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ABSTRACT: Anticancer polymers represent a novel, promising
class of therapeutical agents aimed to combat emerging multidrug
resistance. Here, we employ atomic-scale computer simulations to
explore for the first time the molecular-level impact of anticancer
polymers on model cancerous membranes. To this end, we focused
on methacrylate-based random copolymers with proven anticancer
activity. Our computational findings show that phosphatidylserine
lipids on the surface of cancerous membranes serve as the primary
targets for protonated amine groups of anticancer polymers.
Adsorption of cationic anticancer polymers induces the lateral
ordering and clustering of anionic phosphatidylserines in line with existing experimental data. Embedding polymers into the
membrane results in an expansion of the membrane, which is accompanied by a drop in its thickness and by disordering of lipid acyl
chains. Within the membrane, anticancer polymers adopt a comb-like conformation with the backbones being buried in the
hydrophobic membrane core and the protonated side groups being bound to lipid phosphate groups. The polymer-induced thinning
of the membrane turns out to depend non-monotonically on polymer hydrophobicity. This highlights the importance of a balance
between the overall charge and the hydrophobicity of polymers for promoting anticancer activity. Although spontaneous pore
formation was shown to be beyond the time scales accessible through atomic-scale simulations, membrane thinning can be
considered a first step toward the nucleation of transmembrane pores and subsequent membrane collapse. Our electroporation tests
showed that the membrane became more prone to poration upon adsorption of anticancer polymers. All in all, our computational
findings provide valuable microscopic information for further optimization of anticancer polymeric agents.

Bl INTRODUCTION

One of the major challenges in cancer therapy is related to
emerging multidrug resistance. Cancer evolution has led to a
situation when cancer cells became resistant to structurally
distinct drugs with various mechanisms of action.' As a result,
there is a substantial demand for novel anticancer agents that
could overcome the existing drug resistance. In this regard,
anticancer polymers represent a promising class of therapeutic
alternatives for combating tumors.” Such polymers have many
advantages, including lower in vivo degradation compared to
anticancer peptides, scalable mass production, and low cost.
Anticancer polymers are often inspired by antimicrobial
polymers: they represent cationic species that specifically
target the surface of cancer cells.* Similar to bacteria, cancer
cells have a negatively charged surface® due to several factors,
with the main one being the overexpression of negatively
charged phosphatidylserine (PS) lipids on the outer leaflet of
cancerous cell membranes.’

As far as important representatives of anticancer polymers
are concerned, Kuroda et al. recently reported methacrylate-
based random copol7ymers that exhibited cytotoxicity to
prostate cancer cells.” The anticancer polymers were built
from cationic and hydrophobic monomeric units; the charged
monomers contained primary amine groups that mimicked
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lysine residues of anticancer peptides. The authors showed that
anticancer activity could be tuned through adjusting monomer
composition: the optimal impact on cancer cells was achieved
when the ratio of cationic-hydrophobic groups was set to 2:1
(the polymer P-S in ref 7). A further increase in hydro-
phobicity had no noticeable effect on anticancer activity but
led to a more severe lysis of non-cancerous normal cells.
Furthermore, in addition to cancer cells, the authors
demonstrated that the polymer P-5 promoted the lysis of
giant unilamellar vesicles consisting of the mixture of
zwitterionic and anionic lipids. In our study we employed
atomic-scale molecular dynamics simulations to get a detailed
insight into the impact of the anticancer methacrylate-based
polymers on model cancerous membranes.

To the best of our knowledge, there have been no published
computational studies on anticancer polymers. However, the
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above-mentioned methacrylate-based random copolymers have
been considered via computer simulations in the context of
their antimicrobial activity.® In particular, it was shown that
methacrylate-based copolymer chains built from protonated
and hydrophobic monomers electrostatically attracted to
model bacterial membranes; the latter was represented as a
mixture of zwitterionic phosphatidylethanolamine and anionic
phosphatidylglycerol lipids. The protonated amine groups of
the polymers interacted with the phosphate region of lipid
head groups, while hydrophobic monomers were embedded
into the membrane interior.” Further studies have explored the
effect of the lipid composition of model membranes on
polymer—lipid interactions.'’ Recently, a third type of
monomer (a polar residue'”'” or an anionic residue'”) was
added to cationic and hydrophobic monomeric units, and the
impact of the ternary methacrylate copolymers on model
bacterial membranes was systematically studied.

In our study, we probe for the first time the molecular details
of the interaction between anticancer methacrylate-based
copolymers and model cancerous membranes. Here we closely
follow the experimental study by Kuroda et al.” and consider
binary copolymers of the same chemical structure and the
same molecular weight as in ref 7. We systematically varied the
content of hydrophobic monomers in a polymer chain and
explored how the ratio of protonated and hydrophobic
monomeric units affects the impact of the polymers on
model cancerous membranes.

B MATERIALS AND METHODS

We have performed atomic-scale molecular dynamics simu-
lations to explore the interactions between anticancer
methacrylate-based polymers and model cancerous mem-
branes. In our study, we focused on random methacrylate-
based copolymers with proven anticancer activity as reported
in a recent experimental work.” Overall, we considered three
anticancer polymers, see Table 1 and Figure 1. P5 and P6

Table 1. Anticancer Methacrylate-Based Random
Copolymers”

polymers N Narged Nior ratio
Ps 16 11 S 2:1
P6 17 9 8 1:1
P7 16 S 11 1:2

“Shown are the degree of polymerization, Ny, nomer the numbers of
charged and neutral monomers, Nppeq a0d Nieyery and the ratio of
charged and hydrophobic monomeric units.

polymers closely reproduce the chemical structure and the
degree of polymerization of synthesized random copolymers P-
5 and P-6, which showed the highest anticancer activity.” In
simulations, the protonated and hydrophobic monomers were
evenly distributed over the polymer chain; the end groups
present in the synthesized polymers P-5 and P-6 were
truncated to simplify the chemical structure.””” The ratio of
charged/hydrophobic monomers was 2:1 (PS) and 1:1 (P6).
For completeness, we also considered the polymer P7, which
has a mirrored chemical structure with respect to PS, see Table
1 and Figure 1. P7 is the most hydrophobic polymer in a series
(the ratio of charged/hydrophobic units is 1:2), and its
anticancer activity was not assessed experimentally.”

A membrane of cancer cells was modelled as a mixture of
zwitterionic dioleoyl-phosphatidylcholine (DOPC) and
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anionic dioleoyl-phosphatidylserine (DOPS) lipids. It is
generally accepted that externalization of PS lipids is a
common feature of cancerous cells.”'* Our choice of lipids
was dictated by ref 7 in which the authors studied the impact
of anticancer polymers on giant unilamellar DOPC/DOPS
vesicles. They considered 2 concentrations of PS lipids (10 and
35 mol %) and showed that the polymer-induced lysis of the
vesicles was only slightly affected by the PS content in the lipid
membrane.” In our study, we chose to study a relatively high
concentration of PS lipids (35 mol %) in a model cancerous
membrane to speed up the binding of cationic polymer chains
to the anionic membrane surface. Our model membrane
system consisted of 256 lipids (166 DOPC and 90 DOPS
lipids).

The full-atom CHARMM General Force Field (CGenFF,
version 4.6)"° was used for polymers, while lipids were
described by the CHARMM36 force field.'® Water molecules
were re];resented by the CHARMM version of the TIP3P
model."”” Molecular dynamics (MD) simulations were
performed with the use of the v-rescale thermostat'® and the
C-rescale barostat.'” Pressure was set to 1 bar and controlled
isotropically in simulations of polymer solutions; for polymer-
membrane systems, the semi-isotropic pressure coupling was
used. Constraints were applied to all bonds with hydrogen
atoms. The Lennard-Jones interactions were cut off at 1.2 nm;
the forces were smoothly switched to zero between 1.0 and 1.2
nm. Electrostatic interactions were handled using the particle-
mesh Ewald (PME) method.”® The time step of 2 fs was used;
periodic boundary conditions were applied in all directions.
For all simulations, the Gromacs 2023 simulation suite’’ was
used.

The CGenFF server’” was used to generate the initial
structures and force field parameters for monomers of
anticancer methacrylate-based copolymers. The monomers
were connected into a polymer chain using the Gromacs
simulation suite (the gmx pdb2gmx tool).”’ Before actual
polymer-membrane simulations, polymers in aqueous solution
were studied. Eight copies of each polymer (PS, P6, and P7)
were solvated in a cubic box. The systems were neutralized by
chloride ions; 0.15 M of KCl salt was additionally placed in the
water phase. Each polymer solution was simulated for 1 us at
the physiological temperature of 310 K, see Table 2. The initial
structure of a DOPC/POPS lipid membrane was generated
using the CHARMM-GUI Membrane Builder.”” After
solvation, neutralization by potassium ions, and adding salt
(0.15 M of KCl), the membrane was simulated for 1 us at
various temperatures, see Table 2. This membrane system will
be used as a reference for assessing the impact of anticancer
polymers on model lipid membranes.

Due to the inherent limitations of atomic-scale MD
simulations in terms of the time scales accessible, we set up
the polymer-membrane systems with a special emphasis on
enhanced sampling. First, we consider a relatively high
concentration of polymers. Second, we focus on the binding
of polymers to both leaflets of the membrane, although in
experiments anticancer polymers interacted with the outer
membrane leaflet only.” Preventing one of the monolayers
from being in contact with polymers could hinder the defect
formation in membranes and require longer simulation times.
An additional advantage of the symmetrical polymer binding is
in the independent adsorption of polymers on both membrane
leaflets, which enhances the sampling. And third, as polymer
embedding into the membrane interior is a slow process,” ">

https://doi.org/10.1021/acs.jpcb.6c03563
J. Phys. Chem. B 2026, 130, 9816—9825

920z Jequieydag g uo oyueAoung Asipuy Aq 0€ L PAe66.£05-LZ0d-LBE1-0S5B8-0£809Z89=A8YSS800VvIsenb;4pd £96£009°qodI s08/09Z226+89/91 86/8€/0€ | #pd-ajonie yqodI/Bio soe sqnd woy papeojumog


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.6c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

P5

P6
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Figure 1. Chemical structure of anticancer methacrylate-based copolymers PS5, P6, and P7.

Table 2. Simulated Systems”

polymers DOPC D

PS 8 -

P6 8 -

P7 8 -

PCPS - 166
PCPS-Electro - 166
PCPS-PS 16 166
PCPS-P6 16 166
PCPS-P7 16 166
PCPS-P6-Electro 16 166

OPS

90

90

90

90

90

90

water atoms time
41,888 129,104 1 us (T =310 K)
41,958 129,298 1 us (T = 310 K)
42,117 129,311 1 us (T = 310 K)
13,991 76,907 1 us (T = 310 K)
1 us (T = 363 K)
1 us (T = 423 K)
13,991 76,907 20 X (0.1—0.25 us)
(T =363 K)
26,161 119,718 6 us (T =310 K)
6 pus (T = 363 K)
S us (T = 423 K)
26,212 119,836 6 us (T =310 K)
S us (T = 363 K)
S us (T = 423 K)
26,542 119,918 S us (T =310 K)
S us (T = 363 K)
Sus (T = 423 K)
26,212 119,836 20 X (0.1—0.25 ps)

(T = 363 K)

“Shown are the number of polymers, DOPC lipids, DOPS lipids, and water molecules; the total number of atoms and the simulation time.

we perform MD simulations at elevated temperatures. This is a
standard approach to enhance sampling, and it is routinely
used in computer simulations of antimicrobial peptides
(AMPs) due to the thermostability of the a-helical structure
of most AMPs in the lipid environment.”*”>* Anticancer
polymers are structurally simpler than AMPs, as their action is
not linked to a certain secondary structure. Therefore, one can
expect that high-temperature simulations could be a valuable
tool for polymers.

Overall, each polymer-membrane system consisted of a
DOPC/DOPS lipid membrane and 16 polymer chains (the
polymer-to-lipid ratio was set to 1/16). Initially, polymer
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chains were distributed symmetrically with respect to the
membrane and placed in the water phase in the vicinity of both
leaflets. After solvating and adding 0.15 M of KCl salt, a short,
S ns pre-equilibration run with restrained polymers was carried
out. Position restraints were applied to all non-hydrogen atoms
of polymers in all three directions. After that, all position
restraints were removed, and multi-microsecond simulations
were performed at the physiological temperature of 310 K and
also at elevated temperatures of 363 and 423 K, see Table 2.
For the sake of comparison, a polymer-free membrane system,
PCPS, was simulated at three temperatures (310, 363, and 423
K), see Table 2. Note that in this study, the elevated

https://doi.org/10.1021/acs.jpcb.6c03563
J. Phys. Chem. B 2026, 130, 9816—9825
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temperatures of 363 and 423 K have no physiological relevance
and are used to enhance the sampling.

To explore whether the model cancerous membrane
becomes more prone to poration upon adsorption of
anticancer polymers, we performed a series of simulations
with an applied external electric field. For two systems (PCPS-
Electro and PCPS-P6-Electro), we varied the strength of the
electric field to evaluate the pore formation time at T = 363 K.
All in all, the external electric field was set to 0.225, 0.25, 0.3,
and 0.4 V/nm for the PCPS-Electro system and to 0.1, 0.15,
0.2, and 0.3 V/nm for the PCPS-P6-Electro system. The
simulations were repeated S times with different initial
conditions for each magnitude of the electric field. The
simulation runs were 100—250 ns long, depending on the

applied field, see Table 2.

B RESULTS AND DISCUSSION

Prior to polymer-membrane systems, we performed micro-
second-long simulations of polymer solutions (8 polymer
chains in aqueous solution with 0.15 M of KCI salt). As all
three types of polymers have hydrophobic monomeric units
(Figure 1), these simulations were aimed at shedding light on
possible aggregation behavior of the polymers. To quantify the
polymer aggregation, we carried out a cluster analysis of
polymer chains in solution with the use of the Gromacs tool
gmax clustsize.”' Tt turns out that polymers PS and P6 do not
aggregate, while polymers P7 form small clusters containing on
average 2.0 + 0.4 chains. Such behavior of P7 polymers is not
surprising, as P7 is the most hydrophobic polymer in the series,
see Figure 1 and Table 1. As we proceed to show, the
aggregation of P7 polymers will affect the interactions of the
polymers with model cancerous membranes.

To explore the impact of anticancer polymers on model lipid
membranes, 16 polymer chains were placed in water
symmetrically with respect to the membrane, and multi-
microsecond MD simulations were performed at various
temperatures. To speed up the polymer adsorption, we
focused on a relatively high concentration of polymers
(polymer-to-lipid ratio was set to 1/16). The initial binding
of cationic polymers to the anionic surface of a membrane was
driven by the electrostatic attraction. However, to achieve
stable binding to the membrane, a polymer chain should
embed deeper into the membrane interior, which requires
much longer times. Embedding polymer chains results in the
membrane expansion. Therefore, to monitor equilibration, we
followed the time evolution of the area per lipid. Note that
lipid bilayers are almost incompressible in terms of volume; as
a result, the equilibration of the area per lipid implies that
other important quantities, such as the membrane thickness
and the volume per lipid, are also equilibrated. Nevertheless, in
addition to the area per lipid, we also followed the time
evolution of the membrane thickness to ensure that
equilibration is achieved. It turns out that at low temperatures
(T = 310 K), the equilibration of polymer-membrane systems
takes several microseconds. At higher temperatures (363 and
423 K), the equilibration occurs faster; nevertheless, high-
temperature simulations were also extended to 5—6 s, see
Table 2.

In Figure 2A we present the average values of the area per
lipid for all simulated membrane systems at various temper-
atures. If not stated otherwise, all structural characteristics are
averaged over the last microsecond of the trajectory for
polymer-membrane systems and over the last 500 nanoseconds
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Figure 2. (A) The area per lipid at various temperatures. (B) The
thickness of the membrane at various temperatures. Shown are results
for a polymer-frre DOPC/DOPS membrane as well as for the
membrane interacting with PS, P6, and P7 polymers.

for the polymer-free membrane system; the errors are standard
deviations calculated over 10 ns blocks.

As seen, increasing the temperature leads to a systematic
increase in the area per lipid for a polymer-free membrane
system. For polymer-membrane systems, we observe an
additional growth of the area per lipid due to embedding
polymers into the membrane (Figure 2A). The impact of PS
and P6 polymers can be directly linked to the hydrophobicity
of the polymers: more hydrophobic polymers, P6, embed
deeper into the membrane, leading to a larger area per lipid.
This relative difference in the impact of PS5 and P6 is also
observed at elevated temperatures (363 and 423 K). However,
the corresponding absolute values of the area per lipid show a
noticeable increase with temperature, implying that heating the
systems promotes more polymers to partition into the
membrane, see Figure 3.

As far as the polymers P7 are concerned, the situation is
more involved. At the physiological temperature (310 K), the
area per lipid for the PCPS-P7 system is lower than that of PS
and P6 counterparts (Figure 2A), although P7 polymers are
more hydrophobic. This is due to the above-mentioned
aggregation of P7 polymers in the water phase; some of these
aggregates are seen in Figure 3 even after S ys simulations. To
adsorb on the membrane surface, polymer chains should first

https://doi.org/10.1021/acs.jpcb.6c03563
J. Phys. Chem. B 2026, 130, 9816—9825

920z Jequieydag g uo oyueAoung Asipuy Aq 0€ L PAe66.£05-LZ0d-LBE1-0S5B8-0£809Z89=A8YSS800VvIsenb;4pd £96£009°qodI s08/09Z226+89/91 86/8€/0€ | #pd-ajonie yqodI/Bio soe sqnd woy papeojumog


https://pubs.acs.org/doi/10.1021/acs.jpcb.6c03563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c03563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c03563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c03563?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.6c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

T=310K

T=363 K

Figure 3. Snapshots of three polymer-membrane systems at two temperatures (310 and 363 K). Shown are the final configurations at the end of
multi-microsecond simulation runs (5—6 us). Lipid membranes are shown in cyan, polymers are shown in yellow, and protonated amine groups are
presented as green spheres; water and ions are not shown. The snapshots were prepared using the VMD visualization software.*’

leave the aggregates, which is a slow process at a relatively low
temperature of 310 K. Therefore, the aggregation of P7
polymers slows down the kinetics of polymer adsorption on
the membrane surface. However, this aggregation does not
affect the final binding of P7 polymers. Indeed, heating the
system to 363 K destroys these aggregates and allows P7 chains
to embed into the membrane. Importantly, the area per lipid
practically coincides for PCPS-P6 and PCPS-P7 systems at T =
363 K and T = 423 K, most likely due to the partition of all
polymer chains in the membrane, see Figures 2A and 3.
Similar conclusions can also be drawn from the membrane
thickness presented in Figure 2B, as the increase in the area per
lipid normally leads to a drop in thickness. The only noticeable
difference is in the non-monotonic dependence of the
membrane thickness on polymer hydrophobicity at elevated
temperatures of 363 and 423 K. In spite of the fact that the
area per lipid for PCPS-P7 is a bit larger than that for PCPS-
P6, P7 polymers lead to a smaller membrane thinning
compared to P6 (Figure 2). The membrane thickness is
measured as the distance between averaged positions of
phosphate atoms on the opposite leaflets of the membrane. In
addition to the thinning due to the membrane expansion, the
partition of polymers in the membrane pulls the phosphate
groups towards the membrane interior. However, the number
of protonated amine groups that interact with lipids’
phosphates is considerably smaller in the case of P7 as
compared to P6 (see Table 1), resulting in the observed non-
monotonic behavior. Therefore, a subtle balance between the
overall charge and hydrophobicity of polymers is essential to
promote the membrane thinning, which is often considered a
prerequisite for nucleation of pores in lipid membranes.**~>*
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Although we did not observe the formation of trans-
membrane pores in the considered systems, simulations at
elevated temperatures allow us to obtain a rough estimate of
the lower boundary for the time scales required for pore
formation. To do that, one needs to relate the time scales at
the lowest (310 K) and the highest (423 K) temperatures. If
the formation of a pore is a thermally activated process, the
rate constant of pore formation is determined by exp-
(=AGyor/kpT), where AG,,, is the free energy of pore
formation.”> Assuming that the free energy AG,,, does not
depend on temperature and taking 80 kJ/mol as a typical
value™ for AG, We can conclude that the high-temperature
simulations (T = 423 K) speed up the process of pore
formation by ~4000 times compared to T = 310 K. Given that
we performed simulations on a multi-microsecond time scale,
the pore formation in the considered systems requires at least
tens of milliseconds at physiological temperature (310 K),
which is hardly accessible at present in atomic-scale computer
simulations.

Interactions of anticancer polymers with model cancerous
membranes are of tremendous importance in terms of
targeting these polymeric agents to cancer cells. Experimental
studies of the anticancer polymers hypothesized that PS lipids
can play a major role for such targeting. In particular, it was
shown that anticancer methacrylate-based copolymers PS led
to the lysis of giant unilamellar DOPC/DOPS vesicles but had
no impact on their DOPC counterparts.7 In simulations, we
found that protonated amine residues of methacrylate-based
copolymers interact considerably stronger with phosphate
groups of DOPS lipids compared to those of DOPC lipids, as
seen from the corresponding radial distribution functions
(RDPFs), see Figure 4. This selectivity of anticancer polymers to

https://doi.org/10.1021/acs.jpcb.6c03563
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Figure 4. Radial distribution functions (RDFs) of nitrogen atoms of protonated amine groups of anticancer polymers and phosphorus atoms of
head groups of anionic DOPS (left) and zwitterionic DOPC (right) lipids at T = 363 K.

PS lipid head groups on the membrane surface resembles the
similar preferential binding of antimicrobial cationic polymers
to anionic phosphatidylglycerol lipids of model bacterial
membranes.” ">’

A detailed analysis of the number of contacts between
protonated polymer groups, NH;, and lipid phosphate groups,
Pjiiqy again shows a nonmonotonic dependence on polymer
hydrophobicity, see Figure SA. Due to higher hydrophobicity,
P6 polymers embed easier into the membrane as compared to
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Figure 5. (A) The number of contacts (per lipid) of protonated
polymer groups, NH;, with lipid phosphate groups, Py;q, at different
temperatures. (B) The fraction of protonated amine groups that are in
contact with lipid phosphates at different temperatures.
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PS (Figure 3) and form more contacts with lipid phosphates,
even though a P6 polymer has somewhat smaller number of
NH, groups, see Table 1 (9 for P6 versus 11 for PS). As a
result, the number of NH;—Py;,;4 contacts for P6 is larger than
for PS, see Figure SA. In contrast, the most hydrophobic
polymer P7 has only 5 protonated amine groups, which is ~2
times smaller than for PS5 and P6. Therefore, the number of
NH;—Pj,q contacts is also noticeably smaller, despite the
higher hydrophobicity, as seen in Figure SA. On the other
hand, the small number of charged groups along with deeper
partition of P7 polymers into the membrane interior results in
a superiority of P7 over the rest of the polymers in terms of the
fraction of NH; groups that are in contact with lipid
phosphates at elevated temperatures (Figure SB).

Another important conclusion to be drawn from Figure S is
related to the convergence of high-temperature simulations.
Heating the polymer-membrane systems from 310 to 363 K
speeds up considerably the partition of anticancer polymers in
the membrane. In turn, simulations at an even higher
temperature of 423 K do not lead to any noticeable changes
in the number of NH;—Py,4 contacts and in the fraction of
protonated amine groups that are in contacts with lipid
phosphates, see Figure S. This implies that the MD simulations
at T = 363 K are most likely converged. This is especially
important because such high temperatures can be employed in
experiments, for instance, to probe the thermostability of
anticancer peptides such as cecropin.‘?’4’3’5 Therefore, for the
rest of the paper we will limit the discussion to the high-
temperature simulations at T = 363 K.

While anionic PS lipids are essential for initial binding of
cationic anticancer polymers to the surface of a model
cancerous membrane, the adsorbed polymers can also affect
the lateral distribution of lipids. To explore this, we calculated
two-dimensional radial distribution functions (2D RDFs) for
PS lipids, see Figure 6. First off, a 2D RDF of PS lipids in a
polymer-free DOPC/DOPS membrane has a pronounced first
peak, which corresponds to a certain lateral clustering of
anionic lipids even without polymers. This clustering could be
lipid- and force field-specific. For instance, 2D RDFs for
anionic phosphatidylglycerol lipids in a phosphatidylethanol-
amine/phosphatidylglycerol membrane described by the
AMBER force field did not develop any peaks.”* In turn,
adding anticancer polymers to the membrane system makes
the peak of 2D RDFs of PS lipids noticeably higher, see Figure
6. This implies that anionic DOPS lipids become more ordered
on the membrane surface upon adsorption of cationic
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Figure 6. Two-dimensional radial distribution functions of phosphate
groups of DOPS lipids at T = 363 K.

anticancer polymers. This is in line with the strong interactions
of protonated polymer groups and DOPS lipid phosphate
groups as discussed earlier (Figure 4). This effect is weaker for
P7 polymers, most likely due to a considerably smaller number
of charged amine groups of P7, see Table 1.

We also performed a cluster analysis of DOPS phosphate
groups on the membrane surface; the position of the 2D RDF
first minimum (0.7 nm) in Figure 6 was used as a cut-off length
for two groups to be neighbors. The average number of PS
lipids per cluster amounted to 1.44 + 0.06 for PS, 1.39 + 0.05
for P6, and 1.32 + 0.04 for P7. Given that in a polymer-free
lipid bilayer, the clusters contain 1.35 + 0.03 PS lipids, P5 and

P6 polymers induce additional lateral clustering of anionic
lipids.

Importantly, the observed polymer-induced ordering and
clustering of PS lipids is in line with existing experimental data.
As shown in ref 36, the binding of cationic polymer polylysine
to PC/PS membranes led to the formation of domains
enriched in PS lipids on the membrane surface. It is also
noteworthy that similar polymer-induced segregation of
anionic lipids has also been observed in experimental’” and
computational”® studies of model bacterial membranes
interacting with cationic polylysine chains.

To evaluate the structural changes in DOPC/DOPS lipid
membranes upon adsorption of cationic anticancer polymers,
we calculated mass density profiles of principal components of
polymer-membrane systems, see Figure 7. For a polymer-free
system PCPS, we observe lipid and water distributions typical
for lipid bilayers. The lipid mass density profile has a well-
structural shape with two maxima corresponding to lipid head
groups and a minimum in the central membrane region
occupied by lipid acyl chains. Water molecules permeate
relatively deep into the lipid head group region, forming the
lipid/water interface. Embedding anticancer polymers into the
membrane has a noticeable impact on the lipid density profile.
Accommodation of PS polymers within the membrane
straightens the peaks and the well of the density profile of
lipids, while polymers P6 and P7 make the lipid profile flat, see
Figure 7. An obvious lack of structure in the lipid density
profile implies the disordering effect of anticancer polymers on
lipid molecules. It is noteworthy that the polymers partition
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Figure 7. Component-wise mass density profiles for DOPC/DOPS lipid membranes interacting with anticancer polymers. Shown are profiles for
lipids, water molecules, and polymers; the profile for lipid phosphate groups is also presented.
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anticancer polymers are localized within the phosphate region
of lipids, which is in line with the above-mentioned strong
NH;—Py,q interactions (Figure 8A). In turn, the polymer
backbones partition considerably deeper into the membrane
interior (beyond the lipid phosphate groups), see Figure 8B.
The depth of the partition again correlates well with the
polymer hydrophobicity. Taken together, one can conclude
that anticancer polymers adopt a comb-like conformation
within the DOPC/DOPS membrane: the backbones are
buried in the hydrophobic core of the membrane, while
protonated side groups are attached to the phosphate region of
the membrane, see Figure 8.

The polymer-induced perturbation of the membrane
structure, which is seen in Figure 7, can also be characterized
through the changes in the ordering of lipid chains. In Figure 9
we present deuterium order parameters of acyl chains of
DOPC and DOPS lipids. For a polymer-free system PCPS,
deuterium order parameters have a typical shape of lipids with
unsaturated hydrocarbon tails. Adsorption of cationic anti-
cancer polymers has a systematic disordering effect on acyl
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correspond to those close to lipid head groups.

chains of both DOPC and DOPS lipids. The polymer impact
on DOPS lipid chains is somewhat higher than for DOPC
counterparts, which is in line with stronger interactions of
cationic anticancer polymers with PS phosphate groups
(Figure 4). Interestingly, polymers PS and P6 disorder the
entire acyl chains, while the effect of P7 polymers starts only
from carbon atom 10 and extends to the end of the acyl chains.
It is likely linked to the fact that a P7 polymer has just S
protonated amine groups (compared to 11 for PS and 9 for
P6) and, therefore, perturbs acyl chains near lipid head groups
to a lesser extent compared to PS and P6 polymers.

The disordering of lipid acyl chains along with membrane
thinning discussed earlier can be considered first steps towards
the poration of model cancerous membranes by anticancer
polymers. As mentioned above, the pore formation process is
not accessible through atomic-scale computer simulations for
the system at hand. However, we can use an external electric
field to demonstrate that the membrane indeed becomes more
prone to pore formation upon polymer adsorption. In Figure
10 we present the poration time as a function of the applied
electric field®" for the polymer-free membrane and for the
membrane system with P6 polymers. It is seen that the system
with P6 polymers requires noticeably weaker electric fields for
poration compared to its polymer-free counterpart. Therefore,
anticancer polymers do make the model membrane more
prone to the formation of transmembrane pores.
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Figure 10. Poration time as a function of the applied electric field at T
= 363 K (semilogarithmic coordinates). Shown are results for the
polymer-free model membrane (PCPS-Electro) and for the
membrane with P6 polymers adsorbed (PCPS—P6-Electro). The
errors are standard errors of the mean calculated over five replica
simulations.

B CONCLUSIONS

In this paper, we report the first computational study of
anticancer polymers interacting with model cancerous
membranes. These polymers represent a novel, promising
class of antitumor therapeutics aimed to overcome emerging
multidrug resistance. Here we focused on cationic methacry-
late-based random copolymers with proven activity against
prostate cancer cells as well as mixed phosphatidylcholine/
phosphatidylserine lipid vesicles as a model of cancerous cell
membranes.” We systematically varied the ratio of protonated
and hydrophobic monomers in polymer chains (2:1, 1:1, and
1:2) and employed atomic-scale molecular dynamics simu-
lations to get a detailed insight into the interactions of the
anticancer polymers with cellular membranes.

Our computational findings show that cationic anticancer
polymers have a tremendous impact on the structural
properties of lipid membranes. Anionic phosphatidylserine
lipids on the membrane surface are shown to be the primary
targets for protonated amine groups of anticancer polymers.
This is important in view of the targeting of polymeric agents
to cancerous cells that are characterized by the phosphati-
dylserine externalization. What is more, adsorption of cationic
anticancer polymers induces lateral ordering and clustering of
anionic phosphatidylserine lipids. This result agrees with
experimental data on the formation of domains enriched in
phosphatidylserine lipids due to adsorption of cationic
polymers.

Embedding polymers into the membrane results in a
considerable expansion of the membrane, which is accom-
panied by a drop in its thickness and by systematic disordering
of lipid acyl chains upon polymer adsorption. The depth of
polymer partition into the membrane correlates well with
polymer hydrophobicity. In the interior of the membrane,
anticancer polymers adopt a comb-like conformation with the
backbones being buried in the hydrophobic membrane core
and the protonated side groups being bound to the region of
lipid phosphate groups. Interestingly, the decrease in
membrane thickness depends non-monotonically on polymer
hydrophobicity: the most hydrophobic polymer considered in
our study possesses a relatively small number of protonated
amine groups and therefore has a limited ability to pull the
lipid phosphate groups towards the membrane interior. This
finding highlights the importance of a balance between the
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overall charge of an anticancer polymer and its hydrophobicity
to promote the membrane thinning.

Due to time-scale limitations of atomic-scale computer
simulations, we did not witness the polymer-induced formation
of transmembrane pores. Our estimates based on high-
temperature simulations show that the pore formation requires
at least tens of milliseconds at the physiological temperature.
However, the observed drop in membrane thickness is an
important sign on its own, as such thinning is often considered
a prerequisite for nucleation of pores in model cell
membranes.’”** Indeed, simulations with an external electric
field proved that the model membrane became more prone to
pore formation upon adsorption of anticancer polymers.
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