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Abstract 
Background. Both von Willebrand factor (VWF) and coagulation factor XI (FXI) bind with 

platelet membrane glycoprotein (GP) Iba. However, the differences in the physical 

parameters in the bonds between VWF-GPIba and FXI-GPIba mediating different biological 

functions are unclear. 

Methods. The FXI molecule was arranged in 9 different initial positions around the structure 

of GPIba bound to VWF. The position coordinate and velocity vectors of all atoms 

constructing VWF, GPIba, and FXI were calculated in each 2 femto (10-15) second using the 

Chemistry at HARvard Macromolecular Mechanics (CHARMM) force field. The physical 

parameters of VWF-GPIba and FXI-GPIba bonds were calculated by molecular dynamic 

(MD) simulations.  

Results. MD calculation revealed 2.8 to 11.3 times greater positional fluctuations in atoms 

constructing FXI-GPIba as compared to those constructing VWF-GPIba (RMSDs: 5.9±1.5 to 

18.1±7.9 Å  for FXI-GPIba vs 1.6±0.1 to 2.1±0.3 Å for VWF-GPIba). The absolute value of 

non-covalent binding energy generated in FXI-GPIba (65.5±79.7 to 517.6±54.2 kcal/mol) 

was smaller than that generated in VWF-GPIba (678.5±58.3 to 1000.4±75.1 kcal/mol). The 

binding structure of VWF-GPIba was stable and was only minimally influenced by the 

presence of FXI-GPIba binding.  

Conclusions. Our MD calculation results revealed that atoms constructing the VWF-GPIba 

bond are physically more stable and produce more non-covalent binding energy than the 

bond of FXI-GPIba. The physical parameters in the VWF-GPIba bond were not largely 

influenced by FXI binding with GPIba. 
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 Platelets play crucial roles in regulating vascular functions.1-4 They accumulate 

promptly at vessel injury sites to stop the bleeding. 2,5,6 Under high wall shear rate 

conditions, initial adhesion of platelets at vessel injury sites is mediated exclusively by their 

membrane glycoprotein (GP) Iba binding with the A1 domain of von Willebrand factor (VWF) 

expressed at the site of the injury. 7-11 

Stable bindings of GPIba to the VWF could only be detected in specific conditions 

such as in the presence of ristocetin12, botorocetin13 or with the “gain of function” mutations 

in either in the GPIba or in the VWF. 14-17 Without them, the binding of GPIba with VWF is 

transient. 8 The apparently stable binding of platelets to VWF was detected after exposure to 

high shear stress, but this stable binding was mediated by the binding between VWF and 

focally/segmentally activated GPIIb/IIIa on platelets that were initially transiently bound to 

VWF. 18 Accordingly, the VWF-GPIba bond generates strong binding force transiently to 

capture flowing platelet on the injured vessel wall. The underlying physical mechanism of the 

unique function of the VWF-GPIba bond as compared to other receptor-ligand interactions 

has yet to be clarified.  

Karplus et al. developed a force field with coarse-grained quantum mechanics (QM) 

integrated into molecular mechanics (MM). Their technology, namely Chemistry at Harvard 

Macromolecular Mechanics (CHARMM), enables the prediction of the dynamic three-

dimensional structures and physical parameters of various macromolecules under various 

conditions with computer-based molecular dynamic (MD) simulation. 19,20 The energetically 

stable binding structure of wild-type GPIba bound to the wild-type VWF was calculated by 

MD simulation. 21 The validity of the calculated structure-based physical parameters 21 was 

confirmed mechanically by comparing the predicted binding force between the two 

molecules with the experimental measurements using atomic force microscopy 22 and optical 

tweezers.23 Moreover, the validity of calculation results were also confirmed by the prediction 

of lower binding energy between the loss-of-function single point mutation (G233D) of GPIba 

with VWF. 24,25 The MD simulation could be applied to identify the specific physical 

characteristics of the VWF-GPIba bond in comparison with other protein bonds such as 

GPIba binding with coagulant proteins. The platelet GPIba is known to bind with various 

coagulant proteins such as thrombin, and coagulation factor XI (FXI). 26-28 These coagulant 

proteins binding with GPIba enhance the local activation of coagulation cascade around 

platelets but neither contribute to platelet adhesion nor aggregation. 26,29 

Here, potentially different physical characteristics of the same receptor protein of GPIba 
binding with different ligands of VWF (VWF-GPIba bond) and FXI (FXI-GPIba bond) were 
investigated by molecular dynamic simulation calculations.Methods. 
 
1. Initial Structure for MD simulation. 
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 The previously published stable structure of the A1 domain of the wild-type von 

Willebrand factor (VWF: residues ASP(D):1269-PRO(P):1472) binding with the N-terminal 

domain of platelet glycoprotein Ibα (GPIba: residues HIS(H):1-PRO(P):265) was used as the 

initial binding structure of GPIba-VWF bond. 21 Three-dimensional structure of FXI solved by 

X-ray crystallography was used as the initial structure of FXI. (PDBID: 2F8330) Previous 

research has shown that the GPIba binding sites within FXI were constructed of positively 

charged amino acids (K252 and K253). 26,31 However, the FXI-binding sites within GPIba are 

unknown. Thus, the negatively charged amino acids (D and E) appearing on the GPIba 

molecule(s) shown in Fig. 1 were identified as the potential binding site(s) for FXI. The 15 

negatively charged amino acids within GPIba were grouped in 5 sets of positions, that 

potentially interact with K252 and K253 in FXI based on the 3D coordinates: D252-D249, 

E181-D159-E135, E66-D21, 172-E125 and D73-D28. (Fig. 1) FXI was placed at 9 different 

positions as shown by Supplemental pdb files (A.pdb to I.pdb) so that the K252/K253 

region was close enough to interact with these 5 positions.  

 
2. MD Simulation Calculation. 
 From all 9 initial positions of FXI arranged around GPIba, Newton's second law 

(shown below) was numerically solved for all atoms constructing the defined VWF binding 

region of GPIba (HIS(H):1-PRO(P):265), GPIb binding site of VWF (residues ASP(D):1269-

PRO(P):1472), and FXI (whole molecule) along with the surrounding water molecules with 

the Nanoscale Molecular Dynamics (NAMD) software package.32  

! = 	$ ∙ &
!

&'! ( 

Where F, m, and x	denote the force, mass, and displacement, respectively. 

 

The simulation was performed on computers equipped with 4 sets of NVIDIA® Tesla® V100 

GPU (HPC5000-XSLGPU4TS, HPC systems Inc., Tokyo, Japan). As the force field, 

CHARMM-36 was used for all simulations. The water molecules were modeled as CHARMM 

TIP3P (transferable intermolecular potential with three interaction sites).33 The position 

coordinates and velocity vectors of each atom and water molecule were calculated in each 

2.0 femtosecond (2 × 10−15 s). A particle mesh Ewald (PME) treatment for long-range 

electrostatics was applied. 34,35 The cut-off length of 12 Å was set as the maximum distance 

allowing direct interactions. Visual Molecular Dynamics (VMD) version 1.9.3 36 was used for 

visualization of the results.  

 Of the huge calculation results obtained from 450 ns, snapshots were selected for 

every 10 ns. A total of 45 images each was selected from the calculation results starting 

from the nine different initial conditions and were used to compile Supplemental Movies 1. 
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Since calculation results stabilized at approximately 250 ns, the results obtained after 400 ns 

(400 - 450 ns) were used to analyze the physical parameters such as the root mean square 

deviations (RMSDs), non-covalent binding energy, and the salt-bridges. A total of 50 images 

selected in every 1 ns within 400 to 450 ns were used to compile Supplemental Movie 2. 

For obtaining the results shown in Fig. 2b, the snapshots obtained every 1 ns from 400 to 

450 ns were converted into 256 scale color images using ImageJ software (NIH, USA). 

Then, the 50 images obtained from different initial positions of FXI were overlaid with an 

alpha value of 0.02 to construct panel b in Fig. 2 according to the previous publication. 37 

 
3. The Root Mean Square Deviations (RMSDs) of Atoms 

The RMSDs of all atoms, excluding the water molecules, were calculated every 10 

ns from time 0 to 450 ns as a marker for the stability of the structural fluctuations of GPIba-

VWF and GPIba-FXI. 38 The RMSDs calculated from time 0 to 450 ns are shown in 

Supplemental Figure 2. The calculation was considered stabilized when the continuous 

trend of increase in RMSDs disappeared. Based on the time-dependent changes in RMSD, 

the model stabilized after 250 ns in all initial starting positions of FXI tested. To compare the 

RMSDs after stabilization of the simulation, results within 400-450 ns were used to calculate 

RMSD for the structural stabilities of VWF-GPIba and FXI-GPIba. The average and 

standard deviations of the RMSD from 400 to 450 ns in all tested conditions are shown in 

Supplemental Table 1. 

 

4. Non-Covalent Binding Energy Generated in VWF-GPIba-VWF and FXI-GPIba 
The non-covalent binding energies in VWF-GPIba and FXI-GPIba bonds were 

calculated as an accumulation of the potential energy between amino acids forming salt 

badges 39 with the use of VMD and NAMD energy plugin (version 1.4). 40,41 The salt bridges 

are constructed from two non-covalent interactions of hydrogen bond and ionic interactions. 

The non-covalent binding energy generated in VWF-GPIba and FXI-GPIba bonds in the 

entire calculation period are shown in Supplemental Fig. 3. To compare the non-covalent 

binding energy generated in VWF-GPIba and FXI-GPIba bonds after stabilization of the 

simulation calculation, results within 400-450 ns were compared as shown in Fig. 3. The 

means and standard deviations of calculated results from 400 to 450 ns are shown in 

Supplemental Table 2.  

 

5. Salt Bridge Formation. 
The salt bridges were determined by the Salt Bridges Plugin (Version 1.1) as 

previously published. 36,39 Salt bridges were considered to be formed when the distances 

between the anionic carboxylate (RCOO−) of either aspartic acid (ASP: N) or glutamic acid 
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(GLU: E) and the cationic ammonium (RNH3+) from lysine (LYS: K) or the guanidinium 

(RNHC(NH2)2+) of arginine (ARG: R) were less than 4 Å in the 3-dimensional structure within 

GPIba, VWF, and FXI. For GPIba binding with VWF, there were 20 pairs of amino acids 

forming salt bridges. The percentages of the times the bridges were formed are shown as a 

heat map in Fig. 4. The values of the percentages of salt bridge formation from 400 to 450 

ns between various amino acids starting from 9 initial positions of FXI and in the absence of 

FXI are shown in Fig. 4. 

 

Statistical analysis.  
Differences between RMSDs in atoms excluding water molecules, non-covalent 

binding energy between GPIba-VWF and GPIba-FXI were analyzed using 2-tailed Student’s 

t-tests. P values less than 0.05 were considered statistically significant.  

 
Data availability. 

The data that support the findings of this study are available from the corresponding. 

author upon reasonable request. 
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Results. 
1. Difference in the Positional Fluctuations of Atoms Constructing VWF-GPIba and 
FXI-GPIba. 
 
 Panel a of Fig. 2 shows the 9 initial positions of FXI arranged around GPIba. Panel b 

of Fig. 2 shows the overlayed images of the snapshots obtained in every 1 ns from 400 to 

450 ns of calculation. The original sequences of images obtained from 400 to 450 ns in 

every 1 ns of calculation are shown in Supplemental Movie 1.  The structures of VWF-

GPIba were apparently more stable as compared to the FXI-GPIba. The RMSDs of atoms 

constructing VWF-GPIba bonds started from 9 different initial positions of FXI shown as A to 

I in panel a and b of Fig. 2 were distributed from 1.6±0.1 to 2.1±0.3 Å. (Table 1) The 

RMSDs of atoms constructing FXI-GPIba were distributed from 5.9±1.5 to 18.1±7.9 Å. 

(Table 1) The RMSDs in VWF-GPIba were always smaller than those in FXI-GPIba in all 

conditions as shown in Table 1. The time-dependent changes in RMSDs of atoms 

constructing VWF-GPIba (red) and those constructing FXI-GPIba (gray) within the last 50 ns 

of the whole calculation of 450 ns are shown in panel c of Fig. 2. Supplemental Fig. 1 

provides the time-dependent changes in RMSDs in atoms constructing VWF-GPIba (red) 

and those constructing FXI-GPIba (gray) from the beginning to the end of whole calculation. 

Supplemental movie 2 provides all calculation results from the beginning to the end of 450 

ns of calculations.  

 

2. Non-Covalent Binding Energy Generated in VWF-GPIba and FXI-GPIba.  

The non-covalent binding energy generated in VWF-GPIba calculated from 9 initial 

conditions were distributed from -678.5±58.3 to -1000.4±75.1 kcal/mol. (Table 2) Those 

generated in FXI-GPIba were distributed from -65.5±79.7 to -517.6±54.2 kcal/mol, and the 

values were lower as compared to the value in VWF-GPIba. (Table 2) Fig 3 show the time-

dependent changes in the non-covalent binding energy generated in VWF-GPIba (red) and 

FXI-GPIba (gray) at the last 50 ns of the whole 450 ns of calculations. The non-covalent 

binding energy generated in VWF-GPIba in the absence of FXI of -879.7 ± 96.3 kcal/mol 

was not markedly different from the values in its absence. (Table 2) Supplemental Fig. 2 

provides the time-dependent changes in non-covalent binding energy generated in VWF-

GPIba bond (red) and in the FXI-GPIba bond (gray) from the beginning to the end of the 

whole calculation. 

 

3. Salt Bridges Formation between GPIba and VWF  
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The pairs of amino acids forming salt bridges for more than 50% of calculation 

periods were colored as shown in the heat map in Fig. 4. There were 5 pairs of salt bridges 

in the absence of FXI. (panel J, Fig. 4) The numbers of the pairs of salt bridges formed more 

than 50% of calculation period after 400 ns in the presence of FXI varies from 3 (panel D, 

Fig. 4) to 6 (panel H, Fig. 4).  
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Discussion. 
 The biological functions and physical parameters of the platelet membrane protein 

GPIba binding with VWF (VWF-GPIba bond) and with FXI (FXI-GPIba bond) differ 

substantially. (Fig. 5) The VWF-GPIba bonds support platelet adhesion resistant to the 

detaching force generated by blood flow. The positional fluctuations of atoms constructing 

the VWF-GPIba bond were smaller than that of the FXI-GPIba bond in all 9 different initial 

conditions tested. The amount of non-covalent binding energy generated in VWF-GPIba was 

larger than in FXI-GPIba in all conditions tested. The probabilities of the pair of amino acids 

forming salt bridges in the VWF-GPIba bond were always higher than the probabilities for 

the FXI-GPIba bond. Even though its larger size, FXI binding with GPIba minimally 

influenced the structures and functions of the VWF-GPIba bond.  

MD simulation is not a novel technic, 42 but has become an important tool for 

clarifying the biological functions of various proteins due to rapid progress in the calculation 

power of high-performance computers. 43-45 The establishment of coarse-grained force fields 

based on quantum mechanics into molecular mechanics such as the Chemistry at HARvard 

Macromolecular Mechanics (CHARMM) force field19,46 helped to generate comprehensive 

results from MD calculations.42 Due to theoretical limitations, the validity of the calculated 

results of MD simulation should be confirmed by other methodologies, such as biological 

experiments. For the interactions between VWF and GPIba, the validity of the results of MD 

calculations was confirmed quantitatively by comparing the predicted binding force 21 with 

the biological measurement by atomic force microscopy22 and optical tweezer.23 The validity 

of the predicted binding structure of VWF-GPIba was further established by predicting the 

phenotype of the platelet-type von Willebrand disease caused by the G233D mutant in 

GPIba.24 The lower non-covalent binding energy in GPIba-VWF bond was also shown in 

G233D mutant of GPIba. 25 Our results showing the structural stability with more non-

covalent binding energy generated in VWF-GPIba bonds as compared to FXI-GPIba shown 

here further support the specific physical characteristics of VWF-GPIba mediating specific 

biological function.  

The binding site of FXI for GPIba has been reported as K252 and K253. 26,31 

However, the corresponding binding site(s) for FXI within GPIba is yet to be clarified. Since 

K252 and K253 are positively charged amino acids, it is reasonable to assume that these 

amino acids start the interaction with negatively charged amino acids such as D and E on 

GPIba. Thus, the MD simulations were started from 9 different positions of FXI binding with 

the locations of these negatively charged amino acids on GPIba. Our experimental results 

suggest substantially greater structural fluctuation with less non-covalent binding energy in 

the FXI-GPIba bond as compared to that in VWF-GPIba. The minimal impacts of FXI 
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binding with GPIba on both the structural fluctuation and binding energies in GPIba binding 

with VWF were also shown. FXI binding with GPIba is neither stable nor generates strong 

non-covalent binding energies but may still be able to enhance local coagulation activity 

around platelet by increasing the probability of FXI interaction with thrombin. 26 47 The two 

distinct physical characteristics in the VWF-GPIba bond and the one in FXI-GPIba shown 

here correspond to their specific biological functions.  

The binding force generated by one pair of VWF-GPIba was predicted and measured 

as approximately 50–100 pN. 21-23. Despite more than 10,000 molecules of GPIba expressed 

on a single platelet cell,18 only a few pairs of GPIba binding with VWF generate enough 

force to adhere platelet resisting to the blood flow. 48 Our current results suggest that at least 

five pairs of salt bridges were formed in VWF-GPIba bonds with a probability higher than 

50%. This means single platelet adhesion on VWF at a wall shear rate of 1,500 s-1 was 

supported by approximately 50 pairs of salt bridges formed longer than 50% of the 

calculation period. The importance of the roles of amino acids forming salt bridge in VWF-

GPIba bond previously reported as D570,49 K572,50 R571,50 51 R611,50,52 in VWF and 

K237,53 D235,54 E128,55 and E14,55 in GPIba were confirmed in our experiments.  

Our study had several methodological limitations. First, the behavior of atoms 

sharing electric clouds cannot be determined theoretically. 56 The CHARMM force field that 

we used in this analysis is an established methodology to deal with simulation requiring the 

consideration of quantum mechanics, but coarse-grained quantum mechanics in the 

CHARMM force field might cause potential errors in our MD calculations. Moreover, 

Poincaré JH theoretically demonstrated that three-body problems, in general, cannot be 

solved analytically. 57 Apparently, our MD simulation targeted three proteins (GPIba, VWF, 

and FXI). To obtain robust results, our MD calculations were started from 9 different initial 

positions of FXI. Since the initial structures were determined only based on the electrical 

charge of amino acid and not from results of established biological methods (such as X-ray 

crystallography), some of the initial structures we used in our experiments may not have 

biological relevance. However, our results supporting the 2 distinct characteristics of less 

structural fluctuation with greater non-covalent binding energy in GPIba-VWF as compared 

to GPIba-FXI is valid given the robustness of the findings across various possible initial 

positions of FXI. Thus, despite limitations, our conclusions support two distinct binding 

characteristics of platelet GPIba bonds: the one that mediates platelet adhesion on VWF 

requires a strong binding force; and the other mediating procoagulant activity of platelets by 

localization of FXI, should not be influenced.  

In conclusion, MD simulation revealed structural instability and smaller non-covalent 

binding energy in the FXI-GPIba bond as compared to the one in VWF-GPIba. These 
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structural characteristics of VWF-GPIba and FXI-GPIba are in agreement with the 2 distinct 

mechanisms of molecular functions: one producing strong enough binding energy to support 

platelet adhesion resistant to the blood flow; the other helping enhanced coagulation by 

increasing the probability of FXI interaction with thrombin around platelets. MD simulation 

may provide physical insight into various biological functions of protein bonds.  
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Fig. 1. The Negatively Charged Amino Acid on GPIba 

 
 Negatively charged amino acids of aspartic acid (D) and glutamic acid (E) in GPIba are 

shown as yellow and orange Corey-Pauling-Koltun (CPK) model. The left panel shows the views of 

GPIba from the opposite side of the VWF binding site and the right panel shows views after a 90-

degree clockwise rotation around the vertical axis from that position. The amino acids of D252/D249, 

E181/D159/E135, E66/D21, E172/E125, and D73/D28 were considered as the groups of amino acids 

interacting with K252/K253 in FXI based on the position in the 3D coordinates.  

 
Fig. 2. Structural Fluctuation of VWF-GPIba and FXI-GPIba.  
 

(a) Nine different initial positions of FXI relative to the GPIba tested are shown. These initial 

position of FXI was determined based on the negatively charged amino acids depicted as yellow 

(aspartic acid: D) and orange (glutamic acid:E) on GPIba. The left and right images show the views of 

GPIba from the opposite side of the VWF binding site, and the views after a 90-degree clockwise 

rotation around the vertical axis from that position. (b) The time-lapse images of VWF(red)-

GPIba (blue) binding structures in the presence of FXI (purple) at 9 different initial positions described 

in panel a, and a control experiment in the absence of FXI. The snapshots were overlayed every 1 ns 

between 400 ns and 450 ns with an alpha value of 0.02. The results are also shown as 

Supplemental Movies 2. (c) The root mean square deviations (RMSDs) of atoms constructing VWF-

GPIba (red) and FXI-GPIba (gray), excluding the water molecules, for 400 to 450 ns are shown. The 

structure at 400 ns was used as reference. Sub-panel A-I show the results started from the initial 

position of FXI corresponding to the same letter in panel a. Sub-panel J show the result in the 

absence of FXI.  
 

Fig. 3. Non-Covalent Binding Energy for GPIba-VWF and GPIba-FXI binding. 

 Time-dependent changes in the non-covalent binding energy generated between GPIba 

binding with VWF in the presence of FXI at various initial positions (panel A to I) as well as its 

absence (panel J) from 400 ns to 450 ns are shown as red dots. The gray dots in panels A to I 

showed the non-covalent binding energy generated in GPIba-FXI. The A-I corresponds to the initial 

position of FXI presented in the same letter in Fig 1A. 

 

Fig.4. The Percentage of Time Where the Pairs of Amino Acids in GPIba-VWF 

Formed Salt Bridges in the Presence and Absence of FXI Binding with GPIba. 

 

 The percentage of time the salt bridge was formed in each amino-acid pair in different initial 

FXI positions (A-I) and the absence of FXI (J). Results are shown as percentages within the 

simulation period of 400 to 450 ns. The A-I corresponds to the initial position of FXI presented in the 

same letter in Fig 1A. Panel J represents the results in the absence of FXI.  
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Fig. 5. Distinct Biological Roles of Platelet Membrane Glycoprotein Iba on 

Platelet Adhesion Mediated by VWF Binding and on Coagulation Mediated by 

FXI Binding 

 

 The platelet GPIba molecules support platelet adhesion resistant to the detaching force 

generated by their binding with VWF. This biological function is characterized as a stable binding 

structure with higher non-covalent binding energy generated in the VWF-GPIba bond. The GPIba 

molecules also enhance coagulation by their binding with FXI. This biological function was mediated 

by unstable binding with less non-covalent binding energy generated in FXI-GPIba.  
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Table 1. The Means and Standard Deviations of RMSDs of Atoms Constructing 
VWF-GPIba and FXI-GPIba from 400 ns to 450 ns. 

RMSD (Å) 
  1. VWF-GPIbα 2. FXI-GPIbα p value 
A 1.6 ± 0.1 5.9 ± 1.5 < 0.001 
B 1.9 ± 0.3 14.3 ± 7.3 < 0.001 
C 1.7 ± 0.2 5.4 ± 1.9 < 0.001 
D 2.1 ± 0.3 8.4 ± 3.3 < 0.001 
E 2.0 ± 0.3 7.0 ± 2.6 < 0.001 
F 1.6 ± 0.1 12.0 ± 4.0 < 0.001 
G 1.8 ± 0.3 8.5 ± 2.6 < 0.001 
H 1.6 ± 0.2 18.1 ± 7.9 < 0.001 
I 1.8 ± 0.2 8.3 ± 2.3 < 0.001 
J 2.0 ± 0.2 - - 

The means and standard deviations (SDs) of RMSDs of atoms constructing VWF-GPIba (1) and FXI-

GPIba (2) started from various initial positions of FXI shown in Fig. 2 (A -I) and a control condition 

without FXI (J) are shown. The results shown were obtained from a time-period of 400 ns to 450 ns. 

The p-values represent the comparison between RMSDs in GPIba-VWF and GPIba-FXI in each 

initial condition.  
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Table 2. The Mean and Standard Deviations of Non-Covalent Binding Energy 
Generated between GPIba-VWF and GPIba-FXI.  

Non-covalent Binding energy (kcal/mol) 
  GPIba-VWF GPIba-FXI p value 
A -750.4 ± 86.3 -517.6 ± 54.2 < 0.001 
B -845.3 ± 81.0 -271.2 ± 60.0 < 0.001 
C -860.1 ± 75.3 -348.1 ± 31.3 < 0.001 
D -678.5 ± 58.3 -270.8 ± 46.1 < 0.001 
E -799.7 ± 73.5 -65.5 ± 79.7 < 0.001 
F -812.7 ± 87.8 -91.2 ± 27.2 < 0.001 
G -829.9 ± 109.0 -337.1 ± 44.9 < 0.001 
H -1000.4 ± 75.1 -95.5 ± 45.7 < 0.001 
I -857.2 ± 100.3 -231.4 ± 50.0 < 0.001 
J -879.7 ± 96.3 - - 

This table shows the means and standard deviations of the non-covalent binding energy generated 

within VWF-GPIba and FXI-GPIba calculated from 400 ns to 450 ns as shown in Fig. 3. The p-values 

represent the comparison between non-covalent binding energy in VWF-GPIba and FXI-GPIba in the 

presence of FXI at various initial conditions (A – I) and in a control condition without FXI (J).  
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Supplemental Fig. 1. The Root Mean Square Derivations of Atoms 

Constructing VWF-GPIba and FXI-GPIba during the Entire Calculation Period. 

  

 The root mean square deviations (RMSDs) of atoms, excluding the water molecules, 

constructing GPIba-VWF (red) and GPIba-FXI calculated for 450 ns in every 10 ns. The A-I 

corresponds to the initial position of FXI presented in the same letter in Fig 1A. Panel J represents the 

results in the absence of FXI. 
 

Supplemental Fig. 2. The Non-Covalent Binding Energy for GPIba-VWF and 

GPIba-FXI during Entire Calculation Period. 

 The non-covalent binding energy in GPIba-VWF (red) and GPIba-FXI (black) calculated from 

time 0 to 450 ns in every 10 ns are shown. The A-I corresponds to the initial position of FXI preseted 

in the same letter in Fig 1A. The panel J represent the results in the absence of FXI. 

 

 

Supplemental Movie 1. The Results of Molecular Dynamic Calculation of GPIba, VWF, 

and FXI in Conditions with Various Initial Positions of FXI from 400 ns to 450 ns. 

The Supplemental Movie 1 file is provided separately from the manuscript file with the file 

name of Supplemental Movie1.mp4. Panels A to I show the results of MD calculation expressed as 

the sequential snapshot images obtained every 1 ns from time 400 to time 450 ns in the presence of 

FXI arranged at various sites on GPIba. Panel I show the same calculation results but in the absence 

of FXI. The movies were constructed from the position coordinates of atoms constructing GPIba, and 

VWF, in the presence and absence of FXI at the rate of 10 fps.  

 

Supplemental Movie 2. The Entire Results of Molecular Dynamic Calculation of GPIba, 

VWF and FXI in Conditions with Various Initial Positions of FXI. 

The Supplemental Movie 2 file is provided separately from the manuscript file with the file 

name of Supplemental Movie2.mp4. Panels A to I show the results of MD calculation expressed as 

the sequential snapshot images obtained every 10 ns from time 0 to time 450 ns in the presence of 

FXI arranged at various sites on GPIba. Panel I show the same calculation results but in the absence 

of FXI. The movies were constructed from the position coordinates of atoms constructing GPIba, and 

VWF, in the presence and absence of FXI at the rate of 10 fps.  
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Supplemental pdb files (A.pdb to I.pdb)  Initial Structure of GPIba, VWF, and FXI at Various 
Conditions Expressed as pdb File. 

The pdb file is provided separately from the manuscript file. Each pdb file is provided as a.pdb 

to i.pdb in supplemental pdb files. All pdb files provide here represent the initial structure of GPIba, 

VWF, and FXI in our experiments. 
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