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ABSTRACT: The interactions of DNA/polycation complexes
(polyplexes) with cell membranes are crucial for understanding
the molecular mechanisms behind polycation-mediated delivery
of nucleic acid therapeutics into the target cells. In this study,
we employed both biased and unbiased atomic-scale computer
simulations to get an insight into such interactions. To this end,
we considered complexes of DNA with linear polyethylenimine
(PEI) with various polycation contents, ranging from an almost
fully neutralized DNA to a highly overcharged polyplex. Our
findings clearly show that the free energy gradually increases
when a polyplex approaches the surface of a zwitterionic (neutral) phospholipid membrane from bulk water, implying the lack
of attractive polyplex/membrane interactions. Remarkably, overcharging of DNA molecules by polycations enhances the
repulsion between the polyplex and the zwitterionic lipid membrane. The observed repulsion is most likely driven by the
dehydration of a polyplex upon its partitioning into the zwitterionic lipid membrane as well as by the loss of conformational
entropy of PEI chains. We also demonstrate that cationic polymer chains are able to protect DNA from the dehydration as well
as from contacts with lipid molecules. Interestingly, the absence of local minima in the free energy profiles does not exclude
transient weak adsorption of a polyplex on the zwitterionic membrane surface. We show that such spontaneous adsorption can
indeed be initiated by the interactions of loose polycation chains of the polyplex with polar head groups of lipids. Overall, our
computational findings contribute considerably to the understanding of the initial stages in polycation-mediated DNA
transfection. In particular, we demonstrate that a zwitterionic lipid bilayer represents an energetic barrier for polyplexes, so that
a proper model of the cell membrane should account for the anionic surface charge of the membrane (e.g., due to the presence

of proteoglycans).

B INTRODUCTION

Basic concepts of gene therapy were first introduced almost
five decades ago.' Recently, the progress in this research area
has resulted in the appearance of first approved drugs on the
market.” In general, the gene therapy relies on delivery of the
genetic material into the target cells, this process being often
assisted by certain vehicles (or delivery vectors) that are aimed
to protect nucleic acids and to facilitate their translocation into
the cells. Among numerous nonviral vectors for gene delivery,’
water-soluble cationic polymers are often considered as being
exceptionally promising.* This is in part due to the fact that the
polycation’s charge is opposite to the charge of polyanionic
nucleic acids, so that the polymers are able to form compact
electrostatically stabilized complexes with DNA/RNA mole-
cules. Polycations used for gene delivery represent a very wide
class of macromolecular compounds, ranging from natural
cationic polymers (e.g, cationic chitosan, cationic cellulose,
cationic dextran, and cyclodextrin) to their synthetic counter-
parts [e.g, poly-L-lysine, poly-L-arginine, polyethylenimine
(PEI), and poly(amidoamine) dendrimers]."”

Besides the experimental efforts in this area, the use of
polycations as delivery vectors of nucleic acids has also
attracted a great deal of attention from computational
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scientists.” Computer simulations along with the models of
high (atomistic) resolution are especially valuable in this
context as they are able to complement experimental studies by
providing a detailed, molecular-level insight into the
interactions of polycations with DNA/RNA as well as the
resulting complexes with cell membranes.

By far, most relevant computational studies have focused on
the supramolecular complexes of DNA/siRNA with various
cationic polymers. These include spermine,7 PELS 13 poly-L-
lysine,”'' ™" poly-L-arginine,'® polyvinylamine,'”"* polyallyl-
amine,'”"* supercharged pyridinium polycations,'” and ion-
enes.”’ Normally, computer simulations were used to follow
the complexation of polycations with DNA/siRNA molecules
and to explore the structure and binding patterns of the
polycation/nucleic acid complexes (polyplexes).

While the formation of polyplexes is important, it represents
only a preliminary step in the delivery process. Whichever
pathway of cellular uptake takes place, at some point the
complex “polycation/nucleic acid” comes in direct contact with
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the cell membrane. Despite the obvious time- and length-scale
limitations of atomistic computer simulations, such simulations
are often the only means for extracting the microscopic
information regarding the interactions of the polyplexes with
membranes. Unfortunately, computational studies that go
beyond the “polycation/DNA/RNA” complexes are still at a
rudimentary level. In particular, Antipina and Gurtovenko
recently published a series of computational studies that
focused on the interactions of naked nucleic acids with model
lipid membranes.”’ ™ They showed that in the absence of
divalent cations (such as calcium) a polyanionic DNA
molecule does not interact favorably with a zwitterionic
phospholipid bilayer as evident from the corresponding free
energy profile.”” Furthermore, Uludag et al. employed steered
molecular dynamics (MD) simulations to explore configura-
tional changes in siRNA/PEI complexes upon their forced
penetration through the phospholipid membrane.”* The
abovementioned papers are the only relevant computational
studies in this area by far.

In this work, we make the next step toward understanding
the polycation-mediated DNA delivery at an atomic scale and
focus on the binding of polyplexes to the surface of the model
cell membranes (zwitterionic phospholipid bilayers). To the
best of our knowledge, this is the first study in which the
polyplex/membrane binding is explored in detail. PEI was
chosen as a cationic polymer in our study as it is often
considered as one of the most efficient polymer agent for DNA
delivery.””*° Furthermore, PEI has extensively been studied
both experimentally””*® and computationally.””'""* We
considered DNA/PEI complexes with various polycation
contents (or N/P ratios), ranging from an almost fully
neutralized DNA molecule to a highly overcharged polyplex.
For all DNA/PEI complexes considered, we employed both
biased and unbiased computer simulations to explore
polyplex/membrane binding. We evaluated the free energy of
binding of DNA/PEI complexes to the membranes as well as
reported a putative mechanism of PEI-driven adsorption of a
polyplex to the surface of a phospholipid membrane.

B METHODS

We have performed atomic-scale MD simulations of complexes
of a short fragment of double-stranded DNA with linear PEI
chains. The complexes were placed nearby a palmitoyl-oleoyl-
phosphatidylcholine (POPC) lipid membrane, such that a
DNA fragment was parallel to the surface of the membrane, see
Figure 1.

An extensively studied Dickerson’s dodecamer d-
(CGCGAATTCGCG), (the total charge of —22¢) was
considered as a DNA fragment.””*" A linear PEI chain
consisted of 20 monomer units. The protonation level of PEI
under physiological conditions®** was set to 50%, so that each
PEI chain has the total charge of +10e. The number of PEI
chains was varied from 2 to 4, leading to the N/P ratio in the
complex (the ratio of the number of protonated amine groups
of a polycation to that of DNA’s phosphate groups) equal to
20/22, 30/22, and 40/22, see Table 1. Initial configurations of
the three DNA/PEI complexes were taken from ref 13. In turn,
a lipid membrane consisted of 128 POPC molecules; its initial
structure was taken from ref 22. Each DNA/PEI/bilayer
system was solvated with ~12 000 water molecules; counter-
ions of both DNA (Na ions), and PEI (CI ions) were added
for electroneutrality. The total number of atoms in the systems
under study amounted to ~55 000.
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Figure 1. Snapshot of a DNA/PEI/membrane system. DNA is shown
in red, PEI chains in yellow, choline, and phosphate groups of POPC
lipids in blue and green, respectively; acyl chains of lipids are shown in
ice blue.

Table 1. Simulated DNA/PEI/Bilayer Systems

system # PEI chains N/P ratio simulation time [ns]
POPC-DNA-PEI2 2 20/22 35 x 100
POPC-DNA-PEI3 3 30/22 35 X 100
POPC-DNA-PEI4 40/22 35 X 100
POPC-DNA” 35 x 100
POPC-DNA-PEI2-des” 2 20/22 500
POPC-DNA-PEI3-des 3 30/22 500
POPC-DNA-PEI4-des 4 40/22 500
POPC-DNA-des 500
POPC-DNA-PEI2-ads” 2 20/22 10 x 100
POPC-DNA-PEI3-ads 3 30/22 10 X 100
POPC-DNA-PEI4-ads 4 40/22 10 x 100

“Data taken from ref 22. YUnbiased simulations with the initial DNA/
bilayer COM distance equal to 3 nm (“desorption” simulations).
“Unbiased simulations with initial DNA/bilayer COM distances
ranged from 3.9 to 4.8 nm (“adsorption” simulations).

The AMBER parmbscO set” of parameters was used to
describe a DNA dodecamer, while the AMBER force-field
Lipid14 was used for POPC lipids.>* As far as PEI chains are
concerned, we used an AMBER-compatible force-field
developed previously.'”'**> Water was represented by the
TIP3P model.*® Simulations were performed in the NPT
ensemble at T = 303 K and P = 1 bar. Temperature and
pressure were controlled with the use of the velocity-rescaling
thermostat’” and the Berendsen barostat,>® respectively. The
Lennard-Jones interactions were cutoff at 1 nm, while the long-
ranged electrostatic interactions were handled with the use of
the particle-mesh Ewald method.*” The time step was set to 2
fs. The Gromacs 4.6.5 suite was used for simulations.*’
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To evaluate the free energy of binding of a DNA/PEI
complex to the surface of a POPC lipid bilayer, we used the
umbrella sampling technique.”" A polyplex was placed in the
vicinity of a lipid membrane. Because DNA/PEI complexes
consisted of different numbers of PEI chains (see Table 1), we
chose a distance between the centers of mass (COM) of a
DNA dodecamer and a membrane in the direction
perpendicular to the membrane surface to be a reaction
coordinate. This ensures that the reaction coordinate does not
depend on the polycation concentration. Starting config-
urations for umbrella sampling calculations were obtained by
pulling the polyplex toward the membrane surface along the
reaction coordinate. During pulling a velocity and a force
constant were set to 0.025 nm/ps and 1000 kJ mol™" nm™2,
respectively. From the resulting trajectory, we extracted 35
windows with a spacing of 0.1 nm for umbrella sampling
calculations (from 4.8 to 1.4 nm along the reaction
coordinate). Each window was simulated for 100 ns with the
force constant set to 3000 k] mol™" nm™%; last 80 ns were used
for subsequent free energy calculations. The Gromacs
implementation®” of the weighted histogram analysis method*’
was used to calculate the potential of mean force (PMF).
Statistical errors of the free energy were evaluated with the use
of bootstrapping analysis.*” The accumulated simulation time
of the biased simulations amounted to 10.5 us, see Table 1.

To get insight into the processes of desorption/adsorption
of polyplexes from/on the surface of a lipid membrane, the
PMF calculations were complemented by unbiased MD
simulations. Overall, we performed two types of unbiased
simulations. In the so-called “desorption” simulations, we
considered a polyplex that was initially bound to the
membrane surface (the initial distance between COMs of a
DNA duplex and a lipid membrane was 3.0 nm). For each
system, we performed a single 500 ns “desorption” simulation,
see Table 1. In turn, the initial COM distance between a
polyplex and a membrane in “adsorption” simulations was
chosen in such a way that the polyplex was in the water phase
in the vicinity of the membrane. For each nonzero PEI
concentration, we performed 10 “adsorption” simulation runs
(100 ns each) with different initial conditions. These
conditions were varied by considering different initial DNA/
membrane COM distances in the range from 3.9 to 4.8 nm
(with a step of 0.1 nm), see Table 1. The initial configurations
of the unbiased simulations were taken from the pulling
trajectories (see above). The accumulated simulation time of
the unbiased MD simulations was S us.

B RESULTS AND DISCUSSION

Binding of Polyplexes to Lipid Membranes: Ener-
getics. To explore the binding of DNA/PEI complexes to the
model cell membranes, we employed biased MD simulations
and calculated the free energy profile upon partitioning a
polyplex from bulk water to the surface of a POPC lipid
bilayer. The distance between COMs of a DNA molecule and
a bilayer in the direction normal to the bilayer plane was
chosen as a reaction coordinate. This way the free energy
profiles for different polyplexes as well as for a naked DNA can
be compared directly. In Figure 2, we present the
corresponding free energy profiles (PMF) evaluated with the
use of the umbrella sampling calculations.

Figure 2 clearly shows that all the free energy profiles for
polyplexes have the same shape, this shape being similar to
what was observed for a naked DNA (the POPC-DNA
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Figure 2. Free energy profile (PMF) for partitioning different DNA/
PEI complexes (black, red and blues lines) and a naked DNA
molecule (green line) from bulk water to the lipid/water interface of a
POPC lipid bilayer along the reaction coordinate. A dashed line
shows the average position of phosphate groups of POPC lipids.*”
Statistical errors were estimated with the use of bootstrapping
analysis.**

system). As it was demonstrated in an earlier study,”* one can
have a gradual growth of the free energy when a DNA
molecule approaches the surface of a lipid bilayer from bulk
water. Essentially, all polyplexes considered here show the
same behavior: a steady increase of the free energy without any
local minima upon approaching the bilayer surface from
aqueous solution, implying the lack of attractive polyplex/lipid
interactions. Therefore, we can conclude that cationic polymer
chains do not reduce the energetic barrier for DNA binding to
the surface of a zwitterionic lipid membrane.

Interestingly, the relative position of the free energy profiles
for different polyplexes depends on the number of PEI chains
in the polyplex. A PMF profile for the DNA/PEI complex with
four polymer chains (the POPC-DNA-PEI4 system) deviates
from zero already at a distance of 4 nm from the COM of the
bilayer. This distance is noticeably larger than that observed for
a naked DNA, see Figure 2. Similar behavior (although to a
smaller extent) is also seen for the polyplex with three PEI
chains. This can be explained by an overall positive charge of
these polyplexes: +18e and +8e for the systems POPC-DNA-
PEI4 and POPC-DNA-PEI3, respectively. This positive
polyplex charge can lead to the electrostatic repulsive
interactions between the polyplexes and choline groups of
POPC lipids on the surface of the lipid bilayer. Therefore,
overcharging of a DNA molecule by cationic polymer chains
enhances the repulsion between the polyplex and the model
lipid membrane.

It is also noteworthy that in contrast to polyplexes with 3
and 4 PEI chains, the free energy profiles for a naked DNA and
an almost fully neutralized DNA (the POPC-DNA-PEI2
system with the overall charge of —2¢) practically coincide,
see Figure 2. While the polyplex with 2 PEI chains has a larger
size as compared to a naked DNA, this difference in size seems
to be compensated by its much smaller overall charge.

Close to the hydrocarbon core of a lipid bilayer, all PMF
profiles demonstrate an abrupt growth of the free energy,
which is something that can be expected for charged objects
(polyplexes) in the hydrophobic environment. It is instructive
to estimate the energetic cost for a polyplex to be embedded in
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Figure 3. Changes in the nonbonded interaction energies as a function of the distance between COM:s of a DNA and a lipid bilayer. Shown are the
results for the POPC/DNA (top row), POPC/PEI (middle row), and DNA/PEI (bottom row) interactions. The insets show the energies per PEI
chain. A dashed line indicates the average position of phosphate groups of POPC lipids.

the membrane as deep as the position of lipid phosphate
groups (shown by a vertical dashed line in Figure 2). From
Figure 2 one has 129, 124 , 145 , and 170 kJ/mol for POPC-
DNA, POPC-DNA-PEI2, POPC-DNA-PEI3, and POPC-
DNA-PEI4 systems, respectively. The energetic costs for
POPC-DNA-PEI3 and POPC-DNA-PEI4 systems are notice-
ably larger than that for a naked DNA, which is again a sign of
the elevated repulsion of cationic PEI chains and positively
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charged choline groups of POPC lipids. Interestingly, a
polyplex with two PEI chains and a naked DNA show very
close values of free energy at the position of phosphate groups.

Besides the PMFs; it is also instructive to evaluate various
components of the nonbonded energies (Coulomb and
Lennard-Jones interactions) when a polyplex partitions into
the lipid/bilayer interface during umbrella sampling calcu-
lations. In Figure 3, we present the changes of these energies
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with respect to their values in bulk water for DNA/lipid, PEI/
lipid, and DNA/PEI interactions. Remarkably, we found that
both POPC/DNA and POPC/PEI interactions are favorable
upon polyplex binding to the zwitterionic lipid membrane.
Cationic polymer chains are found to effectively reduce the
interactions between DNA and lipid molecules as seen for both
Coulomb and Lennard-Jones energies, see Figure 3 (top row).
The reduction in the energies implies the increase in the
distance between lipid head groups and a DNA molecule: PEI
chains cover the DNA surface and protect the DNA from close
contacts with POPC lipids. This effect is more pronounced
when the content of PEI chains increases in the polyplex. In
turn, the PEI/lipid interactions are found to be attractive for all
three types of polyplexes considered, see insets in Figure 3
(middle row). These interactions are obviously stronger when
more PEI chains are involved. As far as DNA/PEI interactions
within the polyplex are concerned, they tend to slightly weaken
upon partition of a polyplex into the lipid membrane because
of relatively strong POPC/DNA and POPC/PEI interactions,
see Figure 3 (bottom row).

If the interactions of both DNA and PEI with lipids are
attractive, what is the nature of the observed lack of attractive
forces between the polyplex and the lipid membrane? To get
insight into this, we calculated the number of hydrogen bonds
of DNA and PEI chains with water molecules, see Figure 4. It
turns out that partitioning of a polyplex into the lipid
membrane is accompanied by a substantial loss of hydrogen
bonds of DNA/PEI with water due to polyplex dehydration,
which is energetically very unfavorable, see Figure SI.
Interestingly, PEI chains are found to protect a DNA molecule
from both the aqueous medium and the dehydration. In bulk
water, a naked DNA forms a considerably larger number of
hydrogen bonds compared to DNA/PEI complexes. Fur-
thermore, the relative loss of hydrogen bonds between DNA
and water molecules upon polyplex binding to the membrane
decreases with the PEI content in the complex, see Figure 4
(top). In turn, the larger overall charge of cationic polymers in
the system, the larger number of hydrogen bonds of PEI with
water is broken upon polyplex binding. This effect seems to be
additive as the number of broken hydrogen bonds per PEI
chain is found to be almost the same for all polyplexes
considered, see Figure 4 (bottom).

All the abovementioned conclusions are also supported by
the consideration of the interaction energies of DNA and PEI
with water, see Figure S1. What is more, combining the data
presented in Figures 3 and S1 allows one to determine the
major factors responsible for an increase in the free energy
upon polyplex binding, see Figure 2. In Figure 5, we plot the
total energy (both Coulomb and L] contributions) calculated
as a sum over the interaction energies of a polyplex with the
lipid bilayer and water molecules. Remarkably, DNA/PEI- and
PEI-free systems demonstrate pronouncedly different behavior.
For a naked DNA (the POPC-DNA system), the DNA
dehydration is the major factor of the observed repulsion
between a DNA fragment and a lipid bilayer. In contrast, when
PEI chains are present in the system, the polyplex dehydration
cannot compensate for favorable DNA/POPC and PEI/POPC
interactions, see Figure 5. Therefore, other factors can play a
role such as the loss of conformational entropy of flexible PEI
chains upon polyplex/membrane binding.

To get a detailed insight into the interactions of a polyplex
with the lipid membrane upon partitioning, we calculated
component-wise mass density profiles for DNA, PEI, POPC
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Figure 6. Component-wise mass density profiles for membrane/polyplex systems as a function of the distance from the membrane center (located
at z = 0). Shown are the results for the PMF windows with the reaction coordinate equal to 3 nm, see Figure 2.

lipids, and their principal atoms (DNA’s phosphate groups,
PEI’s protonated amine groups, and choline and phosphate
groups of polar lipid head groups). For each system, we
considered a PMF window at z = 3.0 nm, that is, the
configuration at which a polyplex and a membrane has
established a tight contact, see Figure 2. In Figure 6, we
present the corresponding density profiles averaged over last
80 ns of 100 ns trajectories used for PMF calculations, see the
Methods. Note that, while the COM distance between DNA
and the membrane is fixed to 3.0 nm, the density profile for
DNA is rather wide due to the fact that a DNA molecule can
move on the membrane surface.

It is seen that the density profiles for phosphate groups of
DNA demonstrate maxima that are localized close to the
density profiles of choline groups of POPC lipids. This implies
the attractive integrations between oppositely charged groups
P(dna) and N(pc), see Figure 6. Such interactions were
reported earlier for DNA/membrane systems in the situation
when a DNA molecule adsorbs on the membrane surface due
to divalent calcium cations.”"”*> Here, a DNA fragment and a
membrane are kept together by a harmonic potential used in
umbrella sampling calculations. In turn, the density profiles of
protonated amine groups of polymer chains develop peaks
within the lipid/water interface close to the positions of lipid
phosphate groups, see Figure 6. Therefore, one can conclude
that favorable POPC/DNA (POPC/PEI) interactions in
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Figure 3 are mainly driven by the interactions between choline
groups and DNA’s phosphate groups (phosphate groups of
lipids and PEI’s protonated amine groups).

Adsorption and Desorption of a Polyplex on/from
Lipid Membranes. The absence of any local minima in the
PMEF profiles upon partitioning of a polyplex to a zwitterionic
lipid bilayer implies that binding of DNA/PEI complexes to
the surface of the bilayer is energetically unfavorable. However,
this does not exclude a possibility of transient adsorption/
desorption of a polyplex on/from the bilayer surface. In
particular, there is no free energy barrier for DNA, reaching a
distance of 3.5—4.0 nm from the COM of a POPC bilayer (see
Figure 2), which could be sufficient for polyplex adsorption.

To get insight into such processes, we complemented our
umbrella sampling calculations with two different sets of
unbiased simulations. The starting configurations for both
simulation sets were taken from PMF calculations. The first set
(so-called “desorption” simulations) corresponds to the
situation when a polyplex is initially in close contact with the
surface of a lipid bilayer (the initiall DNA/bilayer COM
distance is equal to 3.0 nm). In turn, the second set
(“adsorption” simulations) is based on the system config-
urations when a polyplex is in the water phase in the vicinity of
the bilayer. Such “adsorption” simulations were repeated 10
times for each polyplex with different initial conditions
(namely, with different initial DNA/membrane COM
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distances ranged from 3.9 to 4.8 nm with a step of 0.1 nm), see
Table 1.

In Figure 7, we plot the time evolution of the COM distance
between DNA and a lipid bilayer when the polyplex is initially

8 —— POPC-DNA-PE2-des
B —— POPC-DNA-PEI3-des
—— POPC-DNA-PEI4-des
—r POPC-DNA-des
2
—i6
Q
=
<5
=
24
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Figure 7. Distance between COMs of a DNA molecule and a lipid
bilayer along the bilayer normal (z-axis) as a function of time.

attached to the bilayer (“desorption” simulations). First, one
can see that in unbiased simulations, the polyplexes are able to
remain adsorbed on the membrane surface for hundreds of
nanoseconds. What is more, we found that the polyplexes can
re-adsorb to the membrane surface after temporary desorption
as seen for the POPC-DNA-PEI2-des system (at t & 150 ns)
and the POPC-DNA-PEI3-des system (at t ~ 300 ns), see
Figure 7. Note that, the gap in the distance curve for the
POPC-DNA-PEI3-des system reflects the situation when the
polyplex leaves the simulation box.

To explore a molecular mechanism behind adsorption/
desorption of polyplexes, we calculated the number of contacts
between DNA’s phosphate groups and lipid choline groups
and also between protonated PEI amine groups and phosphate
groups of POPC lipids, see Figure 8. First of all, it is seen that
both these types of contacts (interactions) contribute to the
binding of polyplexes to the membrane surface in line with the
energy changes discussed in the previous section, see Figure 3.
The relative contributions of DNA/POPC and PEI/POPC
interactions obviously depend on the PEI content in the
polyplex: the contacts of DNA with lipids are dominant for the
polyplex with two PEI chains.

The most interesting feature in Figure 8 is the above-
mentioned re-adsorption of a polyplex on the membrane
surface, which is observed for the POPC-DNA-PEI2-des and
POPC-DNA-PEI3-des systems. However, when considering
adsorption of DNA/PEI complexes on the phospholipid
membrane, special care has to be taken to exclude simulation
artefacts. In particular, because of obvious limitations in time
and length scales, in simulations, we consider only short
fragments of DNA. Therefore, the nucleotides on both DNA
ends are easily accessible for hydrogen binding with polar lipid
groups. Such interactions emerge because of a finite size of a
DNA molecule and should be treated as artifacts. This is in
great contrast with siRNA molecules that are relatively short
and can be simulated as a whole.”” Turning now to re-
adsorption of a polyplex to the membrane surface, Figure 8
(top) clearly shows the abovementioned artifacts related to a

6511

12 T T T T T ! ! '
- — N(pc) - P(dna)| A
@10 — P(pc) - N(pei) | 4
3 POPC-DNA-PEI2-des T
g -
o -
G
= i
S -
o) .
= ]
& 1 i 11
} il \ |
I | 1 1

200 300
Time [ns]

400 500

T T T T T T T T T
— N(pc) - P(dna)

@ — P(pc) - N(pei) | ]
86 POPC-DNA-PEI3-des ]
g i
Q
B4 .
5 |
8 | .
g,
Z|

%

200 300
Time [ns]

— N(pc) - P(dna)
— P(pc) - N(pei)

POPC-DNA-PEI4-des |

Number of contacts

1
300

1
100 400 500

200
Time [ns]

Figure 8. Number of contacts between DNA’s phosphate groups and
lipid choline groups (black curves) and between protonated PEI
amine groups and phosphate groups of lipids (red curves) as a
function of time.

finite size of the DNA fragment at hand: the polyplex
adsorption starts with establishing contacts between one of the
DNA ends and polar lipid head groups at t & 150 ns, which are
stabilized by PEI/POPC contacts 50 ns later.

On the other hand, the situation observed for the POPC/
DNA/PEI3-des system [Figure 8 (middle) at t ~ 330 ns] is
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much more relevant as the polyplex adsorption in this case is
initiated by PEI chains that spontaneously attach to the lipid
bilayer. This leads to binding of the polyplex to the bilayer
surface as evidenced through formation of DNA/lipid contacts
on a later stage. We empbhasize that, this adsorption process is
not associated with simulation artifacts because of DNA’s finite
size and can therefore be considered as a putative mechanism
of polymer-induced adsorption of polyplex on the surface of a
zwitterionic lipid membrane.

A typical sequence of events during the abovementioned
PEl-induced adsorption is illustrated by a set of snapshots in
Figure 9. The adsorption of a polyplex with 3 PEI chains,

Figure 9. Polycation-induced adsorption of a DNA/PEI complex on
the surface of a zwitterionic lipid membrane (the POPC-DNA-PEI3-
des system): (A) 328.8, (B) 331.9, (C) 332.56, and (D) 336.64 ns.
DNA is shown in red, PEI chains in yellow, and choline and
phosphate groups of POPC lipids in blue and green, respectively. Acyl
chains of POPC lipids are shown in ice blue.

which is initially located in the water phase (Figure 9A), starts
with untwining of one of the PEI chains in the complex. This
chain interacts with the membrane surface (Figure 9B),
bringing the polyplex closer to the surface (Figure 9C).
Eventually, the polyplex adsorbs on the lipid membrane, so
that a DNA molecule establishes contacts with lipid polar head
groups, see 9(D).

It has to be emphasized that the above conclusion regarding
a possible molecular mechanism of the PEI-induced adsorption
of a polyplex was based on just two instances of adsorption
events that are seen in Figure 8. To make our conclusions
more statistically reliable, for each polyplex, we performed 10
independent simulations (100 ns each) aiming to follow
adsorption of a polyplex from water on the membrane surface,
see Table 1. The time evolution of DNA/bilayer COM
distances for all these 30 simulations is presented in Figure S2.
Visual inspection of these plots indicates that the DNA/bilayer
distances systematically shift to the larger values when the PEI
content increases. This can be a signature of the elevated
repulsion between a polyplex and lipid choline groups when
the polyplex becomes more and more overcharged (i.e,, more
positively charged). Indeed, our analysis shows that out of 10
unbiased adsorption simulations, one has 9, 7, and 3
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adsorption events for the POPC-DNA-PEI2-ads, POPC-
DNA-PEI3-ads, and POPC-DNA-PEI4-ads systems, respec-
tively. Importantly, we also observed 3 instances of the
abovementioned PEl-induced adsorption (out of 30 simu-
lations), supporting thereby the molecular mechanism
presented in Figure 9.

Bl CONCLUSIONS

The interactions of polyplexes with cell membranes are crucial
for our understanding of the molecular mechanisms behind
polycation-mediated delivery of nucleic acids into the target
cells. In this study, we employed both biased and unbiased MD
simulations to get a microscopic insight into such interactions.
This allowed us to evaluate, for a first time, the free energy
profiles for binding of polyplexes to the surface of a
phospholipid membrane and explore possible mechanisms of
polymer-induced polyplex adsorption.

Our findings clearly show that the free energy gradually
increases when a polyplex approaches the surface of a
zwitterionic phospholipid membrane from bulk water,
implying the lack of attractive polyplex/lipid interactions.
Analysis of various components of the nonbonded energies in
the systems as well as hydrogen bonding indicates that this
polyplex/membrane repulsion is most likely driven by the
dehydration of a polyplex as well as by the loss of
conformational entropy of PEI chains upon polyplex
partitioning into the membrane. While the interactions of
both DNA and polycations with lipid molecules are found to
be attractive, the polyplex dehydration is accompanied by a
considerable loss of hydrogen bonds between DNA/polycation
with water molecules. Importantly, polycations are shown to
protect a DNA molecule from dehydration, this effect being
more pronounced at elevated polymer concentration.
Furthermore, we found that cationic polymer chains, being
part of a polyplex, effectively prevent the interactions between
DNA and lipid molecules.

We also explored the role of polyplex overcharging and
found that for overcharged polyplexes with a high positive
charge, the polyplex/membrane repulsion is observed at larger
distances from the membrane center as compared to almost
fully neutralized DNA/polycation complexes as well as naked
DNA. This effect is also confirmed by the results of unbiased
adsorption simulations. Thus, overcharging of DNA molecules
by cationic polymer chains enhances the repulsion between the
polyplex and the zwitterionic lipid membrane.

The absence of local minima in the free energy profiles upon
partitioning of polyplexes into the zwitterionic lipid membrane
does not exclude transient adsorption of a polyplex on the
membrane surface. Our unbiased simulations reveal that such
transient polyplex adsorption indeed exists and can be initiated
by the appearance of a loose polycation chain in the polyplex.
The end of such a chain attaches to the membrane surface and
eventually leads to the adsorption of the polyplex as a whole.
We emphasize that such adsorption is reversible and rather
weak.

To conclude, our atomic-scale computer simulations
demonstrate that a zwitterionic phospholipid membrane
represents a repulsive energetic barrier for a polyplex. In
other words, cationic polymers do not facilitate interactions
between a polyplex and a phospholipid membrane. This seems
to contradict the general consensus that the overall cationic
charge of a DNA/polycation complex enhances the trans-
fection efﬁcacy.44 However, we recall that in our work, we
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considered a zwitterionic (neutral) lipid bilayer as a model cell
membrane. The use of a more realistic multicomponent
membrane model should not change the overall picture as
lipids in the outer leaflets of plasma membranes are mainly
zwitterionic.” In reality, the plasma membrane has the
negative surface charge due to the presence of anionic
transmembrane proteoglycans.*® Such anionic surface charge
could promote the attractive interactions between polyplexes
and the cell membranes and should be incorporated in future
simulation studies.
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