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ABSTRACT: Although synthetic cationic polymers represent
a promising class of effective antibacterial agents, the molecular
mechanisms behind their antimicrobial activity remain poorly
understood. To this end, we employ atomic-scale molecular
dynamics simulations to explore adsorption of several linear
cationic polymers of different chemical structure and
protonation (polyallylamine (PAA), polyethylenimine (PEI),
polyvinylamine (PVA), and poly-L-lysine (PLL)) on model
bacterial membranes (4:1 mixture of zwitterionic phosphati-
dylethanolamine (PE) and anionic phosphatidylglycerol (PG)
lipids). Overall, our findings show that binding of polycations

to the anionic membrane surface effectively neutralizes its charge, leading to the reorientation of water molecules close to the
lipid/water interface and to the partial release of counterions to the water phase. In certain cases, one has even an overcharging of
the membrane, which was shown to be a cooperative effect of polymer charges and lipid counterions. Protonated amine groups
of polycations are found to interact preferably with head groups of anionic lipids, giving rise to formation of hydrogen bonds and
to a noticeable lateral immobilization of the lipids. While all the above findings are mostly defined by the overall charge of a
polymer, we found that the polymer architecture also matters. In particular, PVA and PEI are able to accumulate anionic PG
lipids on the membrane surface, leading to lipid segregation. In turn, PLL whose charge twice exceeds charges of PVA/PEI does
not induce such lipid segregation due to its considerably less compact architecture and relatively long side chains. We also show
that partitioning of a polycation into the lipid/water interface is an interplay between its protonation level (the overall charge)
and hydrophobicity of the backbone. Therefore, a possible strategy in creating highly efficient antimicrobial polymeric agents
could be in tuning these polycation’s properties through proper combination of protonated and hydrophobic blocks.

B INTRODUCTION

Polymeric biocides (i.e., polymers with antimicrobial activity)
represent an important class of antibacterial agents.”” They
have shown a considerable potential for application in such
areas as antimicrobial therapy and coatings (sterile bandages
and clothing),‘%’4 food preservation, and water and soil
sterilization.””” Polymeric biocides have many advantages over
low-molecular-weight agents as they demonstrate lower
toxicity,”” long-term antibacterial ability, biocidal activity to a
broader range of pathogenic organisms"® and drug-resistant
bacteria.” Furthermore, their chemical stability and reduced
volatility allow one to minimize negative effects of such factors
as photolytic decomposition and transportation.

Synthetic cationic polymers constitute a wide and important
class of polymeric biocides. A great variety of cationic polymers
that differ in their chemical structure, size, charge density, and
type of ionogenic groups has been synthesized and tested
against their antimicrobial activity.”” In particular, cationic
polymers with pendant biguanide groups'® and polymeric
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phosphonium salts'' were shown to bind to the surface of
bacterial cells to a greater extent as compared to low-molecular
weight cations due to a higher positive charge density of the
polymers. Polyethylenimine (PEI), a cationic polymer with one
of the highest charge density among linear polycations, was
found to make Gram-negative bacteria (such as E. coli)
permeable to hydrophobic antibiotics;'” its alkylated derivatives
displayed biocidal action also against S. aureus.”’ Panarin et al."*
studied interactions of bacterial cells with water-soluble cationic
polymers based on vinylamine, aminoalkyl methacrylates, and
their quaternary ammonium salts and showed that the polymers
changed the permeability of bacterial membranes, increased
transport of low-molecular weight substances into cells and
suppressed some of bacterial enzymes. A more recent study
demonstrated that polyvinylamine (PVA) and alkylated PVA

Received: July 13, 2016
Revised:  September 15, 2016
Published: September 19, 2016

DOI: 10.1021/acs.langmuir.6b02593
Langmuir 2016, 32, 10402—10414


pubs.acs.org/Langmuir
http://dx.doi.org/10.1021/acs.langmuir.6b02593

Langmuir
A B
Hs;C CH,4
18 N
H;;C\/NH{\A EI/\/NHs
NH, NH, NH, NH ¢
C D
+ O Q o -
HaN N N Lo
|1| 18 H
H,C CH,
18 | , . .
NH,  NH;  NHj NH3 NH; NH;
E
i
Hsc/\/\/\/\/\/\/\/\)\o
HsC o
S \/\/\/\/\/\/\/\/\H/ \/\/O\p/o\/\NH;
0 N
o o
F
i
H3C/\/\WW\/\/\O OH
o OH
HsC X i \/\/O\p/o\/l\/
0 o’ X

Figure 1. Chemical structures of polycations (A—D) and phospholipids (E,F) studied. (A) Polyallylamine, PAA, (B) polyethylenimine, PEI, (C)
polyvinylamine, PVA, (D) poly-L-lysine, PLL, (E) dioleoylphosphatidylethanolamine, DOPE, and (F) dioleoylphosphatidylglycerol, DOPG.

derivatives were able to inhibit the growth of both Gram-
positive and Gram-negative bacteria.'>'® Polyallylamine (PAA),
another polycation with ionogenic primary amino groups, was
also studied with respect to its antibacterial activity in solution
and was found to inhibit the growth of both E. coli and S.
aureus."” Furthermore, layer-by-layer deposition of PAA also
displayed considerable antimicrobial activity.'® As far as
cytolytic and antimicrobial polypeptides are concerned, poly-
L-Lysine (PLL) is often considered as an important
representative,' ">

According to ref 10, a mechanism of action of cationic
biocides can be summarized as follows. After adsorption on the
surface of a bacterial cell, a biocide diffuses through the cell wall
toward the cytoplasmic membrane, binds to it, and induces
rupture of the membrane, giving rise to release of cytoplasmic
constituents and eventually to cell death. As a primary target for
cationic polymers is the cytoplasmic membrane of bacterial
cells,””'%** it comes as no surprise that the impact of
polycations on model membranes of various composition has
been studied extensively both experimentally” and computa-
tionally.” In particular, Tkeda et al. demonstrated that cationic
polymers had almost no effect on membranes composed of
zwitterionic (neutral) phosphatidylcholine (PC) and phospha-
tidylethanolamine (PE) lipids, while they interacted strongly
with anionic pure phosphatidylglycerol (PG) and mixed PG/
PE lipid membranes, inducing aggregation of the anionic lipids
in the vicinity of the adsorption site and reducing the phase
transition temperature of PG lipids.””*® Such formation of
domains enriched with anionic lipids upon adsorption of
cationic polymers onto lipid vesicles was also reported in a
number of studies.””>* It is noteworthy that the polymer
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topology and molecular weight are also among the factors that
affect polycation—membrane interactions. For instance, it was
shown that short PLL fragments destabilize lipid membranes,
while longer PLL molecules are able to demonstrate an
opposite effect, i, increase the membrane stability.*”*
Another related study focused on the effects of PAA, PEI and
PLL and showed that only PAA and branched PEI are capable
of changing the permeability of anionic membranes built from
PC and phosphatidylserine (PS) lipids.*

In addition to experimental studies, computer modeling is
normally considered as a source of important information that
is not accessible easily through any other techniques. This is
essentially the case for atomistic computer simulations that are
able to provide an unprecedented microscopic insight into the
structure and properties of molecular systems in question. As
far as synthetic cationic polymers are concerned, the vast
majority of computational studies have focused on dendrimers,
a special class of hyperbranched polymers that are able to carry
a large positive charge under physiological conditions; see ref
36 for a recent review. Considerably less attention has been
paid to linear cationic polymers and their interactions with
model biological membranes. In fact, the related studies in
which atomistic computer simulations were applied to
polycation-membrane systems appeared only very recently.*

Kepczynski et al.’” considered the effect of a cationic
polymer poly(allyl-N,N-dimethyl-N-hexylammonium chloride)
on a zwitterionic palmitoyl-oleoyl-phosphatidylcholine (POPC)
lipid bilayer. It was shown that short fragments of the
polycation, being placed inside the bilayer, are able to enhance
the permeability of the bilayer through formation of hydrophilic

pores filled with water. Hill and co-workers’>* employed
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atomistic molecular dynamics simulations to study a possible
mechanism of disruption of a model bacterial membrane by
cationic polymer oligo-p-phenylene ethynylenes (OPEs). A
mixed dioleoylphosphatidylethanolamine (DOPE)/dioleoyl-
phosphatidylglycerol (DOPG) lipid bilayer was used as a
model of bacterial membranes. The authors showed that a
polycation, being placed in the water phase, adsorbs on the
surface of a lipid bilayer and interacts preferentially with anionic
DOPG lipids, giving rise to formation of DOPG-rich domains.
However, a considerable bilayer perturbation accompanied by
water pore formation was observed only in the case when a
polycation is inserted in the interior of a bilayer. Choudhury et
al.*” studied the impact of linear polyethylenimine (PEI) in
different protonation states on a zwitterionic DOPC lipid
bilayer. Similar to the above-mentioned studies, the authors
demonstrated that protonated PEI was able to induce
formation of a water pore when it was inserted inside the
bilayer perpendicular to the bilayer surface. Finally, Lorenz et
al.*' studied adsorption of a short polylysine chain on mixed
anionic/zwitterionic lipid bilayers and highlighted the impor-
tance of hydrogen bonds that stabilized the polycation-
membrane complexes.

It should be emphasized that existing computational studies
of polycation-bilayer systems reported partial disruption of the
bilayer structure via formation of transmembrane water pores
when simulations started from an essentially nonequilibrium
state, namely, when a highly charged linear polymer was
inserted into the bilayer interior. As a result, a molecular
mechanism of pore formation resembles the one highlighted in
ref 42: introduction of charges into the hydrophobic lipid core
of a membrane leads to reorientation of lipid head groups
toward the charges and to the appearance of water defects
(water molecules) in the bilayer interior to hydrate these
charged groups. Note that a complete sequence of events, from
adsorption from solution via insertion into the bilayer interior
to eventually pore formation, is currently beyond the time
scales accessible through atomistic molecular dynamics
simulations. While computational studies have focused mainly
on cation-induced pore formation, considerably less attention
has been paid to the initial steps of polycation’s action on
biological membranes. Therefore, here we present a first
systematic study of adsorption of various linear cationic
polymers from aqueous solution on model bacterial mem-
branes. We chose to consider the following four linear
polycations: polyallylamine (PAA), polyethylenimine (PEI),
polyvinylamine (PVA), and poly-L-lysine (PLL); see Figure 1
for the polycations’” chemical structures. These polymers differ
in the chemical structure of their monomer units and - through
the structural difference - in the protonation state at
physiological conditions. The use of the state-of-the-art
molecular dynamics simulations allows us to follow closely
polymer’s adsorption on the membrane surface and subsequent
rearrangement of water molecules, counterions, and lipid
molecules within the lipid/water interface at an atomic scale.

B METHODS AND MODELS

We have performed atomistic molecular dynamics simulations of a
model phospholipid membrane in the presence of synthetic cationic
polymers. A membrane consists of a 4:1 mixture of zwitterionic
dioleoylphosphatidylethanolamine (DOPE) and anionic dioleoylphos-
phatidylglycerol (DOPG) lipids, see Figure 1 for lipids’ chemical
structures. Such a mixture mimics closely the lipid composition of the
inner membrane of Gram-negative bacteria*’ and has been considered

in a number of experimental and simulation studies.*******> A PE/PG
membrane consisted of 128 lipid molecules (51 DOPE and 13 DOPG
lipids per leaflet). A polycation (or polycations) was placed in the
vicinity of one of the membrane leaflets. Four linear polycations were
considered: polyallylamine (PAA), polyethylenimine (PEI), polyvinyl-
amine (PVA), and poly-L-lysine (PLL); see Figure 1 for polymer’s
chemical structures. All the polycations consisted of 20 repeating
monomer units; their protonation states were adjusted to match the
physiological conditions (pH & 7). Based on experimental data, the
protonation level was set to 15%, 50%, 50%, and 100% for PAA,*
PEL* PVA,*® and PLL,*® respectively (this was achieved through
protonating correspondingly 3, 10, 10, and 20 amine groups of a
polymer). Each system was solvated with an excess of water, and the
number of water molecules varied from ~7700 to 10 900 depending
on the type of a polycation and its concentration. Correspondingly, the
total number of atoms in the systems was in the range from ~40 000
to 48 000. An appropriate number of counterions (Na* ion for a mixed
PE/PG membrane and CI~ ions for polycations) were added in the
system to achieve electroneutrality. A list of simulated “membrane—
polycation” systems is presented in Table 1.

Table 1. Simulated Membrane—Polycation Systems

no. of total charge of simulation

system polycation polycations  polycation(s) (¢)  time (ns)
Lipid-0 500
Lipid-PAA PAA 1 +3 700
Lipid-PEI PEI 1 +10 700
Lipid-PVA PVA 1 +10 700
Lipid-PLL PLL 1 +20 1000
Lipid-PAAX3 PAA 3 +9 700
Lipid-PEIX2 PEI 2 +20 700
Lipid-PVAX2 PVA 2 +20 700

A recently developed AMBER-based force-field Slipids*™ ™" was
used for DOPE and DOPG lipids. Parameters for monovalent ions
were taken from ref 52, and the TIP3P model® was used to describe
water. The AMBERY9 force-field*** was used for polycations. As it
contains a full set of parameters only for PLL, partial charges of PAA,
PVA, and PEI were taken from ref 56.

All simulations were carried out in the NPT ensemble at T = 310 K
and P = 1 bar with use of the GROMACS 4.5.6 software.”” Pressure
was controlled semiisotropically and the thermostat was applied
separately to a lipid membrane, polycation(s), and a water bath with
ions. The Berendsen scheme®® was used for both thermostat and
barostat during equilibration. For production runs the Nose-Hoover
thermostat®>®” and the Parrinello—Rahman barostat®" were applied.
All bonds were constrained with the LINCS algorithm.”> The time
step was 2 fs. Lennard-Jones interactions were cut off at 1.4 nm, while
the particle-mesh Ewald method®® was used to handle electrostatic
interactions. The VMD package64 was used for visualization.

Prior actual “membrane-polycation” simulations a PE/PG lipid
membrane and polycations were separately pre-equilibrated in aqueous
solution for 100 and S0 ns, respectively. The simulation of the
polycation-free membrane system Lipid-0 was extended for more 400
ns, see Table 1. From the simulations of polycations we calculated
their radii of gyrations (0.9 + 0.1, 1.2 + 0.1, 1.0 + 0.1, and 1.4 + 0.1
nm for PAA, PEIl, PVA, and PLL, respectively) and end-to-end
distances (2.1 + 0.7, 3.1 0.7, 2.9 + 0.7, and 2.8 + 0.7 nm for PAA,
PEI, PVA, and PLL, respectively). These data guided us in setting up
simulations of “polycation-membrane” systems in such a way that
polycations did not interact with their periodic images. The initial
configurations of the systems were prepared as follows. A pre-
equilibrated lipid membrane was placed in a simulation box
asymmetrically with respect to the center of the box along the
direction of the membrane normal. This allowed one to put more
water molecules on the membrane side that was in contact with a
polycation. The box size in the membrane plane was set to (6.38 nm X
6.38 nm) in all systems, while the box dimension along the membrane
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normal varied from 10 to 12.5 nm. A well-equilibrated polycation
molecule was rotated to make its long axis parallel to the membrane
surface. A polycation was then placed nearby the membrane leaflet
with the distance between the nearest polycation’s atom and the lipid
leaflet being ~1.5 nm along the membrane normal. In turn, the
distance between a polycation and the end of a simulation box was
between 1.5 and 2.5 nm, excluding thereby unwanted jumps of the
polymer to the opposite side of a box. After that a short run (100 ps)
with position restraints on a polycation was carried out. A polycation
was then released and the simulations continued for 700 ns for systems
with PAA, PEI and PVA. As PLL required longer time for proper
equilibration on the membrane surface, the corresponding simulation
was extended to 1 us; see Table 1. The simulation protocol was the
same also for systems with multiple polymer chains. All average values
presented throughout the paper were calculated by averaging over last
600 ns (membrane systems with polycations) and 400 ns (the pure
membrane system Lipid-0) of MD trajectories. The overall simulation
time amounted to ~6 us.

The bulk ionic concentration was measured for each system as the
average concentration of CI”~ and Na* ions at the most distant position
from both membrane surfaces in a simulation box (the averaging was
carried out over last 300 ns of MD trajectories). The surface potential
W, was estimated as a potential of mean force through the following
equation:

where z is a charge of a counterion, Gy is the bulk concentration of
counterions, and C, is the concentration of counterions at the outer
Helmholtz plane. The outer Helmholtz plane separates the diffuse
layer of an electrical double layer and the surface; its location was
defined as a position of the maximum of the density profile of
counterions that are not able to permeate into the membrane (Cl~
ions).®> We note that the lipid membrane surface is rough,*® so that
introducing any ideal plane represents a simplification. Such an
approach is necessary here for formulating solvable equations. The
values of Cyy and ¥ and the positions of the outer Helmholtz plane
are presented in Table 2.

Table 2. Bulk Ion Concentration, Surface Potential, and
Position the Outer Helmholtz Plane for All Simulated
Systems

Cpux  Helmholtz plane ¥, [polymer] WY, [ref]

system (mM (nm)“ (mV)® (mV)©
Lipid-0 37 2.66 -17 -17
Lipid-PAA 45 2.66 -18 =23
Lipid-PEI 88 2.76 +7 -19
Lipid-PVA 77 2.76 +S -20
Lipid-PLL 101 3.16 +26 -16
Lipid-PAAX3 59 2.66 0 —24
Lipid-PEIX2 96 2.76 +26 —-17
Lipid-PVAX2 90 2.66 +29 -20

“The position of the outer Helmholtz plane on the membrane side
that is in contact with polycation(s). The corresponding location of
the outer Helmholtz plane on the polymer-free side of a membrane
was set to 2.66 nm for all systems. “The surface potential on the
membrane side that is in contact with polycation(s). “The reference
surface potential on the polymer-free membrane side.

B RESULTS AND DISCUSSION

Binding of a Polycation to the Membrane Surface. To
explore the process of binding of a polycation on the surface of
a model bacterial membrane we evaluated the distance between
the centers of mass (COM) of a cationic polymer and a
membrane (Figure 2). The overall electric charge of a PE/PG
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Figure 2. Time evolution of the distance between centers of masses of
a polycation and a PE/PG membrane along the membrane normal.

membrane leaflet equals —13¢, while the charge of polycations
varies from +3e to +20e (see Table 1), so that one can expect
that adsorption is driven by electrostatic attractive interactions
between polymers and the membrane surface. As evident from
the inset of Figure 2, the process of polycation’s adsorption
from the water phase is rather fast for all polymers considered
and takes less than 20 ns. Note that our simulations correspond
to last stages of polycation adsorption and do not include the
mass transfer from bulk water to the membrane surface. In our
model systems the initial adsorption is limited by diffusion of a
polycation and depends on the distance between closest atoms
of a polymer and a membrane in the beginning of simulations
(which was set to 1.5 nm for all the membrane-polycation
systems considered here). As far as the stability of polycation
binding to a PE/PG membrane is concerned, the binding can
be considered as stable for all polymers except PAA whose total
charge is only +3e: as seen from Figure 2, this polymer is able
to unbind from the membrane surface for relatively short
periods of time and come back. Therefore, the stability of the
polymer-membrane binding seems to depend mostly on the
total charge of a polycation rather than on its chemical
structure. This is typical for any charged surface: a cationic
polymer, being the most charged polyion in the electrolyte
solution, accumulates at the outer Helmholtz plane regardless
its chemical nature. In turn, tight polycation binding that
modifies the total charge of the surface is also defined by the
ability of the polycation to bind to lipid polar head groups.
While the initial adsorption of a polycation is electrostatically
driven and mostly determined by the attractive interactions of
polycations with anionic lipids DOPG, once a polycation is on
the membrane surface it starts to interact also with zwitterionic
lipids DOPE. Both DOPG and DOPE lipids have phosphate
groups with negative partial charges, so that zwitterionic lipids
can also contribute to the stability of polymer-membrane
binding. To get insight into the role of DOPG and DOPE lipids
we calculated radial distribution functions (RDF) for
phosphorus atoms of the lipids and nitrogen atoms of
protonated amine groups of polycations, see Figure 3. It is
clearly seen that the main RDF peaks are much higher for
DOPG lipids as compared to DOPE counterparts, implying
much stronger interactions of DOPG lipids with protonated
groups of polymers. Therefore, after the initial binding has
taken place, polycations still interact preferably with anionic PG
lipids on the PE/PG membrane surface in spite of the fact that
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the number of zwitterionic PE lipids is four times larger than ‘g
that for anionic ones. This is due to the electrostatically driven 2
accumulation of anionic lipids around oppositely charged °
groups of a cationic polymer bound to the membrane. 2
To further characterize the interactions between polycations g
and anionic DOPG lipids, in Figure 4 (top), we presented the Z
number of contacts between protonated amine groups of
polycations and negatively charged phosphate groups of DOPG

lipids. To calculate the numbers of contacts, for each
polycation, we first identified the radius of the first coordination
shell that was defined through a position of the first minimum
of the corresponding radial distribution function; see Figure 3.
The number of contacts was then calculated as a cumulative
number of nitrogen atoms of polymer’s protonated amine
groups within first coordination shells of phosphate groups of
DOPG lipids.””**

Figure 4 (top) shows several striking features. First, for PAA,
the least charged polycation, we see relatively long periods of
time (up to SO ns) when the polymer does not form any
contacts with anionic lipids, which again is a sign of very weak
and unstable binding of PAA to the membrane surface. Second,
for the rest of polycations (PEI, PVA, and PLL) one has
approximately the same average numbers of contacts in spite of
the differences in overall charges and chemical structures. The
average values for the numbers of contacts amount to 1 + 1, 7
+ 2, 6 = 2, and S + 2 for PAA, PEI, PVA, and PLL,
respectively. Interestingly, for all cationic polymers the average
number of contacts with anionic PG lipids is considerably
smaller than the number of polymer’s protonated amine
groups. This effect is most pronounced for PLL: while this
polymer has twice as many protonated groups as PEI and PVA,
its average number of contacts with anionic PG lipids turns out
to be smaller as compared to other two polymers. We note that
this is also seen through a relatively small RDF peak for PLL in
Figure 3. Given that 13 DOPG lipids in total are available for
binding with polycations, such a small average number of PLL-
DOPG contacts is a signature of the existence of certain PLL’s
structural features that prevent tighter binding of the polymer.
PLL represents a polypeptide chain with relatively massive side
chains; they sterically restrict mutual orientations of lysine
residues along the main chain, so that some of PLL’s
protonated amine groups are forced to stay in the water

0 100 200 300 400 500 600 700
Time [ns]

Figure 4. Number of contacts between phosphorus atoms of anionic
DOPG lipids and nitrogen atoms of protonated amine groups of
polycations as a function of time. Shown are results for the systems
with single (top) and multiple (bottom) polymer chains. In the latter
case, the number of contacts per chain is shown.

phase without contacts with the membrane surface. It is also
noteworthy that polycations’ protonated groups that participate
in contacts with PG lipid head groups can form more than one
contact with anionic lipids as confirmed through the calculation
of corresponding coordination numbers: 1.2 + 0.2, 1.3 + 0.2,
and 1.1 + 0.2 for PEL, PVA, and PLL, respectively.

Finally, we evaluated the average number of hydrogen bonds
between protonated amine groups of polycations and
phosphate groups of anionic PG lipids: 0.6 + 0.8, 5 +2, S +
2, and 4 + 2 for PAA, PEI, PVA, and PLL, respectively.
Therefore, although the initial attraction between cationic
polymers and anionic membranes is electrostatically driven,
hydrogen bonds also play a significant role in stabilizing of the
“membrane—polycation” complexes.*'

Polycation-Induced Changes in the Lipid/Water Inter-
face. Adsorption of polycations to the anionic membrane
surface should inevitably lead to structural changes in the lipid/
water interface. These may include reorientation of water
molecules close to the membrane surface, release of counter-
ions bound to the surface and changes in lipid packing due to
partitioning of the polymer into the lipid/water interface.

The orientation of water molecules close to the membrane
surface can be characterized by the angle between the water
dipoles and the outward membrane normal. In Figure 5 we
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Figure S. Average cosine of the angle between water dipoles and the
outward membrane normal as a function of the distance from the
membrane center (r = 0). The position of the lipid/water interface is
defined as a point where mass density profiles of lipids and water cross
and is shown by a vertical dashed line.

present the average cosine of this angle as a function of the
distance from the membrane center. When there is no
preferential orientation of water molecules, this quantity equals
zero as it is the case for bulk water, see Figure S for r > 5.0 nm.
Closer to the lipid/water interface one has negative values of
(cos @) for the polycation-free system Lipid-0, which implies
that hydrogen atoms of water molecules are directed toward the
membrane. Such water orientation occurs due to an overall
negative surface charge of a mixed PE/PG membrane; this
charge cannot be completely screened by sodium counterions
that are present in the system.

When a polycation adsorbs on the membrane surface, its
effect on water orientation in the interfacial region turns out to
depend on polycation’s overall charge. In particular, a slightly
charged PAA does not affect the orientation of water molecules
as compared to a polycation-free system, see Figure S. In turn,
adsorption of PEI and PVA, two polymers of the same charge
of +10e leads to a considerable neutralization of the surface
charge of an anionic PE/PG membrane: water dipoles stop
feeling a negative charge of the membrane (ie, (cos®)
becomes zero) at much shorter distances as compared to a
polycation-free system. Finally, PLL whose charge exceeds the
overall charge of a membrane leaflet ((+20e) versus (—13e)),
overcharges the PE/PG membrane, so that the average
direction of the water dipoles in the lipid/water interface
region is inverted ({cosd) becomes positive); see Figure S.
Thus, in contrast to monovalent counterions, polycations are
able to effectively neutralize and even overcharge the
membrane surface.

In Figure 6 (top), we plot mass density profiles of sodium
ions for different membrane systems. The peaks in the profiles
directly correspond to Na® ions that are bound to the lipid/
water interface. It is seen that adsorption of all polycations leads
to reduction of the height of the peaks, the reduction becomes
more pronounced when the overall charge of a polycation
increases. In other words, a positive charge of polycations
effectively pushes sodium counterions from the membrane
surface to the water phase.

To explore the distribution of ions in more detail, in Figure
7, we present the local concentration of sodium and chloride
ions as well as protonated amine groups of polymers on both

.
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Figure 6. (Top) Mass density profiles of sodium counterions as a
function of the distance from the membrane center (r = 0). Shown are
results for a membrane leaflet that is in contact with a polycation.
(Bottom) Component-wise mass density profiles for polycations and
lipids as a function of the distance from the membrane center (r = 0).
The position of the lipid/water interface is shown by a vertical dashed
line.

sides of a PE/PG membrane. For the Lipid-PLL system we
witness that the concentration of CI” ions at the outer
Helmholtz plane of the leaflet with PLL exceeds considerably
that of Na* ions. This is in great contrast to what is observed on
the polymer-free leaflet and is a sign of the above-mentioned
PLL-induced overcharging of a membrane. It is also noteworthy
that the distribution of the protonated amine groups of PLL has
two maxima, supporting the fact that not all charged residues of
PLL form contacts with the membrane surface. Surprisingly, for
the systems with PEI and PVA, the overall charge of ions at the
outer Helmholtz plane of leaflets with a polycation is also
slightly negative, implying an overcharging of the membrane;
see Figure 7. Calculated surface potentials W, of the
corresponding leaflets (see Table 2) turn out to be positive,
additionally supporting the overcharging.

This result is nontrivial as the overall charge of the
polycations (PEI and PVA) is smaller than that of the PE/
PG membrane leaflet (+10e vs —13e), so that the polymer
alone is not able to neutralize the membrane charge and
correspondingly induce the observed overcharging. To explain
the effect we applied the Gouy—Chapman—Stern theory to the
membrane systems at hand; see the Supporting Information for
detailed derivations. This theory was previously used in several
studies to relate the ionic composition and the surface potential
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Figure 7. Local concentration of sodium (red line) and chloride (blue line) ions as well as protonated amine groups of polymers (black line) as a
function of the distance from the membrane center (z = 0). To fit the same scale, the concentration of protonated amine groups was reduced by a
factor of 2. The position of the outer Helmholtz plane is shown by a dashed line on both sides of the membrane.

in membrane systems to anionic or anion/zwitterionic lipid
compositions.””’" It turns out that the PEI(PVA)-induced
overcharging can be observed only under the assumption that
binding centers of a polycation and adsorbed sodium ions are
independent (adsorption of a polycation is assumed to be
irreversible), see Figure 8 (top). What is more, the contribution
of Na" jons to the surface charge systematically drops with an
increase in polymer’s charge but never vanishes as evident from
Figure 8 (bottom). Therefore, the observed overcharging of a
PE/PG membrane by PEI and PVA is most likely a cooperative
effect of a polycation and sodium ions. The theoretical
dependence of the surface potential on the polymer
contribution to the surface charge (Figure 8 (top)) can further
be validated experimentally through the measurement of the {-
potential in liposome suspensions. We note that the surface
overcharging (or the charge reversal) was also reported in a
number of studies on adsorption of polyelectrolytes on
oppositely charged surfaces,”’ providing thereby a support to
our findings.

In order to characterize the partitioning of polycations into
the lipid/water interface, in Figure 6 (bottom), we presented
mass density profiles of cationic polymers after initial
adsorption has taken place. An approximate position of the
water/lipid interface was defined as a point where mass density
profiles of lipids and water cross (shown as a dashed line in
Figure 6 (bottom)). First of all, the mass density peaks of all
polycations are on the right-hand-side from the lipid/water
interface, ie., closer to the water phase, which comes as no
surprise as the polymers are charged and the membrane interior
is essentially hydrophobic. The mass density peaks of PVA and
PEI are considerably closer to the membrane center as

compared to PLL most likely due to a larger overall charge
and a more extended architecture (relatively long side chains)
of PLL. In turn, the total charge of PAA turns out to be too
small to bind tightly to the membrane surface, so that the
corresponding mass density peak is much closer to the water
phase as compared to PEI and PVA. To this end, it is important
to recall that the protonated amine groups of all polycations are
located approximately at the same distance from the membrane
center (see Figure 7). Interestingly, PAA demonstrates the
deepest permeation into the membrane interior among the
polycations (up to 1 nm from the membrane center, see Figure
6 (bottom)): the protonation level of PAA is only 15%, its main
chain has an uncharged end fragment of 6 monomers (12
hydrocarbons) and correspondingly demonstrates considerable
affinity to lipid acyl tails. Thus, the partitioning of polycations
into the lipid/water interface is an interplay between the overall
charge of a polymer and its hydrophobicity. The former is
responsible for the stability of binding, the latter defines an
ability to permeate into the lipid core.

To conclude this section, it has to be emphasized that for all
polymers the adsorption of a polycation did not affect to a
significant extend the membrane’s structural characteristics
such as the area per lipid, the orderin§ of lipid hydrocarbon
chains, and the membrane roughness.6 Furthermore, we did
not find any noticeable changes in the structure of polymers
upon adsorption. All these findings represent an evidence that
the interactions between the membrane and the polycation in
our case is relatively weak.

Lateral Organization and Mobility of Lipids. Many
experimental studies have clearly demonstrated that adsorption
of cationic polymers on membranes that contain anionic lipid

DOI: 10.1021/acs.langmuir.6b02593
Langmuir 2016, 32, 10402—-10414


http://dx.doi.org/10.1021/acs.langmuir.6b02593

f=3

o

—_
T

~__"

90

0.5 1.0 1.5 2.0 2.5 3.0
r [nm]

Figure 9. Two-dimensional radial distribution functions of DOPE—
DOPE (top) and DOPG—DOPG (bottom) lipids.

Langmuir
T T T T T T T T 2.0 T T T T T T T T T T T
40} ] — Lipid-0
- — Lipid-PAA| T
v — Lipid-PEI
5 ° ¢ 15 — Lipid-PVA| 7
g 20 y — Lipid-PLL
E / _
S .
2 o - —
(=7
5 i
2
< —20P ] PE - PE
w2
—40r T | 1 | Il
L 1 L L L L 1 L 2‘0 25 3.0
0.00 001 002 003 004 005 006 007 008
Contribution of polymer to surface charge, C/m? 2.0 — 777
— Lipid-0
- — Lipid-PAA| T
g 0.05q . . . . : : : — Lipid-PEI
@) © O Lipid-0 5F — Lipid-PVA| 7
g = = Lipid-PAA . F — Lipid-PLL | |
5004 " B Lipid-PAAX3 || s
o P o o Lipid-PEI N ,
(&3
€ 0.03p v v Lipid-PVA S
E . e e Lipid-PEIx2
2 v v Lipid-PVAX2 05
tg 0.024 v ¢ ¢ Lipid-PLL |
&
o 1 1 1 L 1 1 l 1 1 L
=
2
B
2
2
o
O

00056001 002 005 004 005 006 007 008
Contribution of polymer to surface charge, C/m?
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i.e, to independent binding centers; green and red lines are for the
situation when a polymer and ions compete for binding sites (eq S9),
see the Supporting Information), while computational results are

presented by symbols.

species resulted in lipid segregation.””**">”* To explore
possible polycation-induced lateral reorganization of phospho-
lipids in our simulations, we calculated two-dimensional radial
distribution function (2D RDF) for centers of mass of different
lipids. In Figure 9, the two-dimensional RDFs are shown for
PE-PE and PG-PG pairs. First off, one can see that
adsorption of polycations does not affect the lateral distribution
of zwitterionic DOPE lipids; see Figure 9 (top). This finding is
in line with the above-mentioned fact that polycations interact
mostly with head groups of anionic DOPG lipids. In contrast,
cationic polymers do affect the distribution of DOPG lipids, the
effect being different for polycations of different types. In
particular, adsorption of PVA and PEI results in a noticeable
lateral redistribution of DOPG lipid molecules as evident from
the appearance of clear peaks in 2D RDFs (see Figure 9
(bottom)), which is a sign of the ordering of PG lipids on the
PE/PG membrane surface. Taking the height of the 2D RDF as
a measure of the degree of lipid segregation, one can conclude

that the effect is most pronounced in case of PVA. In turn, as
seen from Figure 9 (bottom), adsorption of PAA and PLL has
almost no effect on 2D RDFs of PG lipids and correspondingly
does not induce lipid segregation.

Another important characteristic that can shed light into the
polymer-induced aggregation of anionic lipids is a 2D RDF for
lipid molecules and the centers of mass of polycations; see
Figure 10. Remarkably, both PEI and PVA accumulate anionic
PG lipids as evident through clear RDF peaks in Figure 10
(bottom); the process of PG accumulation is accompanied by
depletion of zwitterionic PE lipids in the vicinity of the
polycations; see Figure 10 (top). In contrast, PAA and PLL
again do not affect the “lipid-polymer” 2D RDFs, demonstrat-
ing thereby the above-mentioned lack of lipid aggregation. For
PAA this can be explained solely by a very weak binding of a
polymer chain to the membrane surface and correspondingly to
anionic lipids. However, for a highly charged and tightly bound
polycation PLL, the situation is not that trivial. For instance, the
calculation of 2D RDFs separately for 100 ns blocks shows that
in the beginning of simulations PLL induces PG aggregation in
a similar fashion as PEI does; see Figure S1. However, after
approximately half a microsecond the corresponding RDF peak
for PLL becomes considerably smaller, while the peak for PEI
does not change much. Thus, lipid segregation for a well-
equilibrated PLL—membrane system is indeed negligibly small.

A possible explanation of such behavior of the Lipid-PLL
system could be based on a fact that PLL’s protonated groups
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bound to the membrane surface are not compact enough. To
characterize the compactness of a polycation on the membrane
surface, in Figure S2, we plot the 2D radius of gyration for
polymer’s protonated amine groups that are in contact with
anionic PG lipids. As one can see, this characteristic in the case
of PLL develops high and frequent spikes, so that DOPG lipids
bound to PLL turn out to be considerably less compact as
compared to the systems with PEI and PVA. This is most likely
due to relatively long PLL side chains that are not able to
prevent mixing of anionic and zwitterionic phospholipids under
the adsorbed polycation: DOPE lipid molecules can easily fill
the space between the PLL-bound DOPG lipids. Visual

inspection of lateral distributions of PE and PG lipids on the
membrane surface also confirms this idea; see Figure 11.

Adsorption of polycations to the surface of lipid membranes
can affect the lateral mobility of lipid molecules. To characterize
possible immobilization effects we calculated the mean-squared
displacement (MSD) of lipids in the plane of a membrane. In
practice, we split MD trajectories (last 600 ns for the systems
with polycations and last 400 for a polycation-free system) into
25 ns pieces. To improve accuracy, for each piece we calculated
the MSD of lipids, the overall MSD was evaluated through
averaging over all pieces.”””> The resulting MSDs of anionic
DOPG lipids are shown in Figure S3. Overall, all the
polycations are found to slow down the lateral mobility of
anionic lipids. Interestingly, this immobilization is mostly
defined by the overall charge of a polycation, so that the effect
of a highly charged polycation PLL is most pronounced. As far
as zwitterionic DOPE lipids are concerned, adsorption of
polycations has almost no effect on their lateral mobility (data
not shown).

Polycation Concentration Effects. By far we mostly
focused on the impact of a single polycation on the structure
and properties of mixed zwitterionic/anionic phospholipid
membranes. Increasing concentration of a polycation can be of
interest and importance because it allows one to address
possible cooperative effects that originate from the presence of
several polymer chains in the system. For instance, such
cooperativity was proved to be crucial for the ability of
antibacterial peptides to induce structural defects (pores) in
lipid membranes.”*””® Therefore, to explore the polycation
concentration effects, we additionally considered membrane
systems with multiple polymer chains; see Table 1 for details.
The only exception was the Lipid-PLL system as already a
single polycation PLL has a charge (+20¢) that exceeds
considerably the overall charge of a membrane leaflet (—13e).

In Figure S4, we plot mass density profiles of polycations and
sodium counterions for the systems with increased polycation
concentration. First of all, it is seen that adding several polymer
chains in the system does not change the position of peaks of
mass density profiles as compared to the systems with a single
polycation; see Figure S4 (top). In turn, the height of the peaks
increases when the polymer concentration goes up, indicating a
noticeable accumulation of polycations on the membrane
surface. Therefore, one can witness additivity of contributions
of different polymer chains upon adsorption, although one has
certain competition between the chains on membrane surface;
see Figure S5. It is noteworthy that for PAA such polycation
accumulation at the surface also leads to an increased polymer
content inside the membrane (on the left-hand side from the
lipid /water interface shown by dashed line in Figure S4 (top)).
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Figure 11. Bottom view on a membrane leaflet to which a polycation is bound. Shown are typical snapshots for a reference polycation-free system
(left) and for systems with PLL (middle) and PVA (right). Polycations are shown in red, and phosphorus atoms of DOPE and DOPG lipids are
shown in cyan and yellow, respectively; the rest of lipid atoms are not shown.
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As far as mass density profiles of sodium counterions are
concerned, the above-mentioned additivity of charges of
different chains results in much stronger release of Na ions
out of the membrane surface; see Figure S4 (bottom).
However, not only the overall charge of polycations matters,
the polymer geometry is also important. Indeed, in spite of the
fact that the total charge of cationic polymers in systems Lipid-
PVAX2 and Lipid-PEIX2 is approximately the same as the
charge in the Lipid-PLL system, pairs of PVA and PEI chains
cover the membrane surface in a more effective way as
compared to a single PLL, resulting in an almost complete
release of counterions; see Figure S4 (bottom).

The progressive accumulation of polycation charges upon an
increase in polymer concentration is also seen in the
reorientation of water molecules nearby the lipid/water
interface. Now not only a PLL chain but also pairs of PVA/
PEI chains induce the inverted reorientation of water dipoles
close to the lipid/water interface; see Figure S6. In contrast to a
single-chain situation, three copies of PAA (the overall charge
of +9¢) can neutralize the membrane surface charge to some
extend, although their cumulative effect is weaker than the one
induced by a single PEI/PVA chain, highlighting the
importance of the stability of adsorption as well as the ability
of dense covering of the membrane surface.

When considering 2D RDFs of PG—PG pairs for the systems
with increased polymer concentration, one can notice an
interesting difference from what was seen for the systems with
single polycation chains: the 2D RDF peak for PEI increases
with polymer concentration, while the corresponding peak for
PVA demonstrates an opposite trend; see Figures 12 (top) and
9 (bottom). The same effect is also seen for 2D RDFs of
DOPG and the centers of mass of polycations; see Figures 12
(bottom) and 10 (bottom). A possible explanation of this
intriguing difference can be found in Figure 4 (bottom) where
we plot the numbers of contacts (per polymer chain) between
protonated amine groups of polymers and phosphate groups of
anionic DOPG lipids. A comparison with single-polymer
systems (Figure 4 (top)) shows that the increased polymer
concentration does not affect much the number of contacts for
PEI but almost halves those for PVA. Indeed, averaging over
last 600 ns gives S + 1 and 3 + 1 contacts per chain for systems
Lipid-PEIX2 and Lipid-PVAX2, respectively, while one has 7 +
2 and 6 + 2 for systems Lipid-PEI and Lipid-PVA. This implies
that due to stronger binding to anionic lipids two PVA chains
compete with each other for binding sites, hindering lipid
aggregation around individual chains. In turn, weaker
interactions with anionic lipids allows PEI chains to bind
almost independently to the membrane surface, following
closely the above-mentioned additivity pattern. It is also worth
to note that a more flexible nature of PEI chains could
contribute to the observed difference.

Finally, we studied the effects of polymer concentration on
the lateral mobility of anionic DOPG lipids. As seen from
Figure S7, the larger the accumulated charge is, the stronger
immobilization of lipids is observed, in line with the results
found for single-polymer systems.

B CONCLUSIONS

While synthetic cationic polymers are known to be effective as
antibacterial agents, the molecular mechanisms behind their
antimicrobial activity remain poorly understood. To address
this problem, here we employ atomic-scale molecular dynamics
simulations to systematically explore adsorption of linear
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Figure 12. Two-dimensional radial distribution functions of DOPG—
DOPG lipids (top) and polycation COMs and DOPG lipids (bottom)
for membrane systems with multiple polymer chains.

cationic polymers from aqueous solution on a model bacterial
membrane that consists of a 4:1 mixture of zwitterionic DOPE
and anionic DOPG lipids. The following four linear polycations
are considered: polyallylamine (PAA), polyethylenimine (PEI),
polyvinylamine (PVA), and poly-L-lysine (PLL). These
polymers differ in their chemical structure: PAA and PVA
have a more hydrophobic (hydrocarbon) main chain, while PEI
and PLL have amine groups in their backbones main chains; all
the polymers except PEI have side chains of various lengths; see
Figure 1. Furthermore, the polycations are in different
protonation states at physiological conditions (pH 7), and
their overall charges are listed in Table 1. We note that, to the
best of our knowledge, interactions of PAA and PVA with
model biological membranes have never been studied with the
use of atomistic MD simulations.

Overall, our computational findings show that the impact of
cationic polymers on a model phospholipid PE/PG membrane
is mainly determined by the overall electric charge of a polymer.
In particular, the process of initial polycation binding to the
membrane surface as well as the stability of the binding is
governed by the total polymer charge: the larger polycation’s
protonation level, the tighter binding to the membrane surface.
Therefore, the stability of binding increases from PAA
(protonation level 15%) via PEI and PVA (both 50%) to
PLL (100%). A polymer charge is also responsible for
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adsorption-induced changes in the water/lipid interface.
Binding of polycations to the negatively charged membrane
surface effectively neutralizes its charge, leading to the
reorientation of water molecules close to the interface and to
the release of counterions of anionic lipids to the water phase.
Nevertheless, the counterions are shown to always contribute
to the surface charge as, according to the Gouy—Chapman—
Stern theory, they do not compete with the polymer for
binding centers. This is the reason why we observed a polymer-
induced overcharging of an anionic phospholipid membrane
even in the case when the overall charge of the polymer is
smaller than that of the membrane leaflet. What is more,
electrostatic attractive interactions and hydrogen bonding
between protonated amine groups of polymers and head
groups of anionic PG lipids represent main factors responsible
for the stability of the resulting “polycation—membrane”
complex: even after polycation’s adsorption has taken place,
polymers still interact preferably with anionic PG lipids in spite
of the fact that the number of zwitterionic PE lipids is four
times larger than that for anionic ones. Another major effect of
polycation adsorption is in immobilization of anionic lipids on
the membrane surface, the drop in the lateral mobility of lipids
being more pronounced when polymer species of a
considerable charge are bound to the membrane.

In addition to the above results, we found that some of
polycation-induced changes in the properties of membranes are
defined not only by the overall charge of a cationic polymer but
also by the polymer architecture. In particular, PVA and PEI are
shown to accumulate anionic PG lipids on the membrane
surface, leading to lipid segregation. In turn, a cationic polymer
PLL, whose charge twice exceeds charges of PVA/PEI, does not
induce such lipid segregation due to its considerably less
compact architecture and relatively long side chains. We note
that this computational finding is in line with experimental data
that showed that short PLL chains are not able to induce phase
separation in neutral/anionic lipid mixtures.”> Another
important effect of a polycation is its partitioning into the
lipid/water interface as it can directly be related to the ability of
a polycation to induce structural defects in the membrane.
Interestingly, a cationic polymer PAA that has the smallest
overall charge showed the deepest permeation into the lipid/
water interface. However, its impact is limited by a rather
unstable binding to the membrane due to insufficient
protonation. Therefore, the partitioning of a polycation into
the lipid/water interface is most likely an interplay between its
protonation level (the overall charge) and hydrophobicity of a
polymer. Tuning these polycations’ properties via proper
combination of protonated and hydrophobic blocks could be
one of the possible strategies for constructing highly efficient
antimicrobial polymeric agents.
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