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ABSTRACT: Passage of a shock wave across living organisms
may produce bubbles in the blood vessels and capillaries. It
was suggested that collapse of these bubbles imposed by an
impinging shock wave can be responsible for the damage or
even destruction of the blood-brain barrier. To check this
possibility, we performed molecular dynamics computer
simulations on systems that contained a model of tight
junction from the blood-brain barrier. In our model, we
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represent the tight junction by two pairs of interacting proteins, claudin-15. Some of the simulations were done in the absence of
a nanobubble, some in its presence. Our simulations show that when no bubble is present in the system, no damage to tight
junction is observed when the shock wave propagates across it. In the presence of a nanobubble, even when the impulse of the
shock wave is relatively low, the implosion of the bubble causes serious damage to our model tight junction.
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Lately, it was shown that the cavitation effect plays a very
important role in the ultrasound assisted drug delivery to
specific areas of the human body, including brain areas.'™’
Delivering drugs to the brain is problematic due to the presence
of the blood-brain barrier (BBB), a system that controls the
exchange of chemicals between blood and brain regions.
Therefore, implosions of microbubbles loaded with drugs,
implosions that occur due to cavitation effect induced by the
traveling ultrasound, weaken or destroy the BBB, opening the
way for drug permeation into the brain. Recently, it was
suggested that pressure waves created by blasts, that produce
injury in the brain, so-called blast-induced traumatic brain
injury (bTBI), may be also connected to damaged BBB.* '
Among different reasons that may cause damage to BBB, the
cavitation effect (that is present due to implosion of bubbles,
microscopic or nanoscopic in size, and created in blood during
the passage of shock waves from the blast), was also considered
as a possible reason. While some experimental work® '* and
very recent computational work that used continuum
modeling15 investigated the connection between bTBI (or
TBI in general) and damage to the BBB, no work has yet
appeared gearing toward understanding the molecular picture
behind this connection.

Computer simulations proved to be a very efficient tool in
providing detailed and often molecular detailed pictures of
events occurring in biological processes."®™"? Detailed simu-
lations describing motion of every atom are used when detailed
information is required, for example, to understand such
process as a change in the secondary structure of a protein.
When the length and time scales of the processes are large in
comparison with atomic scales, one can use coarse grained
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(CG) simulations where, for example, a group of atoms is
represented by an effective particle and the interaction between
atoms is reduced to interaction between these kinds of effective
particles, as it is done in the force field called MARTINL>
Initially constructed to describe model lipid membranes,
MARTINI was extended to describe interactions between
membranes and proteins,”’ often producing a successful
nanoscopic description of the processes taking place in these
systems.”> We used MARTINI to study interactions of
antimicrobial peptides, such as melittin and/or magainin, with
lipid membranes. >~ Very recently, we also used MARTINI
to study shock wave induced implosions of bubbles situated
next to lipid bilayers and the damage to bilayers due to such
implosions.**~>*

In this paper, we report the results from our computational
study on how the shock wave induced bubble implosions
(cavitation effect) influence the strength of the BBB. Since no
previous molecular or even coarse-grained models of BBB are
available in the literature, we propose here a first such model.
The BBB, as are most of the biological machineries, is quite
complicated, especially on a detailed molecular or nanoscopic
level. To simulate the BBB damage due to cavitation, our first
model needs to be simplified and we concentrated our study on
the tight junction (TJ) region between the endothelial cells. In
our model, the TJ connecting the gap between two adjacent cell
membranes is represented by two pairs of typical TJ proteins,
claudins, specifically claudins-15. We chose claudin-15 because
its crystal structure was available® and, more importantly, it is
homologically related to claudin-$, which is abundant in brain
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capillaries.>® We monitored the degree of the connection
between claudin-15 protein pairs when they were exposed to
the cavitation effect and observed that bubble implosion plays a
crucial role in the serious damage to our model BBB, indicating
that the cavitation effect also suspected to exist in the human
body after blasts may produce damage and even destroy the
BBB, and thus be responsible for the brain damage produced in
many blasts, even when they are mild.

B RESULTS AND DISCUSSION

We described the interactions between molecules in our
systems by using a coarse grained MARTINI force field with
improved parameters for proteins®> and polarizable water.*®
The improved parameters provide a more realistic description
of the proteins and their interactions with lipid bilayers.”>**
Since no structure is available for the interacting pair of claudin-
1S situated in the extracellular region, we performed long
molecular dynamics simulations to get such a structure (see
Methods for details). To construct our model of T] between
two cells, we created a large oval shaped vesicle containing
DPPC lipids solvated in water (9835 CG DPPC lipid molecules
and 727 946 CG polarizable water molecules). On one of the
sides of the vesicle, we placed two pairs of interacting claudin-
15 proteins. Because of the periodic boundary conditions we
use in our simulations, we actually simulate a stack of “cells”
(our vesicles) connected through model TJ consisting of two
pairs of interacting claudin-15 proteins. Figure 1 depicts the
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Figure 1. Initial configuration of the model TJ. (A) Simulation box
(with no bubble present) periodically repeated in the —X and +X
directions. Blue background represents water. (B) TJ part in the
simulation box where more emphasis on the two pairs of proteins is
highlighted. Each one of the interacting claudin-15 molecules is color
coded to show the interacting partner.

stack (panel (A)) containing periodic images of our “cells” and
the TJ between them; this picture is reminiscent of a picture of
a stack of cells connected by TJ that surround a blood capillary.
Panel (B) of Figure 1 shows the simulation unit cell containing
parts of the membrane with the TJ between them. Following up
on the initial preparation step, we expanded the size of the unit
cell of our system in the Y and Z directions by adding CG
MARTINI polarizable water. The expansion of number of
water molecules to include 3481386 CG particles produced a
box with sizes 54.0 X 54.0 X 144.4 nm®. This was done with the
purpose to incorporate a bubble 30 nm in diameter in the water
region located bellow the vesicle. The bubble (nanobubble)
was created by removing all water molecules situated in a
sphere of diameter 30 nm located in the vicinity of the TJ. The
final large-sized unit cell (in some cases containing a bubble, in
some without a bubble, to be able to study the effect of a
bubble collapse on the integrity of the TJ by comparing results
from simulations with and without the bubble collapse) was
again equilibrated for another 10 ns, and after this equilibration
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period our production runs with shock waves impinging on the
system were performed. Shock waves were generated by using
the momentum mirror approach which was successfully applied
in previous simulation work where shock waves were
created.”*">%3*3 The procedure we adopted to create shock
waves is analogous to having a piston in our system that is
moving toward the +Z direction with velocity v, and reflecting
all the particles coming into contact with it. We stopped the
piston after a short time (z,), and allowed the created shock
wave to move in the +Z direction. By doing this, we produced a
shock wave impulse traveling toward the TJ. In the present
simulations, v, was 1.5 km/s and we performed simulations
with two 7, values: 2 and 5 ps. The shock wave velocity v, was
calculated in systems containing pure CG polarizable water by
measuring the speed of discontinuity in water density profile
along the +Z direction. The damage produced by the shock
wave on the subject it hits is determined by the shock wave
impulse (when no bubbles are present) that is given by the
equation I = [ P(t) dt, where P(t) is the shock wave pressure
on the membrane and ' is the duration of time it takes for the
positive phase of the shock wave to pass.”” Using the above
formula, we calculated the impulse for systems with no bubbles.
The shock wave velocities and impulses for cases when v, = 1.5
km/s and 7, = 2 and S ps are presented in Table 1. This table

Table 1. Impulse and Velocity of the Shock Wave at the
Time When It Hits the Bilayer for Different Piston Stopping
Time (z,)

7, (ps) impulse (I), mPa-s shock velocity (v,), km/s
2 8.44 227
S 35.59 3.11

serves as a dictionary that translates values for parameters we
use in simulations to parameters describing the shock wave
speed and intensity, parameters that are used to report
experimental measurements. As we can see from Table 1, the
shock wave impulse in our simulations corresponds to impulses
created by a very mild blast (I ~ 8.5 mPa-s when 7, = 2 ps) and
a mild blast (I ~ 35.6 mPa's when 7, = S ps).

The main results from our simulations can be seen depicted
in Figures 2—35. In the absence of a nanobubble, the passage of
a shock wave has a small effect on the interacting pairs of
proteins, as can be seen in Figure 2. As the figure shows,
following the shock passage, the interacting proteins in systems
with no bubbles retain their contacts with one another and do
not separate from each other. However, in the case of 7, = 5 ps,
upon the collapse of 30 nm in diameter nanobubble caused by
the passage of the shock wave, a large change in properties of
both vesicle and proteins in our system can be observed in
Figure 2A. The vesicle parts next to proteins are expanded
following the bombardment by high velocity water particles and
their shape changes. The proteins completely lose their
contacts and pairs become separate entities. On the other
hand the effect is less pronounced when 7, = 2 ps, as shown in
Figure 2B. Although the proteins in the pair that were hit first
(bottom pair in the figure) get separated, the degree of their
separation is smaller compared to that in the case with 7, = §
ps; the proteins that were hit later (top pair in the figure) still
keep their contact. In addition, the vesicle itself has not been
changed substantially, as this happened in the case when 7, = §
ps. The secondary structure of the proteins also changed as a
result of the bubble collapse, as again can be inferred from
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Figure 2. Shock wave simulations with and without a nanobubble. The figure shows the configuration of the vesicle and protein pairs after shock.
Snapshot from the simulation (A) when 7, = S ps and (B) when 7, = 2 ps. In each panel, the resulting configuration when no bubble is present is on

the right, whereas the case when the bubble is present is on the left.
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Figure 3. RMSD curves for each of the claudin-15 proteins. (A) Change of RMSD values over 60 ps shock wave simulation, when 7, = 5 ps. (B)
Change of RMSD over 90 ps of simulation when 7, = 2 ps. Each graph is colored and corresponds to the numbered proteins shown in (C). RMSD
values for simulation with the presence of bubble are represented by solid lines. Lines for results from shock wave simulation without bubbles are
shown as dashed lines. As a control, simulations with no shock waves were also performed and the RMSD values were measured. They are presented

in the graphs as dotted lines.

Figure 2. To quantify the change in the secondary structure of
our proteins, values for the RMSD from the initial crystal
structure were calculated and compared to the values obtained
from simulations with no bubbles being present. Figure 3 shows
the result of RMSD calculations for simulations performed in
this study. Figure 3A shows a significant change in RMSD
values for the two proteins on the bottom (3 and 4) and a
smaller change for the two proteins on the top (1 and 2) when
7, = S ps. Figure 3B shows that in the case when 7, = 2 ps, the
values for the RMSD were not that large. The fact that proteins
3 and 4 display large RMSD is expected, since these proteins
are closer to the bubble when it collapses and hence they feel a
greater force. In comparison, when there is no bubble present,
RMSD values do not change significantly in time, as shown by
dashed lines in both panels (A) and (B).
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To analyze further the effect of bubble collapse on the
proteins, the number of contacts between interacting partner
proteins was measured. Figure 4A indicates that, as expected,
when 7, = 5 ps, the number of contacts between two interacting
proteins drops to zero (complete separation) in the presence of
the bubble. However, without a bubble present, no significant
change in the number of contacts is seen during the 60 ps of
shock wave simulation. On the other hand, when the 7, = 2 ps,
as Figure 4B shows, only the closest pair to the bubble loses
contact completely (black curve), while the top pair (red curve)
is still in contact, even after 90 ps of the simulation. An
illustration of the structural dynamics of our model of TJ
collapse, observed in simulations when the nanobubble was
present (and when 7, = S ps), is shown in Figure S. As the
simulation progresses, the bubble collapse causes a complete
segregation of the two protein pairs and also causes the change
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Figure 4. Number of contacts between interacting protein pairs. (A) Change in the number of contacts between interacting pairs during 60 ps of
shock wave simulation when 7, = S ps. (B) Change in contact number during 90 ps of simulation when 7, = 2 ps. Black and red curves represent
cases when a bubble is present, while green and blue lines represent cases when there is no bubble.

in the shape of the lipid vesicle, that gets elongated in the
direction of the shock wave propagation.

B CONCLUSION

Our computer simulations reported here were performed to
study the effect of nanobubble collapse that, as it is suggested,
can occur in blood capillaries after passage of the blast induced
shock waves. It was also suggested that this collapse may cause
damage to, or even destruction of, the BBB by damaging
(destroying) the TJ between the BBB cells.”™ In our
simulations we considered model systems with the T]J
containing two pairs of the TJ protein, claudin-15. When no
bubble was present in the system, we did not observe any
damage done to the TJ upon passage of the shock wave. In
cases when bubbles of 30 nm in diameter were present in the
system, their collapse under the influence of a very mild shock
wave with an impulse of ~8 mPa's produced some small
amount of damage to the TJ. When the impulse of the shock
wave was more than 4 times larger (but still remained mild in
relative values, if compared with the impulse of 54 Pa-s
observed in experiment when no damage to cell was done®’),
our model TJ] was destroyed. Although our simulations were
performed on relatively simple systems, they show the crucial
role played by the presence of nanobubbles and the cavitation
effect in causing severe damage to cell membranes and also
proteins embedded in the cell membranes.

B METHODS

Our molecular dynamics simulations were performed using Gromacs
4.6.6 package.>® *' The initial structure of the 9protein in our study was
the available crystal structure of claudin-15** (PDB ID: 4P79). To
coarse grain the protein, the martinize.py script,®> downloaded from
the MARTINI force field website, was used. Cysteine residues 47 and
57 were linked together to emulate disulfide bonds in the extracellular
region number one (ECL1). The claudin-15 protein carries a net
negative charge of —1, and therefore, we also placed sodium ions
(Na*) into the system in numbers that were needed to neutralize the
system.

The structure of the interacting pair of claudin-15 situated in the
extracellular (ECL) region was obtained by performing long molecular
dynamics simulations. Initially, one protein was inserted in a cylindrical
pore created in the center of a DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine) bilayer containing a patch of 150 lipids. This bilayer
together with the embedded protein was then replicated, rotated, and
translated to the top of the first system so that the two ECL regions of
each protein were in water facing each other, but not in contact with
each other. This new system (a double bilayer with one protein in each
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bilayer) was then energy minimized, and a 1 us molecular dynamics
run was performed. During this run, the two proteins found each other
and made a head-to-head contact after ~100 ns. This contact was
stable throughout the rest of the simulation, so we used the created
claudin-15 pair as a model of our interacting proteins in the TJ. The 1
ps simulation was done using the NPT ensemble, with temperature
kept at 320 K and pressure at 1.0 bar (semi-isotropic coupling) using
the Berendsen coupling scheme.** The time constants for temperature
and pressure coupling were 1 and 2 ps, respectively. Compressibility
value for the pressure coupling was set to 3 X 107* bar™'. The
Lennard—Jones interaction cutoff value of 1.2 nm was used, and the
“shift” scheme with a cutoff of 1.2 nm was applied for the
electrostatics. The dielectric constant was set to 2.5, and the time
step for the integration was 20 fs. The final box size was X = 7.25, Y =
7.25,and Z = 17.9 nm.

Since the goal of our simulations is to study how the proteins of T]
region respond to cavitation during the blast, it is important to have
the correct density in our system. Therefore, prior to performing shock
wave simulations, we continued the preparation of the system without
the bubbles and equilibrated it for 100 ns using the NVT ensemble. To
create the shock wave, we used the mirror approach when all the
particles in the system move with certain velocity v}, toward the mirror
placed at the end of the box in the —Z direction. The particles get
reflected upon impact with the mirror, thus creating a shock wave with
velocity v, larger than v, and moving in the +Z direction. A 2 nm
vacuum layer was added at the end of the —Z direction to avoid the
immediate contact between the particles and the mirror at the
beginning of the simulation. All shock simulations were performed in
the constant energy ensemble with the periodic boundary condition
(PBC) turned off in the Z-direction. The time step of 4 fs was used.
The cutoff value for the nonbonded interactions was 1.4 nm instead of
the usual 1.2 nm, and the neighbors list was updated every S steps,
instead of the usual 10. Each simulation with 7, = 2 ps was performed
for 90 ps and with 7, = S ps for 60 ps, to make sure the shock front
moved across the simulation box and exited on the end opposite from
where it initiated. Since shock wave simulations were short in their
duration, we performed a number of them, with different initial
velocities, but corresponding to the same temperature. All the results
were very similar for simulations done with the same value of 7, We
presented here the results from one typical simulation in each case.

The pressure calculation was done using Gromacs-4.0.2_ local
pressure® version of Gromacs following the method developed by
Ollila et al.*® The dimension of the small cubes when discretizing the
system was set to 0.5 nm.

To study the integrity of the protein pair in its contact, we analyzed
the number of contact points between the pair using the Plumed 2.1
plug-in.** More specifically, we calculated how many atoms from the
first protein are found at a certain distance (1 nm in our case) from the
second protein of the same pair. The calculated value was considered
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Figure S. Overall progress of the simulation during the 60 ps shock
wave propagation in a system when a 30 nm bubble is present and
when 7, = 5 ps. The frames are in the direction of increasing time
when observed from the bottom-up. Red arrows at the bottom indicate
the direction of the shock wave propagation.

as the number of contacts between the two interacting proteins in our
study.
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