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5.1. INTRODUCTION

Biological membranes are excellent examples of biologically relevant soft interfaces. They me-
diate or even govern a large variety of cellular functions [1-3]. Membranes serve as a host
for membrane proteins to carry out their functions, and numerous signaling processes are either
conducted inside membranes or mediated by them. Additionally, cellular membranes act as
a permeability barrier, allowing only desired particles to permeate through the membrane into
and out of the cell, besides which membranes are also involved in a variety of large-scale func-
tions such as in maintaining the osmotic pressure and ion density gradients across the plasma
membrane.

The biological relevance of membranes is emphasized by the rather recently proposed lipid
raft model [4-7], which essentially stresses the importance of understanding the interplay be-
tween lipids and proteins: membrane proteins function together with lipids. Consequently, lipid
membrane structures, lipid domain coexistence, and especially the role of cholesterol in the
structural properties of membranes have been paid a considerable amount of attention recently.
Meanwhile, the dynamics of membranes [3,8,9] has received much less attention despite its
substantial importance in, e.g., signaling, domain formation, and diffusion of lipids and proteins
in the plane of the membrane.
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In this contribution, we discuss the dynamics of lipids in particular. We first consider some
of the most relevant dynamic processes where lipids are involved in biological membranes, and
then move on to discuss some dynamic processes in detail, in particular those dealing with the
formation of pores in membranes [10,11]. It turns out that the nature of dynamic phenomena
taking place in membranes is largely collective. They cannot be described as a set of single-
particle (single-lipid) processes that are largely independent from each other. Instead the actual
dynamics of lipids involves large assemblies of molecules where the lipids move in unison in a
collective manner. Several examples of dynamic phenomena discussed below show that this is a
generic feature rather than an exception: dynamic membrane processes such as pore formation
and flip-flops illustrate this view and especially highlight the importance of understanding the
dynamics of lipids from a collective perspective.

5.2. DYNAMICS OF LIPIDS IN MEMBRANES

Membranes, like all biological and soft matter, are governed by weak interactions of the order
of thermal energy, k,T. In the same spirit, the dynamics of lipids in membranes is mainly driven
by thermal fluctuations. This is truly exciting since it implies that Nature uses random walks in
a variety of dynamical processes: the diffusion of individual lipids in a membrane is a random
walk, the ordering and formation of membrane domains is partly related to random walks, and
also membrane proteins move in a random walk-like manner.

It has to be emphasized that there is no specific timescale characterizing the dynamics of
lipids. Instead, the timescales depend on the dynamic process in question as well as on the
length scale involved. One of the fastest dynamic processes is the rotational diffusion of indi-
vidual carbon-hydrogen bonds in CH, groups in lipid hydrocarbon chains. The timescale of
these rotational motions is usually on the order of picoseconds in fluid-like membranes [12,13],
though it can be considerably slower in the gel phase below the main transition temperature.
The rotational motion of whole lipids around their principal axes of rotation is a slower process
and takes place over a scale of nanoseconds [14,15]. Meanwhile, the timescale of lipid lateral
diffusion depends on the length scale considered. For a given diffusion length ¢, =(2d D 1)"*,
where d is the dimensionality, D the diffusion coefficient, and ¢ the timescale of diffusion, it is
obvious that the timescale and the range of diffusion given by ¢ are coupled. For a lipid in a
fluid membrane, the diffusion coefficient is typically about 10~ cm’/s, thus it diffuses over a
distance of its own size (about 0.8 nm) in about 15 ns. However, as biological membranes are
heterogeneous and characterized by membrane domains, the more relevant timescale is the time
needed to cross a domain. Assuming a domain to have a size of about 50 nm, a lipid would on
average diffuse across it in about 60 ps. Further, given a cell with a radius of 10 um, a lipid
would diffuse to the opposing side in about a minute. In strongly ordered lipid rafts the time-
scales would be larger by a factor of 10, since in these systems D ~ 10~° cm’/s [16,17]. These
examples illustrate how the timescales of lateral diffusion increase with the length scale consid-
ered (7 o £3)). Yet, there is reason to stress that diffusion provides an effective means for trans-
port over cellular scales, since a timescale of the order of seconds is modest compared to times
related to the folding of proteins, for instance. Additionally, as far as passive diffusion is con-
cerned, no ATP is wasted: for a cell the motion of lipids comes for free, since the motion of lip-
ids is driven by thermal fluctuations.
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While the lateral diffusion of lipids is characterized by a wide range of timescales ranging
from nanoseconds to minutes, there are considerably slower dynamic processes in a cell mem-
brane, characterized by hours and even days. In this contribution, we consider one such phe-
nomenon, the translocation (flip-flop) of lipids from one membrane leaflet to another. While it
may sound surprising that atom-scale simulations can shed light on dynamic phenomena that
take place on macroscopic timescales, it turns out that simulations can indeed complement ex-
perimental studies and provide added value in order to better understand the principles guiding
complex dynamic processes in lipid membranes.

5.3. FLIP-FLOPS ASSOCIATED WITH ASYMMETRIC DISTRIBUTION
OF LIPIDS IN MEMBRANES

One of the dynamical processes that we consider in more detail below is a flip-flop. In general,
biological membranes of most animal cells are characterized by an asymmetric distribution of
lipid molecules across a membrane [18,19]. This asymmetry is vital for numerous cellular func-
tions and plays an important role, e.g., in membrane mechanical stability [20], membrane elec-
trostatics [21-23], and modulation of the activity of membrane proteins [24]. Failure to main-
tain the asymmetric distribution of lipids can have dramatic consequences. For example, it has
been shown that the externalization of anionic phosphatidylserines, which are normally local-
ized in the inner leaflet of plasma membranes, is able to trigger programmed cell death [25].

To maintain the asymmetric transmembrane lipid distribution, the cell needs to be able to
translocate lipid molecules from one membrane leaflet to another. One way of doing this is to
employ special cellular mechanisms for active transport of lipids across biological membranes
using specific membrane proteins — flippases [26,27]. In addition, cells also use passive trans-
port mechanisms that facilitate the migration of lipids across a membrane; such passive translo-
cations may take place with the help of proteins or without them [28].

There is reason to emphasize that the molecular mechanisms associated with passive trans-
membrane transport of lipids in protein-free membranes are exceptionally poorly understood. A
thorough understanding of these mechanisms is one of the key challenges in cell biology [29].
Lipid flip-flops in the absence of flippases are rather difficult to characterize as they take place
over molecular scales and often cannot be well resolved within existing experimental methods.
On the computational side, the atomistic modeling of lipid flip-flops is usually considered to be
prohibitive in terms of accessible timescales: lipid flip-flops in general are very slow processes
characterized by an average waiting time ranging from several hours to several days [30,31]. In
turn, the state-of-the-art atomic-scale simulations for systems of moderate size (20000—40000
atoms) are still limited to a timescale of about a microsecond.

However, there is strong experimental evidence that lipid translocation across a protein-free
membrane is a pore-mediated process. It has been found that the activation energy for radioac-
tive chloride flux across lipid membranes is close to the activation energy of lipid flip-flop
[30], implying that the occurrence of pore defects is part of the flip-flop process. It has also
been demonstrated that brief electric pulses are able to enhance the transbilayer mobility
of phospholipids through electroporation of membranes [32]. Furthermore, recent computer
simulations support the idea that pore formation and lipid flip-flop are coupled: when a lipid
was dragged by an external force through the hydrophobic membrane interior, the formation
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of a small water pore was observed; the corresponding energies of the formation of the pore and
of the lipid transmembrane translocation were found to be the same [33]. Taken together, these
findings strongly suggest that a major fraction of lipid flip-flops takes place through water pores
in membranes.

Remarkably, it turns out that formation of transient water pores is the rate-limiting step in
the process of transmembrane lipid flip-flop [33,34]: once a pore has been formed, the subse-
quent lipid translocation occurs on timescales accessible through state-of-the-art computer
simulations. Below, we demonstrate how this takes place. In particular, we use atomistic com-
puter simulation data to discuss the complexity of lipid flip-flops, which turns out to be a highly
collective process involving not only lipids but also their interplay with ions and water. Essen-
tially, we will find that flip-flops take place through water pores generated by a locally strong
transmembrane potential, which in turn is induced by an ion concentration gradient across a
membrane. Without a doubt, this process is very appealing due to its collective character, which
is likely a rule rather than an exception in biological systems in general.

5.4. FORMATION OF TRANSIENT WATER PORES IN
LIPID MEMBRANES

We now discuss some practical applications of computer simulations for studying the dynamics
of lipids in membranes. In particular, we highlight recent findings that have shed light on the
formation of transient pores in membranes, and the consequent lipid flip-flops taking place
through the pores.

On the computational side, various methods have been used to induce transient hydrophilic
defects in lipid bilayers. In particular, pore formation has been observed under conditions where
a bilayer has been subjected to an external electric field (electroporation) [35-37] or mechanical
stress (surface tension) [35,38,39]. Here we consider a different scenario where pore formation
is induced by a transmembrane ionic charge imbalance without any external forces [10,11]. The
imbalance of ions across a membrane is an inherent feature in living cells. It is believed that the
ion concentration differences determine the resting membrane potential in cells [40]. The aver-
age value of the potential is of the order of 100 mV. However, due to fluctuations its instanta-
neous value can deviate considerably from the average.

To characterize pore formation, let us consider recent results [10,11] based on atomic-scale
molecular dynamics (MD) simulations on lipid bilayers comprised of zwitterionic dimyristoyl-
phosphatidylcholine (DMPC) lipids. The temperature is 323 K, which is well above the main
transition temperature of a DMPC bilayer (297 K) [41], meaning that the simulated DMPC bi-
layers are in the fluid phase.

There is reason to mention one practical issue that is relevant here. Because of periodic
boundary conditions, it is not feasible to incorporate a transmembrane ionic charge imbalance
into a conventional bilayer simulation (a single lipid bilayer in a box of water): salt ions on one
side of the bilayer would diffuse to the other side within a nanosecond time span, thereby dis-
charging the ionic imbalance. The way forward is to use a double-bilayer setup, that is, two
lipid bilayers in the same simulation box [42,43] (see Fig. 5.1). This setup provides a means to
control electrolyte compositions in the two water phases on the opposite sides of the membrane.
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Figure 5.1. Initial structure of a double-bilayer system with a charge imbalance of 6 Na* ions per bi-
layer. The sodium ion concentration is larger in the “inner” water bath between two DMPC bilayers (see
text for details). The two lipid and water regions are complemented by ions; sodium ions in light and chlo-
ride ions with darker color. Adapted with permission from [34]. Copyright © 2007, American Chemical
Society. Please visit http://www.springer.com/series/7845 to view a high-resolution full-color version of
this illustration.

In a double-bilayer system, the two bilayers separate the “inner” (between the bilayers) and
“outer” water reservoirs. Here, the terms “inner” and “outer” are used for convenience only, as
periodic boundary conditions are applied in all three directions. The next step is to create a
transmembrane ionic charge imbalance. To do that, cations (Na" or K" ions) and anions (CI”
ions) are added to the system, replacing randomly chosen water molecules. The number of ani-
ons is set to be the same in both water reservoirs (20 CI” ions). Meanwhile, an excess of cations
is created in the “inner” water phase with respect to the “outer” one. The initial transmembrane
imbalance of cations is chosen to be 6 cations per bilayer or 12 cations between the reservoirs,
such that 26 and 14 cations are placed in the “inner” and “outer” water reservoirs, respectively
(see Fig. 5.1). The condition of electroneutrality in the whole double-bilayer system is fulfilled.

To gain insight into characteristic times of pore formation and sensitivity of the whole proc-
ess to the type of salt, 20 different runs simulated over 10 to 15 ns each have been performed by
varying initial conditions (10 runs with NaCl and 10 runs with KCI) [10,11]. Figure 5.2 depicts
the transmembrane electric field and electrostatic potential for one representative double-bilayer
system with NaCl. We find that for this particular system the imbalance of 6 Na" ions per bi-
layer induces on average a transmembrane voltage of about 2.12 V across the membrane.
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Figure 5.2. Electric field (top) and electrostatic potential (bottom) versus distance z from the middle
of the “inner” water phase between the two bilayers. The field and the potential were calculated from
the Poisson equation by integrating over charge densities that were determined directly from MD simula-
tions; both quantities were chosen to be zero in the middle of the “inner” water phase (z = 0). Only the ini-
tial part of the trajectory prior to actual pore formation was used for the calculation. Dashed lines indicate
average positions of phosphorous atoms of lipids for the two bilayer leaflets. Reprinted with permission
from [11]. Copyright © 2007, The Biophysical Society.

Remarkably, the applied transmembrane imbalance of sodium ions gives rise to the forma-
tion of a water pore, which starts about 1.4 ns after the beginning of the simulation. The various
stages of pore formation can be readily followed by considering water molecules in the hydro-
phobic core of a membrane (Figs. 5.3 and 5.4). The first step in pore formation is the creation of
a single water defect spanning the entire membrane (Fig. 5.4B); this “chain” of water molecules
expands rapidly on a nanosecond timescale (see Figs. 5.3 and 5.4C). The expansion of the pore
is accompanied by a considerable redistribution of lipid headgroups from the water—lipid inter-
face to the membrane interior; the hydrophilic headgroups line the pore and stabilize it. It is also
interesting to note that the simulations did not express any signs of simultaneous formation of
multiple pores. Finally, after most of the excess ions have migrated across the pore, the trans-
membrane field has become too weak to maintain the pore, which hence becomes metastable.
Nonetheless, despite its metastable nature, the pore may remain open for a reasonably long pe-
riod of time (see below).

The overall molecular picture of pore formation found here is very similar to the picture re-
ported in MD simulations of electroporation in lipid membranes under the influence of an ex-
ternal (constant) electric field [35-37]. This similarity is due to the fact that in both situations a
lipid membrane is exposed to a rather high transmembrane electric field. It should be empha-
sized that the electric field induced by a transmembrane ionic density gradient in the present
case is stochastic in nature: the transmembrane electric field is determined by instantaneous po-
sitions of ions and is therefore subject to considerable fluctuations in time and space. Indeed, it
has been found [11] that the average values of the electric field across a membrane (prior to
pore formation) can scatter from 1.74 to 3.33 V.
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Figure 5.3. Time evolution for the number of water molecules in a pore. The number of water
molecules is computed within 0.5 nm from the bilayer center (top) and for the transmembrane imbal-
ance of Na" and CI” ions (bottom). Reprinted with permission from [11]. Copyright © 2007, The Bio-
physical Society.

The transmembrane potential of this magnitude exceeds the potentials typical for native
plasma membranes by one order of magnitude and thus deserves some discussion. Due to obvi-
ous limitations of atomic-scale MD simulations regarding the length and timescales accessible,
one has to promote pore formation by increasing the ionic charge imbalance across a membrane
and, correspondingly, the transmembrane potential. By doing so, one essentially optimizes
chances for observing the formation of water pores on timescales that are within reach by atom-
istic simulations. A similar approach has been used in simulations that mimic electroporation
[35-37]. The choice of a reasonably large ion concentration gradient for simulation studies is
also supported by the nature of biological matter, as it is driven by thermal fluctuations: in a
macroscopic system, density fluctuations inevitably lead to fluctuations of ion densities that
may locally be considerably larger than the average ones. Moving on, it is noteworthy that the
overall picture of pore formation seems to be generic in the sense that the same stages of pore
formation have also been found for a considerably smaller ion concentration gradient, though
the characteristic timescales are then obviously longer [11]. On these grounds, it is reasonable to
assume that the same pore formation mechanism would be found also with an ion imbalance
that would match conditions in native cells.

The maximum size of a transient water pore varies considerably from one simulation to an-
other. Assuming an ideal cylindrical shape for a pore, the radius of the inner part of a pore var-
ies from 0.41 to 1.03 nm. Essentially, after the water pore has become large enough, the cations
and anions permeate through the pore along the ion density gradient (cations and anions perme-
ate in opposite directions). As an example, Figures 5.3 and 5.4 show permeation of Na and CI
ions across the membrane, discharging the transmembrane potential and driving the system to
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Figure 5.4. Pore formation and pore-mediated ion transport induced by a transmembrane imbalance
of sodium ions. (A) 0 ps, the initial structure; (B) 1420 ps, appearance of a single water defect; (C) 1490
ps, redistribution of lipid headgroups toward the membrane interior; (D) 1710 ps, leakage of a sodium ion;
(E) 2090 ps, leakage of a chloride ion; and (F) 10 ns, the metastable state of the water pore. Water is shown
on the left- and right-hand sides of the figures, choline groups of lipid headgroups in dark, phosphate and
glycerol groups using lighter color in the same region, and Na* (CI") ions as light (dark) spheres. Nonpolar
acyl chains of lipids are not shown. Excess of Na* ions is on the left-hand side. Reprinted with permission
from [11]. Copyright © 2007, The Biophysical Society. The figure is adapted from (34). Please visit
http://www.springer.com/series/7845 to view a high-resolution full-color version of this illustration.

equilibrium. It turns out that the size of the pore is controlled by the induced transmembrane
potential: the transmembrane ionic leakage leads to a remarkable drop in the transmembrane
potential difference and, as a result, to a considerable decrease in pore size (see Figs. 5.3 and
5.4). The drop in the ionic charge imbalance from 6 to 2 within the first 5 ns of simulations
gives rise to a decrease in the number of water molecules by about 70% compared to its maxi-
mum value. In general, after a drop of the transmembrane voltage below some critical value due
to ion leakage, the water pore becomes metastable, its lifetime expressing a broad distribution
from 5 to more than 200 ns.
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It is interesting to compare how the molecular picture of pore formation and subsequent ion
leakage depend on the type of salt ions used to create a transmembrane ionic charge imbalance.
It turns out that the sequence of events and most of the features of pore formation are very simi-
lar to that of NaCl and KCI salts; the maximal radius of the induced pores has been observed to
be somewhat smaller in the case of potassium ions, as they require smaller pores for permeation
to occur. However, ionic leakage through the pore is found to be sensitive to the type of cation:
K" ions permeate through a lipid membrane much easier than Na® ions do. The origin of such a
difference is most likely in the strong interactions of sodium ions with lipid headgroups lining
the pore walls [43—47]. In contrast, potassium ions interact only weakly with the carbonyl re-
gions of phospholipids [11,47].

5.5. FLIP-FLOPS OF LIPID MOLECULES ACROSS PROTEIN-FREE
LIPID MEMBRANES

Given the above findings for pore formation, it is tempting to ask whether the pores could act
as membrane defects, facilitating the occurrence of flip-flops. To consider this scenario, let us
highlight some recent data [34] for 8 double-bilayer systems with preformed pores (4 sys-
tems with NaCl as well as KCI) that were simulated over 200 ns, or until the transient water
pore closed.

In all the considered systems, one finds spontaneous pore-mediated translocation processes
of lipid molecules from one leaflet to another. The overall process of lipid flip-flop is depicted
in Figure 5.5 for one particular lipid of a DMPC bilayer system with NaCl. Starting from an
intact lipid membrane (Fig. 5.5A), one first observes the formation of a water pore spanning the
entire membrane. For the tagged lipid studied here, the pore is laterally located quite far away
from the lipid (Fig. 5.5B), implying that a flip-flop cannot occur right after pore formation.
However, after about 100 ns the lipid molecule has diffused laterally to the vicinity of the pore,
allowing it to enter the pore and become part of it as the lipid's headgroup settles to line the pore
(Fig. 5.5C). At this point, the spontaneous translocation of the lipid through the pore initiates:
the translocation involves diffusion of a lipid headgroup along the pore walls coupled to the si-
multaneous desorption of lipid acyl chains out of the bilayer leaflet (Fig. 5.5D). As a result,
one observes the appearance of the lipid in the opposite bilayer leaflet, accompanied by pro-
gressive reorientation of the lipid (Fig. 5.5E). For translocation to be successfully accomplished,
the lipid should be irreversibly accommodated in the opposite leaflet. It turns out that such ac-
commodation can be a rather slow process. For instance, more than 50 ns are required for the
particular flip-flopped lipid considered here to settle down in the opposite leaflet (see Fig. 5.5E—
G). Considering that the actual flip-flop takes about 30 to 100 ns to occur, the timescale of set-
tling down is rather short and essentially limited by lateral diffusion: to avoid being displaced
back to the original leaflet, the headgroup of the lipid being translocated should first be able to
detach its headgroup out of pore “walls,” followed by lateral diffusion of a lipid away from the
pore site. Since diffusion in the plane of fluid membranes over a scale of molecular size takes
roughly about 20 ns, it is obvious that about 50 ns are required to diffuse away from the imme-
diate vicinity of the pore. We note, however, that the realization of a flip-flop can be facilitated
by the closure of a pore; for the particular system in question, pore closure occurs at r = 210 ns
(Fig. 5.5H).
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Figure 5.5. Pore-mediated lipid translocation across a DMPC membrane in aqueous solution with
NaCl. (A) 0 ns, (B) 43.85 ns, (C) 118.9 ns, (D) 122.4 ns, (E) 152.7 ns, (F) 204.65 ns, (G) 208.9 ns, and (H)
215 ns. Lipids (except for the flip-flopped one) and ions are not shown; water is shown on the left- and
right-hand sides of the figures, and the flip-flopped lipid is shown separately during various stages of the
process. Reprinted with permission from [34]. Copyright © 2007, American Chemical Society. Please visit
http://www .springer.com/series/7845 to view a high-resolution full-color version of this illustration.

To visualize lipid flip-flops across a membrane, it is instructive to follow the time evolution
of the positions of centers of mass (CM) of lipid headgroups as well as the lipids' overall orien-
tation measured through the angle between the bilayer normal and the vector directed from the
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Figure 5.6. Time evolution of lipid positions and their orientations. Top: Time evolution of positions of
the centers of mass (CM) of headgroups for four representative flip-flopped lipids of a DMPC bilayer sys-
tem in an aqueous solution with NaCl. The z = O corresponds to the membrane center; solid black lines
show the average positions of lipid headgroups in the two opposite leaflets, extracted from the intact mem-
brane before pore formation. Bottom: Time evolution of the tail-to-head orientation for the same four flip-
flopped lipids. The tail-to-head orientation is characterized as the angle between the bilayer normal and the
vector directed from the CM of acyl chains to the CM of headgroups. Solid black lines again show typical
values for the angle for lipids in the opposite leaflets. Adapted with permission from [34]. Copyright ©
2007, American Chemical Society. Please visit http://www.springer.com/series/7845 to view a high-
resolution full-color version of this illustration.

CM of lipid's hydrocarbon chains to the CM of its headgroup. Figure 5.6 presents trajectories
for four representative flip-flopped lipids of a DMPC bilayer with NaCl [34]. Remarkably, the
translocation of a lipid molecule across a membrane closely correlates with the overall reorien-
tation of the lipid within a membrane: when a lipid molecule is accommodated in its initial
membrane leaflet, the lipid’s tail-to-head vector makes an average angle of 22 degrees (or 158
degrees depending on the leaflet) with the bilayer normal. During flip-flop (i.e., when the CM
of a lipid headgroup crosses the membrane center, z = 0), a lipid changes its orientation and the
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corresponding angle lies between the two values typical to opposite leaflets. Interestingly, lipids
tend to adopt an orientation perpendicular to the bilayer normal when they become close to the
membrane center, which is clear for one of the lipids in Figure 5.6.

One can clearly distinguish two different types of lipid translocations [34]:

1. Flip-flops of lipid molecules that are directly involved in the initial formation of a
water pore. These are very fast flip-flop processes whose onset coincides with the
formation of a pore. They are also characterized by short times (10-20 ns) required
for accommodation in the opposite leaflet (see the light curve in Fig. 5.6).

2. Considerably slower flip-flops of lipids that are either involved in initial pore for-
mation but require much longer times to accomplish translocation (the dark curve in
Fig. 5.6) or are initially remote from the pore site but diffuse to the pore with time
(remaining curves in Fig. 5.6).

Overall, out of 50 successful flip-flop events observed, only 9 flip-flops are associated with
category 1. The rest of the flip-flops (about 80%) belong to category 2. On the basis of these 50
flip-flop events resolved in atomic detail, one can estimate that the average time required for a
lipid to translocate through a preformed water pore in a membrane is around 60 ns. Yet there is
reason to mention that flip-flop times for individual lipids scatter considerably and have here
been found to range from 10 to 130 ns. The reasonable statistics resulting from these events al-
lows one to present the distribution of these flip-flop times (see Fig. 5.7). First, one finds that
the distribution is indeed very wide. Second, one can easily distinguish two peaks that corre-
spond to the two flip-flop categories outlined above: there is a clear peak around ¢ = 20 ns (flip-
flop category 1), a rather broad peak around the average flip-flop time ¢ = 60 ns (category 2),
and a long tail extending up to ¢ = 130 ns corresponding to the slowest flip-flop observed.

Of the factors that affect the rate of lipid translocation, let us mention pore opening and
membrane resealing. As discussed above, pore formation implies fast reorientation of some
lipid headgroups toward the membrane interior [10,11,35-37] so that the lipids involved in pore
formation are driven off from their equilibrium state. If desorption of lipid hydrocarbon chains
occurs at the same time, one can observe a very fast lipid flip-flop. However, in most cases this
scenario takes place rather rarely (see Fig. 5.7), because the time required for lipid accommoda-
tion in the opposite leaflet can be considerable. Pore closure, in turn, considerably speeds up the
flip-flops of lipids that are partly translocated since irreversible membrane resealing simply
makes it impossible for the lipids to move back to their initial leaflet. As an example, one can
mention the translocation of a lipid shown by the dark curve in Figure 5.6 (note that pore clo-
sure for this bilayer system occurs at # = 210 ns).

Another factor whose role deserves some discussion is the type of cations used for pore
formation. All together, 18 successful lipid flip-flops were found for DMPC bilayers with NaCl,
while for their counterparts with KCI a number of 32 pore-mediated lipid translocations were
observed. Therefore, despite the fact that the average times required for lipid flip-flops are simi-
lar in both cases (64 and 60 ns for bilayers with NaCl and KCI salt, respectively), the type of
salt used does affect the probability of lipid flip-flop. In more practical terms, DMPC bilayer
systems with NaCl and KCl were simulated for 485 and 515 ns, respectively; yet, the overall
number of lipid flip-flops was almost twice as large in the case of KCl (see also Fig. 5.7). One
can conclude that the probability of a spontaneous flip-flop event in a bilayer system with po-
tassium ions is higher by a factor of about 1.7. This finding can readily be explained in terms of
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interactions of cations with lipid headgroups: sodium ions demonstrate much stronger interac-
tions with zwitterionic phosphatidylcholine lipids than potassium ions [11,47]. More specifi-
cally, sodium ions are known to bind strongly to carbonyl oxygens of phosphatidylcholines,
leading to the formation of tight complexes between neighboring lipids [11,43—47], thus weak-
ening the desorption of lipids out of membrane leaflets toward the membrane interior.
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Figure 5.7. The distribution of flip-flop times. The distribution is shown for all eight DMPC
bilayer systems considered (50 flip-flop events all together). The lipid flip-flops in the bilayer
systems with NaCl are shown in light color, while the rest were observed under the influence of KCI.
Adapted with permission from [34]. Copyright © 2007, American Chemical Society. Please visit
http://www.springer.com/series/7845 to view a high-resolution full-color version of this illustration.

Overall, the molecular mechanism of lipid flip-flop discussed here consists of two steps
[34]. The first step is the formation of a transient water defect in a membrane. In the present
case this is achieved through the incorporation of an initial ionic concentration imbalance across
the membrane; such an imbalance, being an inherent feature of plasma membranes of eu-
karyotic cells, initiates the formation of a water pore coupled to the subsequent fast ion leakage
that quickly reduces the local field strength and makes the pore metastable. The second step is a
fast translocation of lipid molecules through preformed water pores. Because lipid translocation
through a pore is very fast (taking only 60 ns on average), one can observe considerable mixing
of lipids between the opposite leaflets since the lifetime of water pores ranges from tens to sev-
eral hundreds of nanoseconds (see Fig. 5.8).

The origin of the force that drives the pore-mediated lipid translocation across a membrane
is central for understanding the molecular mechanism of lipid flip-flop. First, we recall that the
PC lipids considered in this study are zwitterionic, i.e., neutral. Therefore, the transmembrane
electrostatic potential can hardly play the main role. Indeed, the membrane-normal component
of the total electrostatic force exerted on the lipids involved in flip-flops is found to fluctuate
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around zero [34], without a component that would drive translocation. Second, as already dis-
cussed, the electric field across a membrane is spatially inhomogeneous, as it is defined by in-
stantaneous positions of ions. In general, the inhomogeneous electric field could contribute to
translocation of zwitterionic lipids via dielectrophoretic motion. However, it has been found that
the contribution of the dielectrophoretic force exerted on the dipolar lipid headgroup is the larg-
est for a small number of lipids involved in flip-flops during the initial stages of pore formation,
and even then the dielectrophoretic component is comparable to thermal energy [34]. At longer
times, when the transmembrane electric field is almost fully discharged due to ion leakage, the
dielectrophoretic force has been found to be an order of magnitude smaller than the force due to
thermal fluctuations. Thus, we conclude that translocation of lipids through transient water
pores is mainly diffusive, i.e., driven by thermal fluctuations.

Figure 5.8. Flip-flop induced mixing up of the lipids which belong to the opposite leaflets of a DMPC
bilayer system with KCI. Left: Intact membrane at r = 0 ns. Right: The same membrane with an opened
pore at r = 200 ns. Lipids in opposite leaflets are shown in light and dark; for clarity, the size of flip-flopped
lipids has been enlarged. Adapted with permission from [34]. Copyright © 2007, American Chemical Soci-
ety. Please visit http://www.springer.com/series/7845 to view a high-resolution full-color version of this il-
lustration.

Overall, the atomic-scale MD simulations demonstrate that the appearance of a water pore
spanning a phospholipid membrane inevitably leads to diffusive transmembrane translocation of
lipids through the pore. There is reason to especially emphasize that, while the formation of a
water pore is induced here by a transmembrane ion density gradient, the precise way by which
the pore is formed is irrelevant for the flip-flop mechanism discussed here. This has also been
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confirmed by very recent studies of chemically induced pore formation in phospholipid mem-
branes: it was demonstrated that a small amphiphilic solute dimethylsulfoxide (DMSO) —
which is widely employed in cell biology as an effective penetration enhancer [48], cryoprotec-
tant [49], and cell fusogen [50] — is able to induce hydrophilic water pores in protein-free lipid
membranes [51-53]. What is more, the appearance of DMSO-induced pores (formed without
salt ions) was shown to lead to spontaneous pore-mediated lipid translocations [54], indicating
that the formation of a water pore spanning the membrane is most likely the only required pre-
requisite for transmembrane lipid flip-flop.

Moving on, the above-discussed results provide concrete evidence for a view that the for-
mation of water pores (defects) is the rate-limiting step in the lipid flip-flop processes that take
place through pores. While the actual flip-flops driven by thermal fluctuations are very rapid
processes, occurring spontaneously on a timescale of tens of nanoseconds, the total timescales
of lipid flip-flops range from minutes to hours. The rate-limiting step is hence pore formation.
Recent simulation studies and free energy calculations are in favor of this view [33,55,56].

However, we have to keep in mind that the above-discussed scheme is not necessarily the
only possible mechanism for lipid translocation. Sterols have been observed to translocate with-
out pores [57,58]. On the other hand, sterols are known to translocate at much larger rates com-
pared to many other lipids, the timescales ranging over seconds rather than hours, which may
explain why transient pores are not crucial for their translocation processes. Also, there is evi-
dence for flip-flops that take place without transient membrane defects. The conditions where
this has been reported to occur include high concentrations of glucose and a high transmem-
brane pH gradient [59].

Nonetheless, coming back to pore formation, let us summarize that the rate of lipid flip-
flops can be significantly enhanced by spontaneous formation of water pores. In addition to
their biological relevance, this view also offers a molecular-level framework for the develop-
ment of ways to promote lipid transmembrane translocation and to make it possible to manipu-
late lipid distribution across cell membranes. This view also provides an explanation for the ex-
perimentally observed fact that the exposure of lipid membranes to electric field pulses
drastically reduces the timescales where flip-flops take place [60]. Strong external electric fields
induce electroporation of a lipid membrane, considerably increasing the number of pathways
(defects) suitable for pore-mediated lipid flip-flops. Similarly, the presented pore-mediated
mechanism for lipid flip-flops can be invoked to shed more light on how local anesthetics, am-
phiphilic compounds, and pore-forming peptides facilitate the occurrence of flip-flops [59].

5.6. SUMMARY

The results presented and discussed in this chapter illustrate the importance of understanding
the complex interplay of lipids with water and ions. The dynamical processes associated with
these systems are collective, involving a large number of molecules to function in unison. Pore
formation and lipid flip-flops are excellent examples of this fact. Nonetheless, they are just a
minor scratch on the surface of the issue since there are numerous membrane processes where
the same view holds, too. For example, the fusion of membranes and endocytosis as well as
exocytosis are large-scale processes that involve large amounts of lipids, whose joint dynamic
interplay leads to realization of these events. Further, it has been shown very recently that lipid



136 ANDREY A. GURTOVENKO and ILPO VATTULAINEN

diffusion in the membrane plane occurs through the diffusion of locally correlated transient
lipid clusters that move in unison, and the dynamical correlations associated with these mo-
tions range over tens of nanometers [61]. Also, as membranes are soft interfaces driven by
weak interactions of the order of k.7, it is not particularly surprising that membranes are charac-
terized by undulations that are essentially collective motions of lipids in the bilayer normal di-
rection. The elastic behavior of membranes exemplified by undulations also has a signifi-
cantrole to play in membrane protein functions, since it has been shown that the
functionality of certain classes of proteins depends on elastic coefficients such as bending rigid-
ity and area compressibility [62,63]. Concluding, the dynamics of lipids in membranes is an
exceptionally appealing example of the dynamics of soft matter, and the collective nature of
lipid motions has to be always accounted for if one desires to understand the physical laws that
govern membrane dynamics.
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PROBLEMS

5.1.  In the chapter we discussed the overall process of pore-mediated lipid flip-flops and illus-
trated it for a dimyristoylphosphatidylcholine (DMPC) bilayer at T = 323 K. Make quali-
tative predictions regarding changes in the flip-flop rate when (a) temperature is de-
creased to e.g. the physiological value (T = 310 K); (b) DMPC lipids are replaced by
dipalmitoylphosphatidylcholine (DPPC) lipids whose acyl chains are two hydrocarbons
longer.

5.2.  Assuming that the lipid lateral diffusion coefficient is D = 1 x 107 cm’/s, compute the
time that is needed to diffuse from one side of a cell to the opposing one, assuming the
cell radius to be R = 10 micrometers.

FURTHER READING

For further reading on transmembrane translocations of lipids in cell membranes, one can rec-
ommend several recent review papers that summarize a contemporary view of related phenom-
ena [26,64-67]. A thorough account of experimental observations of chemically induced lipid
flip-flops (both pore-mediated ones and those that do not involve pores) can be found in [59]. A
very recent computational study additionally highlights the overall process of pore formation in
phospholipid membranes at atomistic resolution [68].
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