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ABSTRACT Transmembrane pore formation is central to many biological processes such as ion transport, cell fusion, and
viral infection. Furthermore, pore formation in the ceramide bilayers of the stratum corneum may be an important mechanism by
which penetration enhancers such as dimethylsulfoxide (DMSO) weaken the barrier function of the skin. We have used the
potential of mean constraint force (PMCF) method to calculate the free energy of pore formation in ceramide bilayers in both the
innate gel phase and in the DMSO-induced fluidized state. Our simulations show that the fluid phase bilayers form archetypal
water-filled hydrophilic pores similar to those observed in phospholipid bilayers. In contrast, the rigid gel-phase bilayers develop
hydrophobic pores. At the relatively small pore diameters studied here, the hydrophobic pores are empty rather than filled with
bulk water, suggesting that they do not compromise the barrier function of ceramide membranes. A phenomenological analysis
suggests that these vapor pores are stable, below a critical radius, because the penalty of creating water-vapor and tail-vapor
interfaces is lower than that of directly exposing the strongly hydrophobic tails to water. The PMCF free energy profile of the
vapor pore supports this analysis. The simulations indicate that high DMSO concentrations drastically impair the barrier function

of the skin by strongly reducing the free energy required for pore opening.

INTRODUCTION

The formation of transient pores in lipid bilayers is central to
many biological processes including the transport of mole-
cules and ions across membranes, apoptosis, membrane fu-
sion, and drug and gene delivery (1-4). Recent experiments
and computer simulations (5—13) of protein-free bilayers in the
fluid phase have provided new insights in the localized density
perturbations of membranes and the ensuing formation of
transmembrane pores. In this article, we use molecular dy-
namics (MD) simulations to study pore formation in ceramide
bilayers in both the fluid and the gel phase. The membrane in
the fluid phase is found to develop hydrophilic pores, i.e., the
membrane edge consists of the hydrophilic headgroups of
the lipids, which are readily filled with water molecules. On
the other hand, the bilayer in the gel phase gives rise to hy-
drophobic pores, i.e., pores lined by the hydrophobic lipid
tails. This highly hydrophobic environment prevents bulk
water from entering the pore, at least for pore radii well below
the membrane thickness. Observations of a similar nature in-
cluding evacuation and condensation of water in confined
hydrophobic cavities have also been reported in simulations
of membrane-spanning conduction channels in biomimetic
models of proteins (14—17). The current study on protein-free
transmembrane pores builds on these earlier insights.

In this work, we consider bilayers of ceramide 2 lipids,
which comprise two long-chain hydrocarbon tails and a small
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hydrophilic headgroup (see Fig. 1). At the cellular level,
ceramides play a key role in signal transduction where they
are involved in the regulation of the cell growth cycle (18—
20). Ceramides are also a primary constituent of the topmost
layer of the skin, the stratum corneum, where they play a
pivotal role in the skin’s barrier function (21). Ceramide 2 is
the most abundant of the ceramides present in the skin. In
transdermal delivery, one must overcome this barrier to de-
liver active molecules into or via the skin. One approach is to
use chemical penetration enhancers such as dimethylsulf-
oxide (DMSO, see Fig. 1), which increase the permeability of
the skin (22). In our previous work, we showed that DMSO,
in high concentrations, induces a transition in ceramide bi-
layers from the gel phase to the fluid phase, which can ex-
plain the increase in the permeability of these membranes to
solutes (23). Another possible mechanism by which DMSO
can enhance membrane permeability is transmembrane pore
formation, as DMSO is known to induce spontaneous pore
formation in phospholipid bilayers (24,25). An understanding
of possible mechanisms of pore formation in the skin lipid
membranes will be invaluable toward developing controlled
transdermal delivery systems. Of a wider interest is the general
understanding of pore formation in membranes, as pores play
an important role in many biological processes in living cells.

SIMULATION DETAILS

In this study, we use the potential of mean constraint force (PMCF) method
(26-28) to calculate the free energy of pore formation in ceramide 2 bilayers
in pure water (gel phase) and in 0.6 mol fraction DMSO (fluid phase). The
PMCF method enables one to calculate the free energy change of any given
process as a function of some reaction coordinate ¢ by performing a series of
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FIGURE 1 Molecular structures of ceramide 2 and dimethylsulfoxide
(DMSO).

simulations at discrete values of £. In this case, we use a coordinate based on
the local lipid density in the center of the bilayer to calculate the free energy
profile Fpycr(€) of an emerging pore. The reader is referred to the literature
(6,7) for a detailed explanation of the method. In our simulations, the value of
the reaction coordinate is varied in a number of steps from zero, which
corresponds to the equilibrium lipid density in an unconstrained bilayer, to a
value close to the maximum of one, where the centers of mass of all the lipids
are pushed nearly 1.5 nm from the center of the pore. To convert the resulting
free energy profile Fpycr(§) into a function F(R) of the pore radius R, we use
a modified particle insertion routine to establish a relation R(§) between the
pore radius and the central lipid density (6). In particular, for £-values ap-
proaching zero, where the bilayer no longer contains a true pore, the function
R(&) makes a smooth transition to a straight line that reaches R =0 at £ = 0.
We emphasize that in the MD simulations there are no restrictions on the
configurations or orientations of the lipids themselves: all atoms are com-
pletely free to move about within the single constraint of a fixed reaction
coordinate. The constraint merely determines the size of the pore, but does
not affect its shape or hydrophobicity. The ceramides and solvent molecules
together determine the preferred pore geometry at any given value of &, by
minimizing the system’s free energy in the presence of an internal constraint.

We performed constrained MD simulations on ceramide bilayers of 512
lipids, in pure water and in an aqueous solution containing 0.6 mol fraction
DMSO, both at a temperature of 323 K. The ratio of lipid to solvent (water or
DMSO) was 1:40. The united-atom force field for the ceramides was based
on the force field of Berger et al. (29), with adjusted partial charges for the
headgroup. The united-atom DMSO model was parameterized by Bordat
et al. (30), and the water was simulated using the SPC model (31). These
force-field and simulation parameters were identical to those used in our
previous simulations of ceramide bilayers in water/DMSO mixtures (23), and
we refer to that study for further simulation details. The initial configurations
of each system were generated by replicating equilibrated bilayers of 128
lipids from a previous set of simulations (23). The area per lipid was kept
constant at 0.390 and 0.675 nm? for the bilayers with 0 and 0.6 mol fraction
DMSO, respectively. These areas are the equilibrium area per lipid obtained
from simulations of 128 lipids in the NPT ensemble; a subsequent set of
simulations in the NAP,T ensemble, exploring a range of areas, has mean-
while improved the equilibrium area of the crystalline state to 0.374 nm?
(23). All the simulations were performed using a version of GROMACS (32)
that had been modified to constrain the reaction coordinate &. Applying this
constraint in combination with a barostat on the lateral membrane dimension
creates several complications, i.e., the constraint force contributes to the
lateral pressure and rescaling the lateral box dimension alters the value of the
reaction coordinate, which we avoided by performing the simulations at
constant area. There are no couplings between the reaction coordinate and the
barostat perpendicular to the membrane, as both operate along orthogonal
directions, hence the perpendicular pressure was set at 1 bar. By running
simulations in the NAP,T ensemble, the solvent at some distance from the
membrane acquired a hydrostatic pressure of 1 bar, while the membrane was
exposed to distinct lateral and perpendicular pressures and therefore expe-
rienced a surface tension.

THEORY

Theoretical ideas of pore formation in membranes are dom-
inated by classical nucleation theory. In the phenomenolog-
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ical model of Litster (33), the membrane is assumed to be a
two-dimensional elastic medium with a circular hole. The
membrane is characterized by a free energy per unit area yg
more commonly known as the surface tension, while the
membrane edge forming the circumference of the pore is
characterized by a free energy per unit length of the bilayer
edge or line tension A. In this mesoscopic model, the free
energy difference between an intact membrane and one
containing a pore of radius R is given by

AF = 2R\ — wR . (1)

The model yields an activation barrier of AF(R*) = w2 lys
and predicts that pores with a radius of less than a critical
value of R* = A/ys will reseal. Larger pores will grow
indefinitely, because the surface tension is assumed to remain
constant while the pore grows. A mesoscopic free energy
expression of the bilayer, which includes the effects of
variations in the tension, and thus permits stable pores, is
given by Tolpekina et al. (5):
F _ KA 2
oniic(R) = ——(A — Ap)” + 27RA. 2)
24

Here, the first term on the right-hand side takes into account
the free energy cost associated with the reduction of the area
per lipid when a pore is created at constant ground plane area
A of the simulation box. K} is the elastic modulus, A is the
equilibrium bilayer area in the tensionless state, and A = A} —
mR? is the actual area of the bilayer calculated by subtracting
the area of the pore from the ground plane area of the box. This
model predicts that pores are unstable and reseal below a
critical elongation. Above this elongation, a pore still has to
surmount an activation barrier before free energy minimal-
ization starts to drive the growth of the pore. Due to the fixed
ground plane area, the growing pore reduces the surface
tension, ys = OF pnilic/OA|, and the pore expansion will stop
when a further decrease in elastic energy is balanced by an
increase of edge energy. This minimum in the free energy
evidently occurs at a pore area smaller than the excess area,
Wqu <A| — Ag with aresidual tension of ys = A/R.q. The free
energy rises indefinitely for larger pore radii. We refer to
Tolpekina et al. (5) for a detailed discussion of the model’s
properties.

In both free energy models, the pore radius at the activation
barrier is related to the prevalent surface tension by A/ys.
Both free energy models yield nearly identical activation
barriers for the giant unilamellar vesicles at several percent
elongation typically used in rupture experiments (9). Beyond
this barrier, a pore grows large by thermodynamical driving
forces. In the model by Tolpekina et al., this growth even-
tually stops, but the resulting pore in the vesicle will be huge.
If an externally applied force maintains a constant surface
tension, as in the Litster model, then the pore area and the
ground plane area will obviously grow indefinitely. Litster’s
model emerges from Eq. 2 for stretched membranes, A| > Ay,
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as the Taylor expansion of AF = Fp;i(R) — F; to second-
order in R as long as the pore is sufficiently small relative
to the excess area, mR? < A|| — Ay, for the surface tension
to be effectively constant at yg = Kx(A) — Ag)/A, and F; =
Ka(A) — Ao)*/(2Ao) denotes the free energy of the intact
membrane. A more detailed discussion of the relation be-
tween these two phenomenological models is presented
elsewhere (W. K. den Otter, in preparation).

As mentioned in the previous section, we have chosen to
perform the simulations at constant lateral area for compu-
tational reasons. The simulation results are therefore in-
terpreted using the free energy of Eq. 2 to determine the
properties of the porated membrane. Since previous simula-
tions indicate that the line tension is essentially independent
of the surface tension (5), the two phenomenological ex-
pressions may then be used to translate the results to different
conditions, like another ground plane area or an ensemble of
constant tension. Being of mesoscopic origin, both expres-
sions for the free energy may fail when microscopic details
become relevant, i.e., for pore radii comparable to the mem-
brane thickness. In this region, there is no established theory
available with which to compare our PMCEF calculations.

RESULTS
Hydrophilic pore

The constraint on the local lipid density of the ceramide
bilayer in the DMSO-induced fluidized phase results in
the formation of an archetypal hydrophilic pore, as shown in
Fig. 2. At small values of ¢ or low radii (£ < 0.38, equivalent
to R < 0.05 nm), the lipid density decreases with increasing
&, while the surfaces of the bilayer begin to move inwards and
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some headgroups and DMSO molecules move into the center
of the low-density region. At ¢ = 0.63, equivalent to R = 0.07
nm, the headgroups of opposing monolayers make contact
and a hydrophilic pore, which is concomitantly filled with
DMSO and water, opens up in the bilayer. The radius of the
transmembrane pore then increases further with increasing &.
This mechanism is consistent with that observed for coarse-
grained lipids (6) and phospholipids (7), where a hydrophilic
pore was formed in a bilayer using the same method.

The free energy as a function of pore radius was deter-
mined as described previously (6,7) and is plotted in Fig. 3.
The free energy is quadratic in the radius below R = 0.06 nm,
the region which corresponds to the gradual reduction of the
density in the center of the still intact membrane. Beyond R =
0.06 nm, for membranes exhibiting a real pore, the free en-
ergy increases slower with increasing pore radius. A fit of Eq.
2 to the results for the ceramide bilayer with 0.6 mol fraction
DMSO yields a line tension coefficient A of 6 pJ/m, an elastic
modulus K of 260 mJ/m?, and an equilibrium area per lipid
ao of 0.65 nm?. The latter two results are in good agreement
with the mechanical properties in our previous NPT simula-
tions of the same system (23) (see Table 1). A low free energy
barrier to pore formation of only a few kgT indicates that
DMSO can promote spontaneous pore formation, in agree-
ment with previous simulations on other lipid bilayers
(24,25,34).

To validate the line tension obtained from the constrained
simulations, we performed separate simulations of a strip of
512 lipids in a bilayer, surrounded by solvent molecules in
the normal direction and one of the lateral directions, as de-
tailed in Tolpekina et al. (5). The ground-plane dimensions Ly
and L, of the simulation box were fixed, while the box length
L, in the normal (z) direction was allowed to adjust to

AR A S S o R S SRR A A ST PR
o
PN

R=0.9

8 n

T

FIGURE 2 By mechanically con-
straining the lipid density in the center
of a fluidized ceramide 2 bilayer in a 0.6
mol fraction DMSO solvent, a hydro-
philic transmembrane pore of radius R is
created. Snapshots are shown of a slice of
the bilayer through the center of the pore
(center of box) and of a top-down view of
the bilayer (shown without water). Water
is colored cyan, DMSO yellow, and
ceramide carbon atoms are colored
gray, nitrogen atoms blue, oxygen atoms
red, and hydrogen atoms white.

Biophysical Journal 95(10) 4763-4771



4766

F(R) (kJ/mol)
= = s 3

N
=)
T

¢
&

20 1 1 1
0 0.5 1 1.5

R (nm)

FIGURE 3 Free energy F(R) as a function of pore radius R for the
ceramide bilayer with 0.6 mol fraction DMSO. The solid line shows the fit of
the data to Eq. 2 for bilayers with a transmembrane pore; the dashed line is a
quadratic fit for the intact membranes with a strong local lipid-density
reduction.

maintain a pressure of 1 bar. The system was equilibrated for
5 ns and this was followed by a 5-ns production run. The line
tension A was calculated from the pressure difference as A =
1/2 L, Ly, (Pxx + Pyy—2P,,), where Py, Py, and P,, are the
diagonal elements of the pressure tensor and the factor 1/2
accounts for the two edges of the strip. For the ceramide
bilayer in the fluid phase, i.e., at 0.6 mol fraction DMSO, we
obtained a value for the line tension of 7 pJ/m (see Table 1),
which is in good agreement with the value of 6 pJ/m obtained
from the constrained simulations as described above.

The good fit of the simulation data in Fig. 3, in combina-
tion with the good agreement between the fit parameters and
their independently established values, indicates that the free
energy of pore formation at constant area A is well described
by Eq. 2. As in previous studies (6,7), the theory holds true
down to remarkably low pore radii of ~0.1 nm. The ther-
modynamic description of perforated membranes beyond
this radius is therefore readily converted to an ensemble with
an alternative area or with a constant tension, using Eq. 2 and
1, respectively, to arrive at the appropriate free energy curve
in the second ensemble. Below this radius, in the absence of a
clearcut pore and without the advantage of established free
energy expressions, one has to rerun the simulations under
the conditions of the new ensemble. Since the nascent pore is
very small relative to the simulated membrane patch, it ap-

TABLE 1 Impact of DMSO concentration on the mechanical
properties of a ceramide 2 membrane

Mol fraction of DMSO ap (nm?) Ka (m)/m?) A (pJ/m)
0.0 0374 = 0.001 7900 = 700 440 *+ 8
0.1 0.385 = 0.001 3700 =300 250 + 20
0.6 0.68 *+ 0.02 190 * 20 7 +20

The equilibrium area per lipid aq = 2A/N and the elastic modulus K, are
obtained from NPT simulations.(23) The line tension A is calculated from
simulations of a bilayer strip, as described in the text.
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pears to be justifiable at these diminutive radii to equate a
constant tension ensemble to a constant area ensemble with
A = Ao + s Ao/K A for computational convenience.

Hydrophobic pore

We next consider the ceramide bilayer in pure water, where a
strong interlipid network with three hydrogen bonds per
headgroup gives rise to a gel phase of hexagonally ordered
ceramides (23). The rigidity of this phase strongly affects the
pore opening process, as can be seen in Fig. 4. At small
values of ¢ (¢ < 0.31, equivalent to R < 0.02 nm), the lipid
density in the center of the bilayer steadily decreases with
increasing &. This is also evident as an increase in the disorder
of the ceramide tails in the center of the pore. As £ increases
to 0.46 (R = 0.03 nm), the interactions between ceramide
headgroups surrounding the nascent pore are broken gradu-
ally, and a cavity, partially filled with lipid tail groups, forms
in the bilayer. At £ = 0.46, a full transmembrane pore opens
up in the bilayer, after which the radius of the pore increases
with increasing &. The strong bindings between the ceramides
in the gel phase prevent the lipids surrounding the pore from
rearranging into a smoothly rounded membrane edge. In the
resulting hydrophobic pore, the hydrophobic tails at the edge
of the membrane are exposed to the solvent, whereas, in the
hydrophilic pore at 0.6 mol fraction DMSO, the hydrophilic
heads are lining the interior of the pore to shield the tails from
the solvent. Textbook cartoons of the two distinct pore
structures are shown in Fig. 5 to illustrate the difference in the
membrane-solvent interfaces encompassing the pore. In
contrast to this common conception of the interior makeup of
a hydrophobic pore, the simulations show that the water
molecules do not spontaneously enter the interior of the pore,
even when the pore is large enough to accommodate many
water molecules (see Fig. 4). This situation persists until the
termination of the simulation after 5 ns, suggesting that a
water vapor region inside the pore is able to coexist in
equilibrium with the bulk water that surrounds the bilayer.
These observations are reminiscent of the situation in hy-
drophobic protein channels, which are also void at low
channel radii (14-17,35,36), and the findings by Tepper and
Voth (37) that water molecules do not enter an artificially
created transmembrane pore. These pores are hereafter re-
ferred to as vapor pores (see Fig. 5), and are discussed in
detail below. Note that due to the small volume of the pore, at
the set (ambient) pressure the vapor pores are actually devoid
of water molecules for most of the time and therefore appear
empty in the snapshots.

The free energy of pore formation in the gel-phase bilayer
as a function of the radius of the pore is presented in Fig. 6.
As with the fluidized bilayer at 0.6 mol fraction DMSO, there
are two clearly distinguishable regions. Below R = 0.03 nm,
the free energy associated with reducing the density in the
center of the bilayer is again nearly quadratic in the radius. At
& = 046, R = 0.03 nm, a transmembrane pore opens up,
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concomitant with the transition to a much slower free energy
increase with increasing pore radius. Note that the free energy
change required until pore opening is one order higher in the
gel phase than in the fluidized phase, mainly because the
bonds between the ceramides are considerably stronger than
in the fluidized phase (23) (which is also reflected by the
higher elastic modulus, see Table 1). Stimulated by several
successful descriptions of molecular-size hydrophilic pores
by the mesoscopic theory of Eq. 2 and mesoscopic models of
hydrophobic pores in protein channels by Beckstein and co-
workers (14-17), and Allen et al. (35,36), we expect that
mesoscopic theories can also be used to describe the free
energies of hydrophobic and vapor pores. For a rigid bilayer,
where the energetic cost of rearranging the lipids is high, the
formation of a hydrophobic pore may be preferable over a
hydrophilic pore. As illustrated in Fig. 5, the hydrophobic
pore has an approximately cylindrical interface between the
hydrocarbon tails and the water in the pore. Thus, we replace
the line tension term in Eq. 2 with the free energy cost of the
tail-water interface, to yield an expression for the free energy
of a hydrophobic pore:

Foanic(R) = (A — Ao)* + 2Ry, A3)

24,
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FIGURE 4 Effect of the constraint on
the ceramide bilayer without DMSO,
where R is the radius of the pore. Snap-
shots are shown of a slice of the bilayer
through the center of the pore (center of
box) and of a top-down view of the
bilayer (shown without water). Water is
colored cyan and ceramide carbon
atoms are colored gray, nitrogen atoms
blue, oxygen atoms red, and hydrogen
atoms white.

Here, & is the height of the membrane and v, is the free
energy cost per unit area or surface tension of the tail-water
interface. A similar derivation applied to the vapor pore,
which has a cylindrical tail-vapor interface and two circular
water-vapor interfaces, gives

K

2A0 (A AO) + 2)7TRhﬁylV + 27TR2’YWV’ (4)

Frper(R) =
where vy, and vy, are the free energies per unit area of the
tail-vapor interface and the water-vapor interface, respec-
tively. The work associated with pore formation, PV =~
PZ7TR2/’Z, has been ignored here, as it is several orders smaller
than the included terms. The free energies of the hydrophobic
pore and vapor pore are identical for a critical radius R, =
h(Yew — Yo)lYwy- By inserting the experimental values (38)
of the water-vapor surface tension, yy, = 72.8 mJ/m?, the
n-octane-vapor surface tension y,, = 21.8 mJ/m?, and the
n-octane-water surface tension v, = 50.8 mJ/m?, one arrives
at R, = 0.4 h. Since vy, is larger that y,,, it follows that small
hydrophobic pores, R < R., contain only water vapor. Our
simulations, with pore radii up to 1.3 nm in a rigid membrane
of ~5 nm thickness, are within this regime. Only large
hydrophobic pores, R > R, are expected to hold fluid water.

FIGURE 5 Cartoons of pore structures. A hydro-
philic pore is formed when the hydrophilic headgroups
rearrange to shield the hydrocarbon tails from the water.
In a hydrophobic pore, the headgroups do not rearrange
and the tails are exposed to the water. In a vapor pore,
water does not enter the interior of the pore.

Hydrophilic pore Hydrophobic pore

Vapor pore
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FIGURE 6 Freeenergy F(R) as a function of pore radius R for the ceramide
bilayer in the gel phase. Also shown are the elastic F',s, water-vapor F,, and
tail-vapor F, contributions to the total free energy Fyapor-

The elastic, water-vapor, and tail-vapor contributions to
the free energy Fyapor(R) of a vapor pore are presented as
three separate curves in Fig. 6. To generate these plots we
used our previously established values of K, and Ag (see
Table 1), and the aforementioned experimental values (38) of
the water-vapor and n-octane-vapor surface tensions. Each
component of the free energy shows a strong variation with
R, yet the summed result F,,..(R) is in reasonable agreement
with the simulation results (see Fig. 6). In plotting the latter
curve, the free energy Fj(A)) of the intact membrane has been
used as the reference point for the PMCF free energy dif-
ference calculations (26-28) in the thermodynamically con-
sistent way outlined in Tolpekina et al. (6). It appears,
therefore, that the mesoscopic model holds down to very
small pore radii, where molecular effects become relevant.
Compared to the theoretical curve, the simulation data show
only small deviations from linearity, which prohibits a reli-
able fit with the fourth-order polynomial Fy,po{(R). We fur-
ther note that as the ceramides are packed in the ordered gel
phase, there are likely to be internal free energies associated
with lattice faults and deformation stresses introduced by
the pore. Such free energy costs are not accounted for in the
simple expression Fy,po(R) for the vapor pore.

At this point, it is worth iterating that the observed vapor
pore is not related to the applied constraint, nor to the em-
ployed thermodynamic ensemble. The solvent does not
partake in the constraint, and the lipids are free to adopt their
preferred orientations under the lateral forces exerted by the
constraint. A barostat on the perpendicular direction ensures
a hydrostatic pressure of 1 bar in the solvent, which appar-
ently does not suffice to push the water molecules into the
hydrophobic cavity. Laplace’s law yields a radius of curva-
ture for the water-vapor interface of ~3.6 X 1077 m, which
confirms the flatness of these interfaces in the snapshot of
Fig. 4. With increasing pore radius, the tension on the
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membrane samples a range of values down to approximately
zero at R = 1.35 nm, but this does not alter the shape of the
membrane edge. On the collective basis of the preceding
arguments, we believe that vapor pores are an inherent fea-
ture of ceramide bilayers and are probably a generic property
of membranes in the gel phase.

To further verify our results, we performed two additional
5-ns simulations of perforated bilayers with pore radii of R =
0.6 and 1.3 nm, where the starting configurations were gen-
erated by redistributing the water molecules over the avail-
able volume, including the interior of the pore. In the
simulation of the smaller pore, the water molecules diffused
out of the pore within 0.2 ns and the pore remained empty for
the remainder of the simulation. In contrast, the larger pore
remained filled with water for the duration of the simulation,
with water molecules in continuous exchange between the
bulk and the interior of the pore. Firstly, these simulations
confirm that the dynamics of the water molecules is fast
enough for them to diffuse into or out of the pore over the
timescale of the current simulations, and support the idea that
a vapor pore rather than a hydrophobic pore is the most stable
arrangement of the system for pores with a radius well below
a critical radius R.. Secondly, the simulations suggest that
there is an activation barrier associated with the transitions
between a hydrophobic pore and a vapor pore for a radius
close to R; the large R = 1.3 nm pore does not spontaneously
fill with water and neither do artificially inserted water mol-
ecules evacuate the pore immediately. These considerations
also suggest some hysteresis, at least on the timescales ac-
cessible in MD simulations, in the filling and evacuation of
small pores with unshielded tails. Similar observations were
made in the filling and evacuation of hydrophobic protein
channels (14,35).

The line tensions of the ceramide bilayers calculated from
simulations of a bilayer strip (5,39) are given in Table 1. As
expected, the lipids in the ceramide bilayer with 0.6 mol
fraction DMSO rearrange so that their headgroups shield the
tails from the water (Fig. 7 ¢). The line tension of 7 pJ/m is
comparable to typical experimental values of the line tension
of bilayers in the fluid phase (40-44). The bilayer strip of
ceramides in pure water favors a hydrophobic arrangement of
the two membrane edges flanking a gel phase core (see Fig.
7 a). Due to the exposure of the hydrophobic tails to the water,
Fig. 7, the line tension of the gel-phase bilayer is 440 = 8 pJ/m,
which is significantly higher than that of the fluid phase.
It appears that the high line tension is a result of the conflict
between the cost of forming unfavorable hydrocarbon-water
contacts and the rigidity of the bilayer, i.e., the conflict that also
prevents the gel phase from forming a hydrophilic pore.
However, in contrast to the tail-lined pores, in the current
geometry the exposed tails will not be cushioned from the
water by a layer of vapor because the resulting free energy per
unit edge area, which would amount to ~(y,, + Yyw), €Xceeds
the vy, of exposing tails directly to the water. As an aside, we
also calculated the line tension of a strip of ceramide bilayer in
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0.1 mol fraction DMSO where the bilayer is also in the rigid
gel phase. In this case, the headgroups do not rearrange and the
edge is still hydrophobic; however, the line tension drops to
250 = 20 pJ/m due to the accumulation of DMSO molecules
at the tail-water interface, where they shield the tails from the
water (see Fig. 7 b).

DISCUSSION AND CONCLUSIONS

We have used molecular dynamics simulations to study pore
formation in a ceramide 2 bilayer in water, which serves as a
model of the nearly impermeable upper layer of the skin. In
their natural state, the ceramides are densely packed in a
highly rigid gel phase, stabilized by a strong network of
hydrogen bonds connecting the headgroups. The resulting
immobilization of the ceramides prevents the rearrangement
of the lipids near a membrane edge, which consequently
leaves the hydrophobic tails exposed to the solvent. Simu-
lations of this unfavorable membrane rim, using a bilayer
strip with two straight edges, yield a line tension approxi-
mately two orders higher than the typical values reported for
fluid membranes. A transmembrane pore with a nanometer
radius thus constitutes a narrow highly hydrophobic cavity,
making it unattractive for water molecules to enter the pore.
The simulations show that these small pores are only filled
with water vapor, and hence are effectively empty, as are
tight protein channels with an equally hydrophobic lining
(14-17). We expect that vapor pores may also exist in other
rigid gel-phase bilayers. A phenomenological model, bal-
ancing the energies of tail-vapor and water-vapor interfaces
against that of a tail-water interface, suggests that hydro-
phobic pores in a membrane of thickness / are void below a
critical radius R, ~ 0.4h and water-filled above this radius.
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FIGURE 7 Snapshots of a slice through
the strips of bilayer in (@) pure water, (b)
0.1 mol fraction DMSO, and (c¢) 0.6 mol
fraction DMSO, showing the bilayer
edge.

The creation of the smallest veritable transmembrane pore
(R ~ 1 A) in the gel phase bilayer requires a free energy of
~60 kJ/mol, or slightly >20 kgT, which is comparable to the
value found for DPPC in the fluid phase (7). While in prin-
ciple this pore can conduct small molecules, in practice the
transport of water and water-soluble molecules is effectively
blocked by the hydrophobicity of the pore. Enlarging the
pore to the aforementioned critical radius, where one expects
the pore to become conductive at last, necessitates an extra
1.9 MJ/mol or >700 kgT (excluding the elastic energy of the
membrane). This high activation energy indicates that
transmembrane transport by pores is highly unlikely under
the standard condition of near-vanishing lateral tension. The
hydrophobicity of the membrane edge, and the resulting
formation of vapor pores, appear to play a crucial role in this
process by increasing the activation energy by more than an
order of magnitude. The gel phase itself is highly imperme-
able and it appears from the simulations that small defects are
unlikely to compromise its barrier function to water, ions, and
other polar molecules. We speculate that these insights ex-
plain the apparent paradox that the human body should have
evolved to employ layers of ceramide-rich membranes as the
main barrier between our bodies and the outside world, when
such a rigid lipid phase is expected to be highly prone to
defects whenever the skin undergoes flexing.

At a high concentration of the potent skin permeability
enhancer DMSO, the hydrogen-bonding network between
the ceramides is sufficiently weakened to induce a transition
in the bilayer from the innate gel phase to a fluid phase. The
activation energy for pore formation is drastically reduced: a
mere 20 kJ/mol or 7 kgT suffices to open a 1 A pore. The
mobility of the lipids permits the formation of a smooth and
continuous layer of headgroups, which shields the tails from
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the water at the bilayer edge, to yield a hydrophilic pore.
Water molecules readily enter such a pore, making it con-
ductive even at a low radius. Due to the reduced line tension,
it takes relatively little energy to enlarge the pore to accom-
modate a higher flux. Molecular diffusion across the bilayer
is also easier in the thinner and less dense fluidized state than
in the gel phase. Future challenges include studies to un-
derstand the mechanisms of action of other permeability
enhancers in the search for safe and widely applicable
transdermal delivery systems.
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