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Formation of transient water pores in biological membranes lies
at the heart of many important cellular processes, including fusion
events, maintenance of osmotic balance, drug and antibody delivery
into cells, and ion transport across the membrane. lon transport, in
particular, is of central interest since membranes strive to maintain
a cationic electrochemical gradient used for ATP synthesis as well
as a variety of activities, such as transport of nutrients and
conveyance of electrical signals. While maintaining the electro-
chemical gradient is essential, ions yet leak through lipid mem-
branes. The mechanisms of ion leakage are not well understood,
however.

In this Communication, we show that ion leakage can take place
in protein-free membranes through transient water pores induced
by a transmembrane ionic charge imbalance (see Figure 1). This
mechanism can be expected in cells characterized by ionic
concentration differences across the membrane. The view presented
here further complements and lends support to previous stotlies
for pore formation induced by external fields.

We have performed atomic-scale molecular dynamics (MD)
simulations on dimyristoylphosphatidylcholine (DMPC) bilayers in
the liquid crystalline phasel (= 323 K) using a united-atom force-
field of Berger et aP. Recently, we have used that successfully in
MD simulations for mixtures of charged lipids with DMPC=or
completeness, we have also conducted simulations at the physi-
ological temperaturel{= 310 K). To implement a transmembrane
ionic charge imbalance, we employed a double bilayer setup (i.e.,
two distinct bilayers in a simulation boxf All of the simulations
were performed using the Gromacs sdifeor further simulation
details, see Supporting Information (SI). 5

The charge imbalance of six sodium ioper bilayer(i.e., the Figure 1. Pore formation coupled to ion transport induced by ion
imbalance of 12 Naions in the whole double bilayer system), —imbalance: (A) 20 ps, (B) 450 ps, (C) 1000 ps, (D) 1070 ps, (E) 9180 ps,

: : . v and (F) 60 ns. The membrane is not shown (black space); water is shown
imposed at the two sides of a DMPC bilayer of 128 lipids, was in red—white, and N& ions are in yellow, with excess Neon the left-

found to induce, on average, a transmembrane voltagd5+ hand side.
0.49 V across the membrane (see Figure 2). This voltage corre- _
sponds to an electric field 0f0.41 V/Inm (averaged over the Once a pore has been formed, we find transport of as

simulation box), which is close to values used in previous studies through the pore along the N@oncentration gradient (Figures 1D

to induce pore formation by an external electric fielt The applied ~ and 3). The permeation of Nédons through the pore and the size
charge imbalance gives rise to a rapid formation of a water pore Of the pore are both controlled by the field: the higher the
within ~1 ns in one of the two bilayers, the other staying intact. transmembrane electric field, the faster the motion of a a

The pore formation starts with the creation of a single water defect through the pore, and the larger the pore itself. First, two idas

(a chain of water molecules) spanning the entire membran®if permeate through the membrane very rapidly (within 0.5 ns),
ns (see Figure 1B), which then expands rapidly within the next 0.5 reducing the charge imbalance and, correspondingly, discharging
ns (see Figures 1C and 3 as well as SI). The latter stage involvesthe transmembrane voltage down tdl.47 V. This decreases

considerable redistribution of lipid headgroups close to the defect, Significantly the number of water molecules inside the pore and
surrounding and stabilizing the pé## (see SI). slows down the ionic transport (see Figure 3). Consequently, the

time required for permeation of the next (third) Ni@n increases
 Helsinki University of Technology. by about an order of magnitude. The overall picture here is partly
#University of Southern Denmark. reminiscent of ion transport through a generic hydrophobic fore.
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Figure 2. Electrostatic potential and electric field versus distané®m

the middle of the water phase between the two bilayers. The results
correspond to a transmembrane charge imbalance of-6dda per bilayer;
average positions of phosphorus atoms of lipids for the two bilayer leaflets
are shown by arrows.
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Figure 3. Time evolution for the number of water molecules in a pore
within 0.5 nm from the bilayer center (top) and for the transmembrarfe Na
ion imbalance (bottom).

MD simulations performed at a lower temperatufe= 310 K)
suggest that the general picture and the sequence of events rema
the same, the only difference being the slowing down of pore
formation and ionic transport roughly by a factor of2 (see Sl).

The decrease in ion mobility seems to be caused not only by a
drop in the transmembrane voltage but also by interactions of
sodium ions with lipids forming pore “walls” when the amount of
water in the pore decreases significantly (see Figure 1E and SI).
Because of this drop in ion mobility, the permeation of the last
(sixth) Na" ion through the pore is not observed in the simula-
tions: even after 60 ns, there remains a charge imbalance of 1 Na
ion corresponding to a transmembrane voltage-6f21 V (see
SI).

The ion transport through a transient water pore was also
observed at a smaller initial charge imbalance of 5 Nms per
bilayer, corresponding, on average, to a transmembrane voltage o
~2.0 + 0.14 V. Pore formation took then place after 5 ns.
Remarkably, the corresponding field-90.29 V/nm (averaged over
the simulation box) is weaker than those found leading to pore
formation in computer experiments which employed a constant
electric field (0.4 V/nm has been reported as a minimal value for

pore formatiof). The low threshold value observed in our case is
likely due to the stochastic nature of the electric field induced by
an ionic concentration gradient: the field is mostly determined by
instantaneous positions of Naons and, therefore, subject to
considerable fluctuations in time and space with respect to its
average value.

Interestingly, after leakage of 3 ions through a membrane for a
system with an initial charge imbalance of 5"Nans, we observed
a closure of a water pore &t~ 58 ns. In contrast, for a system
with an initial charge imbalance of 6 Naons, the water pore stayed
open over the total time scale of 60 ns (see Figure 1F), while the
residual charge imbalance (1 Navas 2-fold smaller than that for
the above system. This suggests that the small residual transmem-
brane potential does not play a crucial role in stabilizing a pore.
Instead, after a drop of the transmembrane voltage below some
critical value due to ion leakage, a water pore becomes metastable.
To shed more light on this issue, we conducted a complementary
simulation, where we removed the residual charge imbalance of 1
Na' ion from the system presented in Figure 3 at 50 ns (see SI).
Having done that, the water pore turned out to be stable and
insensitive to the voltage discharge for the first 6 ns, but then it
closed between 7 and 8 ns. The closure seems to be associated
with large fluctuations in the pore size rather than with a full
discharge of the transmembrane potential.

Our results contribute to the long-standing discussion on how
ions permeate protein-free lipid membranes, one of possible
mechanisms being ion leakage through a transient waterlpore.
Our MD study demonstrates a physically plausible mechanism of
pore formation and the consequent ion transport due to large local
fluctuations in ion concentrations on two sides of a lipid membrane.
In living cells, density gradients of, for examplef tdnd Na ions
across a membrane are an inherent feature. That suggests this
mechanism to be of generic nature. Understanding the mechanism
allows one to design ways to better control processes related to
water pores. Possibly, such a transmembrane charge imbalance can
be also responsible for pore formation in a lipid membrane upon
binding of cationic antibacterial proteins to the membrane sutface,
and it would be genuinely interesting to clarify the role of ionic
imbalance on DNA translocation.

Acknowledgment. This work has been supported by the
Academy of Finland through Grant Nos. 202598 (A.A.G.) and
80246 (I.V.), and by its Center of Excellence Program. The
simulations were performed on the HorseShoe (DCSC) supercluster
it the University of Southern Denmark.

Supporting Information Available: Simulation details and system
setup, and further results. This material is available free of charge via
the Internet at http://pubs.acs.org.
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