between GPIba and VWF
Interactions

Each of red dots in Fig.3 shows the free energy
(kcal/mol) calculated when the distance between mass
center of VWF (A1 domain) and GPIba () was set-
tled at the value from 21 A to 78 A shown in the bot-
tom of the figure. The maximum binding free energy
for GPIba bound with Al domain of VWF in this
stable structure was calculated to be —13.5 kcal/mol
with the assumption that the proteins do not interact
with each other when 7 value exceeded 50 A. By fit-
ting the Morse potential function to the PME, the val-
ues of each parameter in equation (1) were determined
as follows, De=13.5 kcal/mol, 2=0.139, and 7.=27.3
A. The Morse potential fitting curve is shown in red
line in Fig. 3. The predicted binding force between Al
domain of VWF and GPIba in respect to 7 is shown
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Fig.2. Predicted Water-Soluble Molecular Structure of A1 domain of VWF bound

with GPlba.

Ribbon representation of the complex of VWF Al domain and GPIba. The VWEF binding
site of GPIba is colored blue, and the VWF A1l domain is red. a-Helices are shown as coiled
ribbons, B-stands as ribbons with arrows, and loops as tubes.

as blue line in Fig.3. The predicted binding force
become maximum to be 65.2 pN at the distance of
32.3 A. The high accuracy fitting using equation (2)
was applied from r-value of 27 A to 37 A (fitting
parameters used were the followings; Ko=1.41x10°
kcal/mol, Ki=-1.74%102 kcal/(mol-A), K>=7.83
kcal/(mol-A?), K3=-1.57x10"" kcal/(mol-A%) and
Ki=1.17x1073 kcal/(mol-A%). Predicted maximum
binding force of 62.3 pN was within 4.4% difference
from that predicted from Morse potential fitting.
Fig.4 (supplemental movie provided journal web
site) shows the snapshots of the GPIba-VWEFE complex
with 7 value of 27.5, 31.0, 40.0 and 65.0 A, respec-
tively. The GPIba N-terminal and VWF Al domain
stably binds with each other at 7 value of 27.5 A (Fig. 4
(a)). The globular A1 domain interacts with the con-
cave face of GPIba. The interaction surface comprises
two distinct sites of tight interactions (Fig.4 (b) (c)).
The first contact site is the N-terminal B-finger (resi-
dues Cys*-Cys'), and the second is the B-switch

region (residues Val??’-Ser?*") of GPIba, which inter-
acts with the central 3-sheet of VWFE Al (residues
SER’%2ILE5%). When the 7 value reached to 65 A, the
GPIba and Al domain of VWF apparently dissoci-
ated (Fig. 4 (d)).

Discussion

Interaction between VWF and GPIba plays an
essential role for platelet adhesion to the damaged
endothelium under various blood flow condition as
illustrated in Fig. 5% >?%. This interaction has a special
characteristic not shared by other adhesive interactions
of various platelet membrane proteins with their
ligands; e.g. activated GPIIb/I1la binding with fibrin-
ogen/VWF or collagen binding to GPIa/lla, which
generates the binding force enabling platelets to stay
adhered against high shear force generated in arterial
level®®. Previous study confirmed strong binding force

between VWF and GPIba with the use of atomic
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Fig.3. Calculation of Potential of Mean Force, Morse Fitting and Force between Al domain of VWF

and GPIba.

Potential of mean forces for binding between Al domain of VWF and N-terminus domain of GPIba (shown in
Fig. 2) were calculated as kcal/mol in every 1 A of the distance of the center of mass of both molecules as shown
in red dots. The Morse potential curve was drawn to fit to all the calculated values to minimize the sum of inte-
grated amount of deviation of each distance as shown in red line. The force curve was drawn by taking the dif-
frential of the fitted Morse potential curve in respect to the distance as shown in blue line.

force microscopy'* . Here, we have applied molecu-

lar dynamic computer simulation to the interaction
between VWF and GPIba. We have predicted the
chemical structure of VWF Al domain bound with
N-terminus domain of GPIba in soluble state with
our simulation, which was similar to its crystalized
structure?”. We have confirmed the importance of
specific sites within disulfide of A1 domain of VWF
(SER®2-ILE®*) for the binding with the GPIba in
our molecular simulation. We have calculated the
potential of mean force generated between GPIba and
VWEF to predict adhesive force generated by their
binding (62.3 pN), which was in agreement with the
value predicted by biological experiments'> *”. The
unbinding force, which is not exactly the same as the
adhesive force, of a single bond between GPIba and
VWEF was measured to be 54 pN using an atomic
force microscope (AFM). In order to compare strictly
the result of MD simulation with that of biological
experiment, the unbinding rate should be modeled
properly from the potential of mean force.

There are huge numbers of publications demon-
strating the importance of Al domain of VWEF and
leucine rich N-terminus domain of GPIba for their

specific biological interaction®*3®. However, there are

huge limitation in understanding the precise nature of
VWEF binding to GPIba with the previously available
biological methods. This was mostly because of the
difficulty in reproducing the stable binding state with-
out artificial conditions such as the presence of risto-
cetin® and/or botrocetin®”’. Of note, physiologically
relevant binding of VWF to GPIba, which generate
the binding force strong enough to capture platelet
under blood flow conditions, can be detected only
transiently”. Moreover, the stable binding state
detected in the presence of ristocetin (residues 702-
704) was proven not to be relevant for binding under
high shear stress condition®” *. Accordingly, charac-
terization of the chemical interaction between VWF
and GPlba is still to be elucidated by the currently
available methodology?.

Computer simulation is a new tool to under-
stand the mechanism of biological phenomena. Sev-
eral previous reports demonstrated that multiscale
three-dimensional (3-D) numerical simulation is help-
ful for understanding the specific characteristic of
platelet adhesion under various shear stress condi-
tions*"*?. Indeed, transient binding of platelet on the
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(d) 65.0 A

Fig.4. Snapshots of A1 Domain of VWF bound with N-terminus domain of GPIba at the Closest (27.5 A) to the Dissociation

(65.0 A).

Snapshots of VWF/GPIba complex along the reaction coordinate. The distance between the center of mass of GPIba N-terminal and VWEF
A1l domain were constrained to 27.5, 31.0, 40.0, and 65.0 A. The S8 -finger and the B-switch region of GPIba interacted with VWF Al. The
disulfide loop containing 185 amino acids in the A1 domain of VWF (residue 505-695) kept bound just before dissociation from GPIba.

damaged endothelium, which is one of the specific
characteristics of platelet interaction with VWEF under
high shear stress, was reproduced by their simula-
tion®?. The continuum models® %9, discrete element
models* *© and immersed-boundary methods*” were
shown to be applicable to reproduce platelet adhesion
on the vessel wall. However, even with these new
methodologies, specific characteristics of Al domain

of VWF binding with platelet GPIba were not clari-
fied in the molecular level. We have applied newly
developed molecular dynamics simulation for VWF
binding with GPIba and predicted dynamic binding
structure along with potential of mean force generated
in this bond, which gave us further perspective in the
understanding of these molecular interaction.
Molecular dynamic simulation technologies have
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Fig.5. Schematic illustration of platelet adhesion.

The membrane glycoprotein Iba can initiate platelet adhesion to the immobilized A1 domain of von Willebrand factor while opposing ele-

vated shear forces.

already been applied for detailed understanding of the
mechanisms of various enzymes**". We have applied
the established calculation software named NAMD
package®” with the CHARMM 22359 for simulating
molecular interaction between Al domain of VWF
and N-terminus domain of GPIba. By Monte-Carlo
simulation, we have previously shown that the local-
ization GPIba is a key determinant factor for platelet
binding with large size of VWF molecule®”. Adhesive
force shall not exceed 300 pN due to space limitation
caused by large molecular size of VWF>”. Our calcu-
lation results demonstrate the maximum mean force
of VWEF binding to GPIba to the value equivalent in
platelet adhesion on damaged endothelium in arterial
level that is mediated by less than 10 molecular bonds.

There are obvious methodological limitations in
our method to apply our results in understanding
complex biological phenomena. First, we have calcu-
lated the force generated between VWEF and GPlba
by differentiating Morse potentials obtained by each
calculated potential of mean forces with various dis-
tance between Al domain of VWF and GPlba. We
have calculated molecular dynamics for Morse poten-
tial fitting. However, there is a potential risk of fitting

error. The impact of fitting error might be substan-
tially large. The maximum mean force value we pre-
dicted in our simulation of 62.3 pN is not against
biological experiments, however, further quantitative
comparison in the future is awaited. This is the first
application of molecular dynamic simulation for pre-
diction of force between VWF and GPIba. Applica-
tion of the same method for prediction of VWF and
GPIba interaction with mutant molecules and the
other platelet membrane protein interaction with
ligands are on going.

In conclusion, the equilibrium water soluble
structure of Al domain of VWEF bound with GPIba
was determined with Molecular Dynamic calculation.
The specific site within Al domain loop (SER**-
ILE>%) was shown to act as the lasting binding site for
GPIba. The potential of mean force of the interaction
between Al domain of VWF and GPIba was calcu-
lated using umbrella sampling method. From the
potential of mean force, the maximum mean force
between GPIba and VWF Al domain was estimated
to be 62.3 pN. The function form of the potential was
also obtained by fitting the curve to Morse Potential

type.
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