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Cooperation within von Willebrand factors
enhances adsorption mechanism

Maziar Heidari"', Mehrdad Mehrbod!, Mohammad Reza Ejtehadi®
and Mohammad R. K. Mofrad'

"Molecular Cell Biomechanics Laboratory, Departments of Bioengineering and Mechanical Engineering,
University of California, Berkeley, CA 94720, USA

2Department of Physics and Center of Excellence in Complex Systems and Condensed Matter, Sharif University of
Technology, Tehran, Iran

von Willebrand factor (VWEF) is a naturally collapsed protein that partici-
pates in primary haemostasis and coagulation events. The clotting process
is triggered by the adsorption and conformational changes of the plasma
VWEFs localized to the collagen fibres found near the site of injury. We
develop coarse-grained models to simulate the adsorption dynamics of
VWEF flowing near the adhesive collagen fibres at different shear rates and
investigate the effect of factors such as interaction and cooperativity of
VWEFs on the success of adsorption events. The adsorption probability of a
flowing VWEF confined to the receptor field is enhanced when it encounters
an adhered VWF in proximity to the collagen receptors. This enhancement is
observed within a wide range of shear rates and is mostly controlled by the
attractive van der Waals interactions rather than the hydrodynamic inter-
actions among VWF monomers. The cooperativity between the VWFs acts
as an effective mechanism for enhancing VWF adsorption to the collagen
fibres. Additionally, this implies that the adsorption of such molecules is
nonlinearly dependent on the density of flowing VWFs. These findings
are important for studies of primary haemostasis as well as general
adsorption dynamics processes in polymer physics.

1. Introduction

von Willebrand factor (VWF) is a large multimeric glycoprotein that plays a
vital role in coagulation and haemostasis [1,2]. Upon rupture of vascular
walls, the plasma VWFs, whose monomers contain the modular domains of
D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK [2], adhere to the subendothelial col-
lagen fibres I and II via their A3 binding domains. The molecular structure of
VWEF is then stretched out, consequently leading to exposure of their Al bind-
ing sites to the platelets” GPIba receptors as shown in figure 1 [1-6]. The
coagulation process further involves a direct attachment of platelet receptors
to collagen fibres. However, it has been observed that such platelet—collagen
interactions cannot withstand the hydrodynamic stresses found in shear rates
above 1500 s~ ! [1]. Hence, the success of thrombosis relies on the presence of
VWEF such that, on the one hand, its A3 binding sites interact with the collagen
fibres and, on the other hand, its A1 domains interact with the platelets” GPIba
receptors (figure 1). This relies on adsorption of VWF through interactions of
VWEF’s A3 binding sites to the collagen fibres and afterward, the integrin—
RGD interactions between the VWF’s Al domains and the platelet’s GPIba
receptors [1]. In the proximity of the vessel wall surface, VWF experiences a
hydrodynamic lift force that keeps it away from the receptor field [7]. However,
this wall-repulsive force could be overcome by hydrodynamic and attractive
interactions between VWEF molecules such that the adsorbed VWEF assists
the flowing VWEF to approach the receptor field. The interplay between the
hydrodynamic lift force and the attractive intermolecular forces plays an

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. The adsorption mechanism in primary haemostasis in the case of rupture at vessel walls demonstrated schematically. The initially adsorbed and plasma
VWF are shown in red and blue polymer chain, respectively. Each monomer (as shown with cirde) of VWF contains modular domains of D’-D3-A1-A2-A3-D4-B1-B2-
B3-(1-C2-CK. The specific interaction of VWF domains with subendothelial collagen fibres type | and Il as well as platelets are shown in the zoomed circles. The
plasma VWF experiences the hydrodynamic lift force (F,) and the attractive force (F) when it passes over the adsorbed VWF. (Online version in colour.)

important role in the adsorption process of such biopolymers
and the subsequent coagulation process.

The dynamics of VWF and self-associated polymers in
the flow has received great attention in recent years [8—14].
It has been observed that the stretching length of a single
molecule of VWEF, which naturally has a globular confor-
mation, increases drastically when exposed to shear rates
greater than 5000 s ! [15]. Such a transition in the structure
of VWF from the globular to the stretched conformations
enables the exposure of more binding sites for the collagen
receptors, increasing VWEF adsorption likelihood under a
high shear rate [15,16]. Beside this complex behaviour at
the single-molecule level, VWFs exhibit interesting coopera-
tive effects through formation of reversible structures in
colloidal suspensions when the shear rate varies [8,17].
Furthermore, such a cooperation, which is originated from
the interactions as well as the self-association capabili-
ties of the VWF monomers, has been observed in the
concentrated system of VWFs under high shear rates by
the creation of a web-like network on collagen-coated
substrates [9,15].

Adhesion dynamics of a single VWF molecule on a col-
lagen surface have been recently studied using computational
models that simulated the interaction of the A3-domains of
VWEF with collagen receptors [16]. In this study, we develop
models of VWEF incorporating specific interactions among
monomers of VWF and the collagen receptors, investigating the
adsorption dynamics of a flowing VWF in proximity to an
adhered VWF molecule. The cooperation between VWFs is
shown to increase the adsorption probability.

Our results are significant because we show unprecedent-
edly that during the early stages of primary homeostasis, the
adsorbed VWF molecule cooperates with the marginated
flowing VWF to improve its adsorption probability. This
cooperation is observed in a wide range of shear rates. Inter-
estingly, in high shear rate regimes, in contrast to the
hydrodynamic lift force keeping the flowing VWF away
from the adsorbed VWEF molecules, the stretched
conformations of both molecules, i.e. the VWF adsorbed to
the surface and the one flowing, increases the attractive
intermolecular interactions and accordingly augments the

cooperativity among the VWF molecules to enhance the
adsorption process.

2. Material and methods

A coarse-grained model is developed for the VWF using a multi-
particle collision dynamics (MPCD) approach with fluid mod-
elled as a system of particles. The dynamics of particles is
evolved locally and synchronously with continuous velocities
at discrete time steps [18]. This particle-based method takes the
thermal fluctuations as well as the hydrodynamic interactions
into account for polymer systems [19-21]. The MPCD consists
of Ny particles with mass ms each, which are confined in a
simulation box edge dimensions as L,/a =60, L,/a =20
and L,/a =20, where a denotes the size of the cubic MPCD lat-
tices. The position and velocity of the MPCD particles are
evolved in two sequential steps: streaming and collision [18].

In the streaming step, the positions of the solvent particles 7}
are integrated according to r5(t+ Atcp) = 15(t) + 03 (t)Atcp,
where v3(f) is the particle velocity and Atcp is the time inter-
val between two successive collisions. In the collision step,
the particles are sorted into lattices of size a and the
particle velocities v(t) that share a lattice are updated as
o7 (t) = U3 (8) + Qupp(05(t) —0%,), where the velocity of
the lattice centre of mass, v, is calculated by averaging the
velocity of particles that are included in that lattice. The
rotational operator (),/(x) rotates vector x by angle /2 about
a randomly chosen axis in each lattice.

An average lattice density of p = 10 m,/a® and a MPCD time-
step Atcp = 0.025 were used corresponding to a solvent viscosity
of g = 20.1 y/mskgT /a? [20]. To preserve the Galilean invariance,
the random shift method is applied before each collision step [22].
Our simulations were carried out using NVT ensembles with a
velocity-scaling thermostat used to enforce isothermal processes.
The boundary conditions along the x- and y-directions of the
simulation box were periodic and the shear flow was applied
along the x-direction. The wall at z = 0 was fixed while a constant
velocity boundary condition was applied at the wall at z=1L,
corresponding to the assigned shear rates. To implement the
zero velocity at z =0, the virtual-particles method as well as
bounce-back boundary condition are adopted [21].

The VWF is modelled as a coarse-grained polymer using mono-
mers of radius a, = 0.25a with potentials U, = U; + Uj; + U, + Uy,
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(see below for a detailed description), defining the interaction
among monomers [16]. The harmonic potential, which preserves
the connectivity among monomers, is given by U, = /2 Zﬁ’fl
(Fig1,i — 2ap)2. The relative distance of the neighbouring
monomers is denoted by riii; while k= ZOOkBT/af) is the
spring stiffness [16,23]. The pairs of the monomers also
interact through the Lennard-Jones potential Uj; =€} ;
[(2a, /rl-]-)12 —2(2a, /ri,-)é], where e corresponds to the depth of
the potential well and r;; is the distance between monomers i
and j. It has been shown that for the case of € =2.0kgT, the
polymer forms a self-associated globular structure similar to
the relaxed globular conformation of the VWF [16,23]. In this
model, N, beads, resembling the subendothelial collagen recep-
tors, are uniformly distributed on the surface located at z =a/2
resembling a receptor density of ¢. The specific interactions
between collagen beads and A3 domains of the VWF monomers
are simulated by the Bell mechanism [8,16,24]. According to this
mechanism, when a monomer of VWF is located within the
reaction distance of the collagen bead (Rreac =4ap), a bond
between the monomer and its corresponding collagen bead is
formed with probability of Pg = exp(— Ug/kgT), where Uy is
the binding energy and it is assumed that the VWF monomers
can solely form one bond with each collagen bead. This bond is
modelled by a harmonic spring with potential energy of
Uy = k/2(rip — rj,r)z [11,16]. The position of the ith VWF mono-
mer and the jth collagen receptor are denoted by r;, and 7,
respectively. While attached, VWF could be dissociated with
the probability of Pyp = exp(—Uyp/ksT), where Uyg is the
unbinding energy [16]. The difference between binding and
unbinding energies is named as bonding energy and denoted
by AEy = Ug — Uyg. To allow an unbound ligand to have suffi-
cient time to diffuse away from a receptor, the binding and
unbinding attempts are carried out every 7y = 100 MPC steps.
To confine VWFs within a specific height with respect to the
receptor field, a repulsive wall with the potential of U, is
included such that it is analogous to the repulsive part of U,
The elevation of this repulsive wall is such that it does not
affect the initial height of the globule centre of mass (AZY,,)
with respect to the receptive field. The receptor field and repulsive
wall are illustrated in figure 2 with grey beads and a purple
dashed line, respectively. The position and velocity of the mono-
mers are integrated using the velocity-Verlet algorithm with time
steps Atyip = Atfcp/20. The monomers interact with solvent par-
ticles by participating in collision steps [19]. The characteristic
timescale, defined by the monomer diffusion time, is calculated
by 7= 6777;11; /ksT. In the first step, the VWF is embedded in
the bulk flow where neither the receptor field nor the repulsive
wall is present. The first 5000 MPC steps are allocated for the
relaxation and the shear flow is induced afterward. The extension
length of VWF along the x-axis is denoted by R, and its rescaled
averaged value R;/2Npa, against normalized shear rates y7 is
shown with the filled diamonds in figure 3. By calculating the
variance of the squared VWF extension (the results are not
shown), the transitional shear rate becomes y,7= 10 which
matches well with the formerly reported data [23].

The VWEF is initially kept in the proximity of the receptor
field, where N, = 4800 receptors are placed with the density of
@, = 2/a*. After 5000 MPC steps of relaxation, the shear flow is
introduced. The fraction of time in which the number of adhered
monomers becomes larger than 10 is denoted by Tnp>19 [16]. This
is shown in figure 3 for different values of shear rates as well as
different values of AE. In this figure, the unbinding energy is
kept constant so that the unbinding time, which is determined
by 7up = moexp( Uyp/ksT), matches well for all cases. In the
case of AEy= —1.0kgT, the transitional behaviour of VWF
adhesion dynamics (figure 3, triangle symbols) coincides well
with that of the stretching dynamics (diamond symbols) of
VWE. This bonding energy also falls within the previously

(a) t=0
(b) 1=20.07
.
© 1=20.607
...................................... o— s
) 1=20.877
............................................ ‘_-‘......................_.A.M
(&) 1=21.907

f) t=22.707

Figure 2. (a) The initial condition for two globular VWFs is shown where the
adhered VWF (red) is located near the receptor field and the centre of mass
of the flowing VWF (blue) is AZ, above the receptor surface. The collagen
receptors and repulsive wall are illustrated by the grey dots and a purple
dashed line, respectively. (b—f) The snapshot series of simulation for the
case in which the flowing VWF is initially located AZ, = 10 a, above
the receptor field and the rescaled shear rate is y7 = 16. The flowing
VWF becomes adhered at t = 21.97. (Online version in colour.)
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Figure 3. The rescaled extension R; /2N,a, of VWF as a function of normal-
ized shear rate 7 is shown in filled diamonds. The fraction of time in which
VWF has more than 10 monomers attached (Tyy,~19) for different values of
bonding energies AFy = —1.5kgT (squares), AEy = —1.0kgT (triangles),
AFy = —1.0kgT (filled triangles) are shown as well. The error bar is calcu-
lated over the simulation time of 2007. (Online version in colour.)

reported energy range, which explains the VWF’s adhesion be-
haviour [16]. Thus, we consider AEy = —1.0kgT as the bonding
energy and ¢, = 2/a* as the receptor density.

3. Results and discussions

We used our coarse-grained model of the VWF polymers
together with the MPCD approach for the fluid in order to
examine whether and how pairwise interactions among the
monomers of VWFs affect the adsorption mechanism of a
flowing VWFE. The monomers of the first VWF were initially
located within the reaction radius of the receptors such that
the VWF associates with the collagen receptors. The distance
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of the second (flowing) VWF centre of mass with respect to
the receptor surface is AZY,, (figure 2). Additionally, the
initial y components of both VWFs are set to L,/2. A repul-
sive wall was also placed at AZ2,, +AZ (where AZ is
calculated by the summation over the radius of the globule
and the cut-off radius of the repulsive wall). The implemen-
tation of such repulsive wall determines the density of
VWEF molecules near the collagen fibres. By changing the
cut-off radius of the repulsive wall, we ensured that this par-
ameter does not affect the VWF conformation and dynamics
results (data not presented). Both VWF molecules were
relaxed before the shear flow is introduced for T = 1007.
Once the shear was applied, the VWF located near the recep-
tors adhered to the surface and then stretched out while the
other VWF molecules moved along the x-axis. After passing
over the adhered VWF several times, the flowing VWF
reduced its height and finally its monomers fell into the reac-
tion radius of the receptors before it was adsorbed. The
snapshot series of the adsorption procedure when the initial
height of the flowing VWF centre of mass is AZY,, = 104,
and the shear rate is y7= 16 is shown in figure 3. Another
simulation was implemented with an identical set-up
except with only one flowing VWF in the absence of an
adhered VWF. The simulations were repeated for six sets of
five trials and in each set, the adsorption probability was cal-
culated as the fraction of times in which the flowing VWF
was adsorbed relative to the total number of trials. The
adsorption probability is presented in figure 4a,b for different
initial heights of the flowing VWF as well as different shear
rates when there was only one flowing VWF (nywg = 1) or
with one adhered VWF and another flowing VWF (nywr =
2). The simulations of the system in which the shear rate is
y7 = 16 are shown in the electronic supplementary material,
movie. Adhered and flowing VWFs had roughly globular
structures for shear rates smaller than ¥7 = 8 and their struc-
tures became stretched when they experienced a higher shear
rate. The flowing VWF completely adhered to the surface
when AZOCM = 6a, and nywr = 2, however, this probability
decreased for higher shear rates with only one flowing
VWEF (nywg = 1). For the case of AZOCM = 8a, and nywr =2,
the adsorption probability of the flowing VWF was remark-
ably higher than that in the nywr=1 scenario and this
behaviour was observed within a wide range of shear rates.
The same adsorption trend was also observed when
AZOCM = 10a,, however, the adsorption probability for both
cases with nywr = 1 and nywr = 2 decreased as the distance
between the flowing and adhered VWFs increased. The
hydrodynamic as well as van der Waals interactions are
two possible causes behind the enhancement of the adsorp-
tion probability. To isolate the effects of each interaction
and differentiate their impact on the adsorption behaviour
of the flowing VWF, the attraction part of the Lennard-
Jones potential between the monomers of VWFs was
switched off, leaving only the repulsive potential. Hence,
interactions among the VWF monomers were only hydro-
dynamic and steric. The hydrodynamic interaction between
the flowing VWF and the adhered one is important because
the adhered VWF is not totally fixed at the collagen surface
and it may change the flow velocity field through its confor-
mational changes caused by the dynamics of attachment
and detachment of its beads near the collagen receptors.
The adsorption probability of the flowing VWF for the case
of AZ\, =8a, is shown in figure 4b where only the

hydrodynamic interactions among the VWF monomers are [ 4 |

present. The absence of attracting interactions among the
VWF monomers approximately resulted in similar trends
found in the case without adhered VWFs. These simulations
suggest that hydrodynamic interactions are not sufficient
to enhance the adsorption mechanism, but they do not
reject their necessity in the adsorption events. Nevertheless,
the attractive interaction plays a major role in adsorbing flow-
ing VWFs such that the presence of an adhered VWF
perturbs the spatial distribution of the flowing VWF mono-
mers along the z-direction, and forces them to approach the
receptor field and, ultimately, increases the probability of
falling within the reaction region of the receptors. The prob-
ability distribution function (PDF) of positions of flowing
VWEF monomers along the z-direction for two initial heights
AZY\, =8a, (square symbols) and AZY,, =10a, (triangle
symbols) are shown in figure 4c. In these simulations, the
adhesion ability of the flowing VWF monomers was switched
off such that they could not form bonds with the receptors.
The presence of an adhered VWF caused the maxima of the
PDFs to shift towards the lower heights and this is remark-
able for the case in which the initial height of the flowing
VWF is AZ2,, = 8a,.

It should be noted that the adsorption probabilities in
figure 4a,b are calculated over the cases wherein the flow-
ing VWF approaches the surface and at least one of its
monomers attaches to the collagen receptors. To analyse
the adhesion dynamics of the flowing VWF to the collagen
receptors after it is adsorbed on the surface, we calculate
the adhesion rate and the height of the centre of mass of
the flowing VWEF for the cases in which the flowing
VWE approaches the collagen receptors and are adsorbed
on the surface. As shown in figure 5, the adsorbed flowing
VWEF is extended and while approaching the collagen sur-
face as the shear rate increases. Concurrently, the adhesion
rates of adsorbed flowing VWF increases and the trend is
analogous to the cases where the VWF is initially adsorbed
on the surface (figure 3) and earlier experimental reports
[15,16].

4. Conclusion

The adsorption dynamics of VWF multimeric glycoproteins,
which are the triggering cause of primary haemostasis,
were studied here using coarse-grained models. Our results
suggest that when a VWF molecule is flowing in proximity
to a collagen receptor field, its monomers, which includes
the A3 domains, may fall within the reaction region of the
collagen receptors and form bonds. This behaviour is
caused by the conformational changes and instabilities exhib-
ited in the VWF molecule under the influence of
hydrodynamic shear forces as well as thermal fluctuations.
However, when a flowing VWEF glycoprotein is passing
over another VWF that is adhered to the collagen receptor
field, it approaches the surface and its adsorption is enhanced
due primarily to attractive interactions rather than hydrodyn-
amic interactions among the VWF monomers. Given
n=10"Pas as the viscosity of water and a,=70nm as
the radius of the VWF monomer [23,25], such enhancement
in the adsorptions occurs within the wide range of shear
rate ¥~ 1300—12000s!, in which the flowing VWF has
either a roughly globular or extended conformation [15].
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Figure 4. The adhesion probability of the flowing VWFs initially located at (a) AZY, = 6ay and AZ3, = 10a,, and (b) AZ), = 8a, above the receptor fields.
(c) The PDF of the flowing VWF’'s monomers along the z-direction for two initial heights AZQM = 84, (squares) and AZ(?M = 10a, (triangles). In all cases, the
open and filled symbols represent the adhesion probability as well as PDFs of those flowing VWFs that are not accompanied by the adhered VWF (nyw = 1) and
those in which the adhered VWFs are present (nywr = 2). The error bars in section (c) are smaller than the size of the symbols. (Online version in colour.)
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Figure 5. The averaged height of the centre of mass of the flowing VWF (AZqy)
and its corresponding adhesion rate (Tyy>1) to the collagen receptors as a function
of rescaled shear rates () are shown in squares and diamonds, respectively. The
results are taken from the cases in which the flowing VWF approaches the collagen
receptors and is adsorbed on the surface. The white and filled symbols represent
the cases in which there is one (nywr = 1) or two YWFs (nyws = 2) in the
system, respectively. (Online version in colour.)

The hydrodynamic lift force exerted on the monomers has an
increasing functionality with respect to the shear rate and the
extended length of the polymer (L), fi, = g(%, L*) [16]. Hence,
the cooperation within VWFs should increase in high shear
rate regimes to overcome the hydrodynamic lift force, as
observed in our simulations, likely because in a high shear
rate both the flowing and adhered VWFs have extended
conformations, increasing their attractive interaction.
Additionally, our results reveal that in addition to the shear
stress that triggers the adsorption of VWF [16], the immobi-
lized adsorbed VWF boosts the adsorption of flowing
VWFs nearby. The adsorption dependency of flowing
VWFs on the presence of another adsorbed VWF implies
the nonlinear dependency of adsorbed VWFs on the density
of flowing VWFs. Accordingly, the adsorption success rate
increases drastically as the number of adsorbed VWFs on
the collagen surface increases. For a height of 400 nm or
less, the cooperativity between VWFs leads to adsorption of
all flowing VWFs. Hence, the adsorption process is definitely
accomplished if there exists a corresponding biological mech-
anism that forces VWFs to be marginated within this range. It
has recently been shown that the colloidal suspension, which
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can correspond to the other blood components such as
red blood cells, could affect the spatial distributions of the
globule polymers [11]. The observed cooperation within
VWEF molecules adhered on the collagen surface could also
be investigated in a system where a larger number of VWF
molecules are included. Recent research and experiments
have elaborated on the collective motion as well as self-
assembly of globular polymers and VWFs when they are
either located in the bulk flow or adsorbed on an adhesive
surface [4-6,8,9,11,17,26]. Our results could potentially be
important for studies of adsorption dynamics of polymer
physics as well as the current mathematical and coarse-
grained models [3] used to analyse primary haemostasis
and coagulation processes.

Data accessibility. The article’s supporting data can be accessed via our
laboratory’s website (http://biomechanics.berkeley.edu). The sup-
plementary movie can be found at http://biomechanics.berkeley.
edu/wp-content/uploads/2015/07/VWF_Moviel.avi.
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