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Abstract

Experiments have demonstrated the potential selective anticancer capacity of cold
atmospheric plasmas (CAPs), but the underlying mechanisms remain unclear. Using computer
simulations, we try to shed light on the mechanism of selectivity, based on aquaporins (AQPs),
i.e., transmembrane protein channels transferring external H,O, and other reactive oxygen
species, created e.g. by CAPs, to the cell interior.

Specifically, we perform molecular dynamics simulations for the permeation of H,O, through
AQP1 (one of the members of the AQP family) and the palmitoyl-oleoyl-phosphatidylcholine
(POPC) phospholipid bilayer (PLB). The free energy barrier of H>O, across AQP1 is lower than
for the POPC PLB, while the permeability coefficient, calculated using the free energy and
diffusion rate profiles, is two orders of magnitude higher. This indicates that the delivery of H,O,
into the cell interior should be through AQP.

Our study gives a better insight into the role of AQPs in the selectivity of CAP for treating
cancer cells.

1. Introduction

Cold atmospheric plasmas (CAPs) are increasingly gaining attention for cancer treatment [1-
11]. They cause more cell death or growth inhibition on cancer cells than on homologous normal
cells under the same experimental conditions in vitro [6, 12-14]. The risk assessment on multiple
cell lines demonstrated no mutagenic potential up to at least 180 seconds of CAP treatment,
which generated 50 uM of H,O; in the CAP treated solution [5].

Understanding the selective anti-cancer capacity of CAP treatment is a key challenge [3]. It is
linked to the selective rise of intracellular reactive oxygen species (ROS) in CAP-treated cancer
cells [15-19]. Several explanations were proposed to reveal the underlying mechanism. The
earliest explanation attributed the selectivity to the different basal intracellular ROS levels
between cancer and normal cells [20, 21]. Due to some intrinsic factors (e.g., aberrant
metabolism for some cancer types, mitochondrial dysfunction and loss of functional p53), the
basal intracellular ROS levels in some cancer cells may be higher than in normal cells [22, 23].
When further extracellular ROS stress is exerted on them, the intracellular ROS level in these
cancer cells may pass a threshold, leading to cell death [20, 21]. Thus, these cancer cells may
experience more ROS-caused apoptosis and other ROS-caused cellular damage than some
normal cells upon CAP treatment , according to literature [6].

However, this model cannot explain the selective rise of intracellular ROS in cancer cells
rather than in normal cells [15-19]. Therefore, recent molecular dynamics (MD) simulations
provide another explanation based on the potential different trends to form membrane pores in



the cytoplasmic membrane. They reveal that lipid oxidation in the phospholipid bilayer (PLB)
yields an increase of the bilayer permeability to extracellular ROS [24, 25] and a drop of the
electric field threshold for membrane pore formation, which may facilitate extracellular ROS
penetration [25]. Even without electric field, MD simulations reveal that pores can be formed
when all phospholipids (PLs) are oxidized [26]. Furthermore, a significant effect of cholesterol
on the ROS permeation across the PLB was demonstrated. A higher cholesterol fraction
increases the order of the PLB and the transfer free energy barrier height and width. Moreover, it
forms a local free energy minimum in the membrane center, and creates extra free energy
barriers [26, 27]. Cholesterol may thus be able to protect the membrane against pore formation
upon lipid peroxidation [26-28]. Some cancer cells, like leukemic cells, have a lower
cholesterol/PL ratio compared with normal counterparts such as lymphocytes [29]. Thus, the
CAP-originated ROS and reactive nitrogen species (RNS) may enter cancer cells more easily
compared with normal cells, based on the tendency to form pores in the cytoplasmic membrane.

Another model proposed recently is about the different expression levels of membrane
channels for ROS (mainly H,0O;) in cancer cells and normal cells. Cancer biology research
confirms that most cancer tissues express more aquaporins (AQPs) in their cytoplasmic
membranes than homologous normal tissues [30]. AQPs are small transmembrane channels,
mainly for H,O but also for other small molecules like HO,, NO, and NOs™ [30-35]. H,O; is a
necessary component for the anti-cancer capacity of CAP-stimulated solutions and direct CAP
treatment [36-42]. Although H,O, alone cannot explain the whole selective anti-cancer
mechanism of CAP-stimulated solutions [42-45], it has shown its selective anti-cancer capacity
over some cancer cell lines, such as lymphoma cells [46]. Recently, knocking out AQPS8 in
glioblastoma cells could significantly weaken the toxicity of CAP-stimulated medium on these
cells [47]. This was the first evidence for the role of membrane channel proteins in plasma
medicine. Furthermore, the uptake of H,O, in colon adenocarcinoma HT29 cells, mammalian
HEK 293 cells and cervical cancer HeLa cells can be drastically increased by the expression of
AQP3 on these cells [48]. Based on these clues, we speculate that H,O, produced by CAP may
diffuse into cancer cells significantly faster than into homologous normal cells through AQPs
[6]. Such transmembrane diffusion differences may cause more intracellular ROS, and thus
cellular damage and apoptosis in cancer cells than in normal cells [6]. So far, AQP1, 3, 8 and 9
have been confirmed as the membrane channels of H,O, [48-50]. AQP1 is widely expressed in
cancerous tissues, including astrocytoma, breast cancer, cervical cancer, colorectal cancer, lung
cancer, and ovarian cancer [6]. Thus, studying the role of AQP1 in the anti-cancer capacity of
CAP provides clues to several studies in plasma medicine. Moreover, it will also be of great
interest to other cancer therapies producing H,O, (or ROS in general), such as chemotherapy,
radiotherapy and photodynamic therapy.

Based on these considerations, we investigate here the permeation of H,O, across both AQP1
and the PLB, to determine the precise role of AQPs in the selective anti-cancer capacity of CAP.
For this purpose, we perform MD simulations. Specifically, we calculate the free energy and
diffusion rate profiles of H,O,, which allows to determine the permeability coefficient of H,O,
through AQP1 and the PLB. Comparison of the latter enables us to define whether the delivery
of ROS into the cell interior is accomplished through AQPs or the PLB. Thus, the performed
simulations will give more insight in this proposed mechanism based on AQPs for the selectivity
of CAP treatment towards cancer cells.

It should be mentioned that the transport of HO, in and out of the cell facilitated by AQPs is
well known in literature. However, there has been some controversy about the transport ability of
different AQP isoforms. The first studies showed that the heterologous expression of human
AQPI had no effect on yeast cell viability in the presence of H,O, [51]. More recent studies
proposed that the lack of H,O; transport in AQP1 could be rather related to low expression levels
[49]. In fact, moderate H,O, permeability was detected in rat AQP1. Our results add up to
previous computational studies [33] that support the role of AQP1 in H,0, transport. Plasma



medicine might benefit from future studies of the structural determinants of H,O, conductivity
by AQPs.

2. Computational details

We carried out MD simulations to study the permeation of H,0O, across the AQPI1
transmembrane protein as well as the PLB. The latter was used as a simple model system for the
cell membrane. Specifically, we calculated the free energy and diffusion rate profiles, as well as
the permeability coefficients, of H,O, in order to elucidate which of these structures is most
favorable for H,O, penetration to the cytoplasm. The model system for AQP1 consists of one
AQPI tetramer (crystal structure is available in the Protein Data Bank under the code 1J4N [52])
embedded in a I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) PLB and covered
with water layers on top and at the bottom, whereas the model system for the PLB is only
composed of POPC lipids and water layers (see figure 1). Note that POPC was chosen because it
is at the physiologically relevant fluid state at the temperature adopted in our MD simulations.

(a)

v (c)

Figure 1. (a) Top and (b) side view of the AQPI tetramer embedded in a POPC PLB (see gray
color in (a)) and covered with water layers on top and at the bottom (see cyan color in (b)). For
clarity, the POPC lipids are removed in (b) and the water layers are removed in (a). The
tetramer gives rise to 4 pores (one for each monomer) as well as a central cavity. (c) Top and (d)
side view of the POPC PLB. The POPC lipids and the water layers covering them at the top and
bottom are shown in gray and cyan colors, respectively.



In general, AQPs are present in tetrameric form, where each monomer acts as an independent
channel. Each monomer contains six tilted transmembrane a-helices, of which two of them (i.e.,
re-entrant short helices) create a pathway for the permeation of water (or other small molecules,
like H,O;). Along the pore, a series of backbone carbonyl groups and hydrophilic side chains
create a narrow water file and at the pore center two highly conserved Asn-Pro-Ala (NPA)
motifs provide selectivity against the passage of ions [52, 53]. Another constriction region, so-
called aromatic/Arg (ar/R), which is found close to the extracellular exit of the channel, also
contributes to the selectivity (see figure 4(a,b) below). More information about AQP1 is given in
[33].

We derived the model systems for AQP1 and the POPC PLB from [33] and [54], respectively,
and more details about the preparation and equilibration of these systems are given there.
Briefly, the initial configurations of these systems had their energy minimized using the steepest
descent algorithm. Subsequently, the systems were equilibrated for ~100 ns in the NPT-ensemble
(i.e., constant number of particles, pressure and temperature) by applying the Nose-Hoover
thermostat [55] and the semi-isotropic Parrinello-Rahman barostat [56]. The calculated root
mean square displacements of the C, atoms of AQP1 showed that the chosen equilibration time
was sufficient [33]. Note that this is a standard practice that allows to identify secondary structure
deviations in proteins (see, e.g., [S7]). In the case of the POPC PLB, the obtained average surface
area per lipid, which defines typical properties of the bilayer, was closer to the experimental
measurements reported in literature [54]. The applied reference temperature and pressure were
310 K and 1 atm, respectively. Periodic boundary conditions were applied in all Cartesian
directions. In all simulations, a time step of 2 fs was used and the GROMOS54A7 force field
parameters were employed for interatomic interactions [57] in combination with the SPC water
model [58]. The parameters of H,O, species were adopted from [54]. For the electrostatic
interactions, a 0.9 nm cut-off was applied, using the particle mesh Ewald method [59], whereas
Lennard-Jones interactions were truncated using a twin-range cutoff at 0.9 and 1.4 nm.

All simulations were carried out using the GROMACS 4.6 package [60, 61]. The last 50 ns of
the equilibration was used to extract the structures of the model systems to calculate the free
energy, diffusion rate and permeability coefficient.

2.1 Free energy profiling

The free energy profiles of H,O, across both AQP1 and POPC PLB were obtained using
umbrella sampling (US) simulations. For each energy profile, a certain number of US windows
(i.e., 66 for AQP1 and 70 for the PLB) was defined along the structure normal (z-axis), which
were separated by 1 A. In this manner, the sampling windows spanned the entire system. Six (in
the case of AQP1, see figure 2) or seven (in the case of the PLB) US windows, separated by 10
A, were sampled simultaneously during each simulation to save computational resources.

F lgureZ Snapshotfrom the MD szmulatzon where six H,O; molecules, separated by 10 4 in z-
direction, are created for performing US calculations; the system with (a) and without (b) AQP1



tetramer. Water layers are shown in cyan color, the lipids are removed for the sake of clarity.
The H>0; molecules (shown in red and white colors) can freely travel in the x- and y-directions
(see the molecules on top and at the bottom water layers), whereas their motion is restricted in z.
The motions of those H,O, molecules that are created inside the pore are restrained by the
amino acids of the channel. It is clear that the H,O, molecules inside the pore are surrounded by
waters (see (b)). This indicates that US simulations are performed in the hydrated pores of the
AQPI.

Thus, eleven (in the case of AQP1) or ten (in the case of the PLB) US simulations were needed
to obtain each energy profile. A harmonic bias with a force constant of 2000 kJ.mol™.nm™ was
applied along the z-direction on the H,O, molecules to restrict their motion, whereas they could
freely travel in the x- and y-directions. Note that the created H,O, molecules inside the pores of
AQP1 were surrounded by water molecules (see figure 2), which means that US simulations
were performed in the hydrated pores of the AQP1. As mentioned above, during each US
simulation the H,O, molecules were separated by 10 A along the z-direction in order to avoid
long distance interactions between these molecules. With this condition, a 4 ns US MD
simulation was performed, where during the last 2 ns the US histograms were collected. The
conditions used in these simulations were identical to those used during the equilibration runs
(see above). We used six structures derived from the last 50 ns equilibration run (i.e., at 0, 10,
20, 30, 40 and 50 ns) for both model systems, and for each structure we performed five sets of
US simulations: each set was equal to 10 or 11 US MD, see above. Note that in the case of
AQP1, these five sets of US simulations corresponded to the four pores and one central cavity.
The latter was performed to check whether H,O, would be able to easily penetrate through the
central cavity or not (see figure 6 below). Thus, the final free energy profiles were obtained by
averaging over 24 energy profiles (i.e., 4 sets of US MD X6 structures, if considering only the
pores) in the case of AQP1 and 30 energy profiles (i.e., 5 sets of US MD X 6 structures) in the
case of the PLB. These energy profiles differed from one another based on their starting
structure, and therefore, averaging of them allowed us to obtain some statistical variations.
Hence, in total 264 (for the AQP1 pores) + 66 (for the AQP1 central cavity) + 300 (for the POPC
PLB) = 630 US simulations were performed to obtain the free energy profiles. All free energy
profiles were constructed using the weighted histogram analysis method (WHAM) [62], as
implemented in the g wham tool of GROMACS.

2.2 Diffusion rate profiling

The position-dependent diffusion coefficients of H,O, molecules across both AQP1 and the
PLB were calculated using the so-called GLE method [63, 64], applying the same US MD
simulations as performed for the free energy profiles (see above). This method is based on the
solutions to the generalized Langevin equation (GLE) for a harmonic oscillator [64]. Through
the integration of the position autocorrelation function (PACF), the diffusion coefficient of a
solute in each z position D(z) is calculated as follows:

(2)°
D(z; =(z);) = VarTZ (1)
7 is calculated from the integral of the PACF (C(t)):
T= [, C,(t)dt 2)

The function C,(t) can be calculated in a straightforward way by a summation over the
trajectory [65]:



C,(t) = (6z(0)dz(1)) 3)

where

6z(t) = z(t) — (z) )

As is obvious, an advantage of this GLE method is that the diffusion coefficient can be
calculated directly from the variance of z and the correlation time 7.

For the calculation of the diffusion coefficient profiles across the model systems, we
developed a code based on the GLE method. In order to verify its validity, we performed test
runs using a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) PLB and we calculated the
diffusion rate profile of water (H,O) across this system, to compare with the profiles available in
literature, where DPPC PLB was also used. From figure 3 we can conclude that the obtained
result is in line with the results given in literature [64, 66].
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Figure 3. Diffusion rate profile of H>O across a DPPC bilayer system (T=300 K). The diffusion
coefficient of H>O in the water layer (i.e., |z|>3 nm) corresponds very well to the diffusion
coefficient of SPC water in a bulk water system (i.e., 3.6 x1 0° m’/s [58]).

Thus, using the GLE method we calculated the diffusion rate profiles, and by averaging over
24 (in the case of the AQP1 pores) and 30 (in the case of the POPC PLB) individual diffusion
rate profiles, we obtained the final diffusion rate profiles of H,O, across each model system.
Note that each diffusion rate profile was calculated using the data from the last 2ns of the US
MD simulations, like for the free energy profile calculation (see previous section).

2.3 Permeability coefficient

Knowing the free energy (or potential of mean force w(z)) and the diffusion coefficient (D(z))
of a molecule solute along the z-axis of the model system, the permeability coefficient (Py,) can
be expressed as an integral over an interval of z that spans the structure [66, 67]:

1 Zy ew(z)/kBT

o — T dz (5)



3. Results and discussion

Figure 4 illustrates the average free energy (AG) and diffusion rate profiles of H,O, through
AQP1 and the POPC bilayer. Details about the constriction regions, i.e., Asn-Pro-Ala (NPA) and
aromatic/Arg (ar/R) motifs in AQP1 (see figure 4(a,b)) providing selectivity against passage of
solutes [52, 53], are given in the previous section. In figure 4(a) we applied a trapezoidal
correction to the free energy profile, which allows us to directly compare the profile for AQP1
with the profile shown in figure 4(c) for the PLB. More details about the trapezoidal correction
are given in [33]. Note that the profiles given in figure 4(c,d) are symmetrized (due to the bilayer
symmetry), although we obtained almost the same profiles in the asymmetric cases (see figure
5).
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Figure 4. Average free energy and diffusion rate profiles of H,O, across AQPI pores (a,b) and
the POPC PLB (c,d). The NPA and ar/R regions in (a) and (b) are shown within the gray dashed
lines. The center of the POPC bilayer in (c) and (d) corresponds to z=0 nm and is indicated with
a gray dashed line. The cytoplasmic and extracellular water layers are shown in light blue color.
Associated standard deviations of the profiles are shown in gray (a,c) and black (b,d) colors.

The free energy profile for the POPC PLB shown in figure 4(c) corresponds very well to
previously calculated profiles [33, 54], whereas the profile for AQP1 presented in figure 4(a) is
somewhat lower than the profile given in [33]. This is probably attributed to the different
calculation time used in this and previous calculations, or most likely because of the long range
dispersion correction applied in previous simulations for energy and pressure, which is not the
case in these simulations. This dispersion correction most probably does not affect the systems
with lipid molecules (cf. figure 4(c) and [54]) and only has some effect on the protein systems.
Nevertheless, since our aim in this study is to determine the relative permeation and find out
through which of these model systems the H,O, molecules translocate more easily to the cell
interior, we can use these results in our permeability coefficient calculations. We estimated that



the relative difference in energy values (i.e., difference between previously calculated energy
profile [33] and the energy profile given in figure 4(a)) does not affect the relative permeation, as
the permeability coefficient of H>O, through AQP1 is much greater than that across the PLB (see

below).
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(d)). This indicates that the performed simulations are adequate. Note that the standard
deviations of the profiles are shown in gray (a,b) and black (c,d) colors.

H,0; can, in principle, also penetrate through the central cavity of AQPI1 (cf. figure 1(a)).
However, we do not consider this, as the corresponding free energy barrier is much higher than
through the pores (see figure 6).
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It is clear from figure 4 that the free energy barrier for H>O, transport through AQPI is ca. 3
times lower than through the POPC bilayer (see figure 4(a) and 4(c)), which means that the
probability of H,O, transport across AQP1 is much higher. The reason for the lower free energy
barrier of H,O, across AQPI1 is the following. In the absence of a protein channel, the
permeation of H,O, through the PLB follows the solubility-diffusion model [67, 68]. The excess
free energy steeply increases, since H,O, partitions from the aqueous phase to the membrane
interior, thereby losing its hydration waters. Once inside the hydrophobic core, H,O, diffuses in
a nearly flat energy landscape (see figure 4(c)). The presence of AQP creates a more favorable
pathway for H,O, permeation, with a significantly lower free energy barrier. This can be
explained by looking at the general mechanism of water permeation through AQPs [52, 53, 69].
It is well known that AQP pores are lined by hydrophilic amino acid carbonyl groups and side
chains, which allow for the formation of a narrow water file. The motion of water molecules
through the pore is highly correlated. Water molecules move collectively and, under the action of
the electric macrodipoles of AQPs, they change orientation as they pass through the NPA region
at the pore center (cf. figure 4(a)). Earlier MD simulations have revealed that H,O, and small
oxy-radicals remain partially hydrated as they permeate through AQPs, meaning that they do not
disrupt the water file [33]. Moreover, they respond in a similar fashion as water to the electric
macrodipoles. The structural similarity between H,O, and water reflects itself in similar
permeation mechanisms that in turn explain why H,O, permeation is also facilitated by the AQP
homolog investigated here.

The maximum diffusion coefficient of H,O, through AQP1 is around 1.5 times lower than
though the PLB (see figure 4(b) and 4(d)), but the diffusion coefficient profile gives information
about the motion ability of molecules at each z position of the system, whereas the free energy
profile reveals the penetration ability to each z position from a certain position (e.g., from the
water layer), showing its barrier. Therefore, comparing the energy barriers is more important
than comparing the diffusion coefficients. The diffusion coefficient at each z position simply
indicates whether H,O, moves in this position with higher or lower velocity, where reaching this
position depends on the energy barrier. However, the diffusion rate profile is necessary for
calculating the permeability coefficient of the solute (see eq. 5).

The calculated permeability coefficients of H,O, across AQP1 and the POPC bilayer show
that the permeability of H,O, through AQPI is at least two orders of magnitude higher than



through the POPC PLB, i.e., Pagpi=2.57 cm/s and Ppopc prp=6.62x10" cm/s. Thus, to
summarize, H,O, most probably travels through AQPs to the cytoplasm rather than through the
PLB.

We should mention here that the cell membrane on its own is a complex system consisting of
different types of PLs, AQPs, etc., and we cannot take all these components into account in our
simulations. Moreover, we limited ourselves by showing the results only for AQP1 and a POPC
PLB, mainly due to the computational cost and time of the simulations (see section 2). However,
based on the following considerations, we believe that we can still make the above mentioned
conclusion. The AQP1 we chose is a typical AQP with a pore size of 2.8-3 A [32, 49, 53],
through which H,O, molecules with diameter 2.5-2.8 A are able to pass [32, 50, 70]. On the
other hand, some AQPs, such as AQP8 and/or aquaglyceroporins (i.e., permeated by water plus
glycerol) have even bigger pore sizes, i.e., 3.2 and 3.4—4 A, respectively [49, 71, 72], which
makes the transport of H,O, much easier across these channels compared to other AQPs.
Accordingly, the permeability coefficient of H,O, will also be bigger in these AQPs. In the case
of the POPC, we might choose other PLBs, however, most of these systems have similar free
energy profiles for the transport of H,O, (see e.g., [25, 27, 54]). We can expect that the H,O,
diffusion rate profiles through these systems will also be at the same order, as these PLB systems
only differ with their lipid tail compositions, having the same head groups. Hence, we can
assume that the permeability coefficient of H,O,, which depends on the free energy and diffusion
rate profiles (see eq. 5), will also be in the same order. Thus, based on these considerations, we
may conclude that the permeability of H,O, through AQPs is at least two orders of magnitude
higher than through the PLB.

In our previous studies [24-26] we showed the ability of ROS transport through the membrane
upon oxidation of lipids and/or strong electric fields. The conditions of these studies in
experiments most probably correspond to longer CAP treatment times or to higher plasma doses,
as well as to some CAP sources which generate strong electric fields, like DBD or linear-field
plasma jets. The condition of the present study most likely corresponds to lower plasma doses or
short treatment times, and when the effect of electric field is excluded or negligible, i.e., where
the creation of membrane pores, due to strong electric fields and/or lipid oxidation, does not
occur. In practice, we thus believe that both mechanisms, i.e., transport through membrane pores
and through AQP, can occur, depending on the conditions.

4. Conclusions

The aim of our study was to elucidate the selective anti-cancer mechanism of CAP based on
the presence of AQPs in the cell membrane and to determine the precise role of AQPs in this
selective anti-cancer capacity, applying computer simulations.

We studied the permeation processes of H,O, through AQP1 and the POPC PLB, showing
that the free energy barrier for H,O, transport through AQP1 is ca. 3 times lower than through
the POPC bilayer, and the permeability coefficient of H,O, is at least two orders of magnitude
higher. This indicates that the AQP transmembrane proteins are the most favorable channels for
H,0, penetration into the cell interior, rather than the PLB itself. Hence, the performed
simulations give insight into the mechanisms of H,O, (one of the ROS) permeation into the
cytoplasm. This might explain the experimentally observed faster consumption of extracellular
H,0, by cancer cells than by normal cells, which is due to a higher expression of AQPs in cancer
cells compared to homologous normal cells.

Thus, the present investigation confirms that the mechanism for the CAP treatment selectivity
towards cancer cells can be explained based on a higher AQP expression in their cell membrane.

It should be mentioned that although the results of free energy profiles of some RONS
through AQPs are available in literature [33, 73], the overall nature of RONS permeation across
both native and RONS-modified (i.e., oxidized/nitrosated) AQPs, namely their free energy and



diffusion rate profiles as well as permeability coefficients, is still unclear. This will be the subject
of our future study.
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