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ABSTRACT Cell membrane permeation is required for most drugs to reach their biological target, and understanding this
process is therefore crucial for rational drug design. Recent molecular dynamics simulations have studied the permeation of
eight small molecules through a phospholipid bilayer. Unlike experiments, atomistic simulations allow the direct calculation of
diffusion and partition coefficients of solutes at different depths inside a lipid membrane. Further analyses of the simulations
suggest that solute diffusion is less size-dependent and solute partitioning more size-dependent than was commonly thought.

INTRODUCTION

For most of the routes of administration, drugs have to cross
cell membranes to reach the general circulation. Even after
direct injection, or even if the drug can permeate via the
paracellular route in the extracellular space, it soon
encounters cell membranes to be crossed to reach its
biological target inside the cell cytoplasm. Unless they are
analogs of physiological substrates, drugs commonly cross
cell membranes by passive permeation without the help of
protein carriers. An understanding of solute partitioning into
biological membranes is then crucial for subcellular
pharmacokinetics and rational drug design (Balaz, 2000).

Functional cell membranes are fluid mosaics of proteins
within a lipid bilayer matrix (Singer and Nicolson, 1972).
Experimental and theoretical models for biological mem-
branes, especially when studying solute permeation, are
therefore phospholipid bilayers. Among them, extensive data
have been collected for the dipalmitoylphosphatidylcholine
(DPPC) bilayer.

For small organic molecules, experimental techniques
have been developed to measure directly their permeability
coefficient across planar phospholipid bilayers separating
two chambers (Bean et al., 1968; Walter and Gutknecht,
1984, 1986; Wolosin and Ginsburg, 1975; Finkelstein, 1976;
Orbach and Finkelstein, 1980; Brunner et al., 1980;
Gutknecht and Walter, 1981) or across phospholipid bilayers
forming large unilamellar vesicles (Brunner et al., 1980;
Bar-On and Degani, 1985; Bochain et al.,, 1981; Lande
et al., 1995; Xiang and Anderson, 1995, 1997, 1998b,c, 2000a,b;
Bresseleers et al., 1984; Dix et al., 1978). Experimental data
are interpreted with the so-called solubility-diffusion model
of permeation (Cohen, 1975a,b; Wolosin and Ginsburg,
1975; Finkelstein, 1976; Diamond and Katz, 1974; Orbach
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and Finkelstein, 1980; Todd et al., 1989; Xiang and
Anderson, 1997, 1998a,b, 2000a; Lande et al., 1995; Paula
et al.,, 1996; Hill et al., 1999). The overall membrane
resistance R to solute permeation, defined as the inverse
of the permeability coefficient P, can be expressed as the
integral over the local resistances across the membrane
(Berendsen and Marrink, 1993; Xiang and Anderson, 1994,
1998a, 2000a):

1 d dz
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Here K(z) and D(z) are the depth-dependent partition
coefficient from water into the membrane and the diffusion
coefficient in the membrane at depth z, respectively, and d is
the membrane thickness. Assuming, however, that transport
is governed primarily by a distinct and uniform barrier region
within the membrane, the above equation simplifies to
(Xiang and Anderson, 1994, 1998a, 2000a),
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where Ky aier and Dyaier are the solute partition coefficient
from water into, and the solute diffusion coefficient through,
the barrier region of the membrane, and dpumier 1S the
thickness of the barrier domain.

The value of Dy,yier 1S NOt accessible from experiments
and is sometimes approximated to the diffusion coefficient of
the solute under study in water or organic solvents (Xiang
et al., 1992; Xiang and Anderson, 1998b; Finkelstein, 1976;
Orbach and Finkelstein, 1980). Also the value of Kyayier
cannot be obtained from experiments of water/membrane
partitioning, since the zone of solute maximum partition
accounts for only a small fraction of the resistance to
permeation and that of minimum partition accounts dispro-
portionately for the resistance, as a solute tends to partition
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into that region with the lowest solvation energy rather than
into the barrier domain. Fair correlations were obtained
between the measured P™ and the solute partition coefficient
in reference organic solvents, K, which are commonly
chosen among 1-octanol or long-chain alkanes or alkenes
because of the hydrocarbon nature of the lipid bilayer core.
This was first observed with anesthetic compounds and lead
Overton at the end of the 19th century to state an empirical
rule according to which solute permeation through biological
membrane is proportional to its partition in water/oil systems
(Overton, 1895). Today, it is well known that biomembranes
differing in lipid composition, temperature, and level of
hydration require different reference organic solvents.

Molecular dynamics (MD) simulation is a powerful
technique yielding atomic details which are not available
in experiments.

The use of MD simulations to study aspects of solute
diffusion through lipid bilayer membranes was applied first
by Stouch and co-workers (Bassolino-Klimas et al., 1995,
1993; Stouch et al., 1995; Alper and Stouch, 1995). They
calculated the diffusion coefficient D from the solute mean-
squared displacement in different regions of the hydrocarbon
core of the membrane. Results of simulations with benzene
molecules in a DMPC bilayer showed that the diffusion is
higher in the middle of the membrane than closer to the lipid
headgroups and that this behavior paralleled the distribution
of free volume and the lipid chain trans/gauche intercon-
version rates. The mechanism of diffusion was revealed:
benzene molecules rattled around in a particular void for
arelatively long period of time, and took infrequent jumps to
another void. Simulations with a drug analog showed instead
that the diffusion coefficient for larger molecules does not
vary at different positions in the membrane and that
hydrogen bonds played an important role in determining
the solute orientation (Alper and Stouch, 1995). The mean-
squared displacement was also calculated for benzyl-alcohol
(Cascales et al., 1998) and halothane (Tu et al., 1998; Koubi
et al., 2000) by other workers, but the main goal of those
studies was to investigate the modifications induced by the
anesthetic on the lipid bilayer structure. The relationship
between solute polarizability and size on the one hand, and
free energy of solute transfer from water into membrane
models on the other, has been studied and reviewed
extensively by Pohorille and co-workers (Pohorille and
Wilson, 1996; Pohorille et al., 1999; Pratt and Pohorille,
2002). The free energy of solute transfer from the water
phase into the membrane was calculated for various
anesthetic compounds with the particle insertion method or
Umbrella sampling. They found that the work to create
a cavity able to locate a permeant solute is lower inside the
membrane than in water, whereas the electrostatic contribu-
tion to the solute transfer increases monotonically going
from water into the membrane interior. A balance between
these two opposite effects causes dipolar compounds to
accumulate at the water/membrane interface, whereas apolar
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compounds resided predominantly in the membrane core.
This behavior was qualitatively related to the anesthetic
power of these compounds, with the most polar that con-
centrate at the interface being the most powerful (Pratt and
Pohorille, 2002).

The first complete study of the permeation process by MD
simulations is by Marrink and Berendsen (1994, 1996). By
simply constraining the solute molecules at given depths
inside a lipid bilayer and calculating the force required to
maintain the position constraint, both solute local diffusion
coefficients at those depths and free energies of solute par-
titioning from water to those depths were calculated. Com-
bining the two physical quantities, the overall permeation
coefficient was obtained according to Eq. 1. This method was
applied to water, ammonia, and oxygen molecules. The
particle insertion method was also applied by Marrink and
Berendsen (1996) to a series of Lennard-Jones particles of
various sizes and shapes. In the membrane center (low lipid
density) the difference in size did not affect significantly the
solute partitioning behavior, whereas along the upper part of
the lipid tails (high lipid density) a steep size-dependence was
found. Regarding solute asphericity, elongated particles were
somewhat stabilized along the upper part of the lipid tails,
where pockets of free space have an elongated shape that
parallel the lipid molecules.

Recently, several nanosecond-long all-atom MD simu-
lations have been performed (Bemporad et al., 2004)
investigating the permeation process of eight small organic
compounds in a DPPC bilayer membrane. The eight solutes
represent the most common chemical functional groups:
acetamide, acetic acid, benzene, ethane, methanol, methyl-
acetate, methylamine, and water. The same simulation
method first introduced by Marrink and Berendsen (1994)
was employed for these simulations. The solutes under study
were constrained at different depths inside the lipid bilayer
and this methodology allowed the calculation of the force
acting on the center of mass of the solutes at different
distances from the bilayer center along the bilayer normal.
The free energy of solute partitioning was obtained by
integrating the mean force along the bilayer normal (reaction
coordinate), and the local diffusion coefficient was obtained
from the time autocorrelation function of the fluctuations of
the instantaneous force from its time average. Resistance and
permeability coefficients were calculated from these data by
applying Eq. 1 directly. Simulation results compared
favorably with available experimental data and previous
simulations.

Further analyses of these simulations are presented here.
Whereas the previous article (Bemporad et al., 2004) focused
on the calculation of the relevant physical properties, the
aim of this article is to investigate the possible correlations
between such properties and the molecular behavior of
both lipids and solutes, and also possible similarities or
dissimilarities between the bilayer membrane and bulk
liquids.
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SIMULATION PROTOCOL

The simulation box consisted of a 2 X 36 DPPC bilayer with
2094 water molecules (full hydration). An equilibrated
starting structure of the lipid bilayer was kindly obtained
from A. D. MacKerell and S. E. Feller. Lipids, water, and
the eight organic solutes were modeled using the latest
CHARMM force field for lipids and proteins. The simulation
protocol was the same as that used in some of Feller’s latest
simulations (MacKerell and Feller, 2000; Feller et al., 1997).
The Lennard-Jones (LJ) potential was switched smoothly to
zero between 10 and 12 A. Electrostatic interactions were
calculated with the particle-mesh Ewald method with a
k-value of 0.23 and a fast-Fourier grid density of ~1 A~". The
real space part of the particle-mesh Ewald summation was
truncated at 12 A. All covalent bonds involving hydrogens
were constrained using the SHAKE algorithm (Ryckaert
et al., 1977). The equation of motion was solved employing
the leap-frog algorithm (Hockney, 1970) with a 2-fs time
step. A distance of 14 A was used for the neighbor list, which
was updated every 50 fs. Coordinates were saved every
picosecond for subsequent analysis. Three-dimensional peri-
odic boundary conditions were applied. Only the cell length
normal to the membrane was allowed to vary during the
simulation to maintain a constant normal pressure (Py) of 1
atm. The cell dimensions defining the membrane plane were
kept fixed to maintain a constant surface area per lipid (A) of
62.9 A The pressure was maintained by the Langevin
piston algorithm (Feller et al., 1995) with a mass of 500
amu. and a collision frequency of 5 ps'. The
Hoover thermostat (Hoover, 1985) was used to maintain the
temperature (7) at 50°C, well above the phase transition
temperature of DPPC bilayers, with a value of 1000 kcal ps?
for the thermostat (fictitious) mass. The ensemble was
therefore NPNAT. The eight solutes studied were free to
move on the x,y plane, but constrained at chosen distances
from the bilayer center using the so-called z-constraint
algorithm (Marrink and Berendsen, 1994, 1996). In such an
algorithm, a solute is placed at a chosen z-depth in the
membrane The force acting on its center of mass at each time
step, F(z, ), is obtained as the negative of the force required to
maintain the z-coordinate of the center of mass constrained at
that z-depth. Eventually, the free energy difference AG(z)
between the water phase (outside the membrane) and depth z
is accessible as the potential of the mean force:

266) = [ EE s @)
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In this equation, .. .), indicates average over the simulation
time. The free energy difference is related to the solute
partition coefficient K(z) between water and depth z:

K(z) = exp(—AG(z)/RT). )

The local diffusion coefficient of the solute at depth z is also
obtained from F(z, 7):

_RT _ (RT)
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Finally, AG(z) and D(z) allow for the calculation of the
local resistances R(z), whose integration along the bilayer
normal yields the overall resistance R to permeation,
according to the solubility-diffusion model:

R:/ R(z")dz’ :/
outside outside

The permeability coefficient P of the solute is defined as the
inverse of R (see Eq. 1).

The small organic molecules were manually inserted in the
lipid bilayer at the desired z-depth and a crude short
minimization was performed to eliminate bad contacts. The
steepest descent algorithm was employed for the minimiza-
tions. For each of the eight molecules, 10 z-depths were
sampled in the region 0-30.5 A from the bilayer center.
Then, each simulation was run for 2.1 ns, with the first 100
ps discarded as equilibration. Results from one leaflet of the
lipid bilayer were considered valid for the other layer too, for
reasons of symmetry. For each z-depth, five x,y positions on
the bilayer plane were sampled. In each single simulation,
five z-depths (out of 10) were studied at the same time, i.e.,
each simulation contained five solutes constrained at five
different z-depths and x,y locations. This leads to a total of 10
simulations for each molecule. Starting positions for the
solutes were chosen with care to avoid solute-solute
interactions and clustering. Therefore, for each molecule, P
was calculated from 20 ns of simulations and for the eight
molecules a total of 160 ns of data collection was performed.

Although experiments clearly show that lipid bilayers are
tension-free, supporting the use of an isotropic pressure
ensemble in MD simulations, it has been argued that
a nonzero surface tension (y) is appropriate to correct for
the finite size of the simulation system compared with
macroscopic real membranes whose experimental properties
are to be reproduced (Feller and Pastor, 1996). It has been
shown that with the CHARMM force field a constant
nonzero surface tension ensemble (NPyyT) or a constant
surface area per lipid ensemble (NPNAT) yield the best
agreement with experiments (Feller et al., 1997; Feller and
Pastor, 1999) and are equally reliable. For this reason
a “‘simpler’’ NPT ensemble seemed inappropriate for these
simulations. A fully flexible simulation cell in the NPyyT
ensemble could therefore be chosen for these permeation
studies. Unfortunately, there is no guiding procedure for
obtaining the appropriate value of vy for the size, the force
field and, in this case, the presence of solutes in the lipid

exp(AG(:')/RT)
oED dz'. (6)
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bilayer under study. Previous work (Feller and Pastor, 1999)
demonstrates that convergence and sufficient sampling of
area fluctuations would require tens of nanoseconds for fairly
precise determinations of the value for y. Furthermore, the
CHARMM authors prefer using a constant surface area
rather than constant surface tension ensemble in their work
on lipid bilayers. The final choice of ensemble for these
simulations was therefore NPNAT. When a small amount of
a small solute enters the membrane, the overall lipid structure
is not altered, as shown by these and previous simulations, so
that the area per lipid should also arguably remain constant.
Moreover, the same packing constraints existing in pure lipid
membranes are expected to still act when solutes try to
permeate: these studies were not intended to understand
modifications to lipid structure by solutes, but rather the
forces operating on solutes while permeating the membrane.
However, we are aware that the bilayer surface area may
increase slightly on penetration of the headgroup region by
the solutes, and consequently care was taken to ensure that
only one solute was present in the densest region of the
bilayer for each leaflet at any one time.

All the simulations were run in parallel with four
processors, using version 27 of the CHARMM software
package (Brooks et al., 1983). A few simulations were run on
a cluster of PCs with 750-Mhz AMD Athlon processors, but
most were run on a cluster of PCs with 1000-Mhz Intel
Pentium IIIs and 1500-Mhz Intel Pentium IVs.

FOUR-REGION MODEL

Since the membrane has a very inhomogeneous character
when moving from one side to the other, each individual
layer has been split into four regions as described in previous
publications (Marrink and Berendsen, 1994, 1996):

Region 1: low headgroup density, 20 to 27 A from the
bilayer center.

Region 2: high headgroup density, 13 to 20 A from the
bilayer center.

Region 3: high tail density, 6 to 13 A from the bilayer
center.

Region 4: low tail density, 0 to 6 A from the bilayer
center.

The same distinction between membrane regions has been
adopted here in the interpretation of the permeation results.

BILAYER/BULK SOLVENT COMPARISONS

As mentioned in the Introduction, in experiments the
measured permeability coefficients are commonly related
to the partition coefficients of the solutes under study in
various reference organic solvents. This is because the solute
partition coefficient from water into the membrane barrier
domain cannot be obtained. From simulations, however, the
solute partition coefficient at different depths inside the lipid
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bilayer can be obtained from the calculated free energies (see
Eq. 4), allowing direct comparisons to be made.

Selectivity coefficients

The selectivity coefficient s between solute partition K into
two different solvents X and Y is defined as (Katz et al., 1983;
Xiang and Anderson, 1998a):

logK(X) = slogK(Y) +r. @)

When the two solvents yield s = 1, they show identical
chemical selectivity toward the solutes under study. If K(X)
is taken to be the partition coefficient in the lipid bilayer,
correlations between the latter and reference organic solvents
Y can be studied. The solvent yielding s closest to 1 is
considered to be the solvent that best mimics the barrier
domain of the permeation process. The correlation between
the experimental partition coefficients in water/hexadecane
systems, K(water — hexadecane), and the calculated partition
coefficients at different depths in the lipid bilayer, K(z), has
been studied by plotting log K(z) versus log K(water —
hexadecane) (graphs not shown). Since in drug design water/
1-octanol partition coefficients are widely used to estimate
drug ability to permeate cell membranes, log K(z) versus log
K(water — octanol) plots have also been examined. This
solvent is commonly considered a good model for the
biomembrane chemical environment because of the presence
of a polar head and a hydrocarbon chain. The gradients of
such log-log plots correspond to the selectivity coefficients s
between the reference organic solvents and the lipid bilayer.
The relevant results are reported in Table 1.

Considering hexadecane, the best (highest correlation
coefficient) and most linear (slope closest to unity)
correlation is at z = 3 A and the second most linear
correlation is at z = 0 A. This was expected, because
hexadecane has a similar chemical nature to that of region 4
of the lipid bilayer. Considering 1-octanol, the most linear
correlation is shifted toward the interface and is located at
z =95 A; at this depth the correlation coefficient is also

TABLE 1 Correlation between calculated partition coefficients
at different z-depths in the bilayer and experimental partition
coefficients in water/hexadecane and water/octanol systems

Water/hexadecane Water/octanol
Correlation Correlation
Bilayer regions z-depth/A  Slope  coefficient ~ Slope  coefficient
2 16.5 0.11 0.64 0.21 0.64
2/3 13.0 0.32 0.88 0.61 0.88
3 9.5 0.54 0.93 1.01 0.92
3/4 6.0 0.71 0.95 1.31 0.93
4 3.0 0.77 0.95 1.41 0.92
4 0.0 0.76 0.93 1.38 0.90

Experimental partition coefficients are from Zhu et al. (1998) and Walter
and Gutknecht (1986).



Simulation of Membrane Permeation

the second highest. Because of the presence of a hydrophilic
and H-bond donor/acceptor group on octanol which is not
present on hexadecane, this solvent mimics a chemical
environment in between that of the middle of the bilayer and
that of the headgroup region.

Even though the chemical selectivity of biomembranes is
similar to that of hexadecane and 1-octanol (s =~ 1), solute
partitioning into lipid bilayers is somewhat lower than in
these bulk solvents. The intercepts of the log-log plots for the
z-depths reported in Table 1 are all negative. In particular, for
hexadecane at z = 3 A the intercept is —0.23 and for 1-
octanol at z = 9.5 A the intercept is —1.13 (these z positions
are those with s closest to 1). Such findings are also reported
in the literature (Marqusee and Dill, 1986).

It is also noted that for log K(z) versus log K(water-
— hexadecane) the slope is systematically <1, whereas for
log K(z) versus log K(water — octanol) the slope is generally
>1. A slope <1 indicates that the lipid bilayer is more polar
than hexadecane, and a slope >1 indicates that the lipid
bilayer is less polar than 1-octanol. Identical findings are
reported in experiments (Xiang and Anderson, 1998a),
suggesting the simulations are correct. This also explains
why the value of s increases for both reference solvents when
moving toward the bilayer center. The conclusion is that, on
average, the polarity of the lipid bilayer is somewhere in
between that of octanol and that of hexadecane.

Barclay-Butler constants

Both experiments (Katz and Diamond, 1974; Simon et al.,
1977; Stone, 1975; Jain and Wray, 1977; Simon and
Gutknecht, 1980; Smith et al., 1981; De Young and Dill,
1988) and theoretical models (Simon et al., 1979; Katz et al.,
1983; Marqusee and Dill, 1986) support the hypothesis that
solute partition into bulk organic solvents is not a good
model of solute partition into lipid bilayers and biomem-
branes, primarily from an entropic point of view. The
Barclay-Butler constants a and b relate the entropy AS and
the enthalpy AH of solution of different solutes in a given
solvent (Katz et al., 1983):

AS = a + bAH. ®)

A large b constant characterizes a solvent in which entropy
changes are relatively more important than enthalpic effects.
The fact that in experimental water/membrane partitioning
studies the b constant has a larger value than in bulk organic
liquids shows that solubilization into membranes is affected
to a larger extent by entropic factors. These may arise either
from the interfacial constraints of membrane systems, or
from the distribution of membrane free volume. Even for
noble gases b has a higher value in membranes than in
organic solvents. It can therefore be suggested that the
similar selectivities of lipid bilayers and some organic
solvents only occurs because of a fortunate choice (Katz

et al., 1983): the enthalpic effect in a solvent is compensated
by the entropic factors in the lipid bilayer.

CORRELATIONS BETWEEN SOLUTE DIFFUSION
AND BILAYER PROPERTIES

Unlike experiments, MD simulations allow for the calculation
of solute diffusion coefficients in different regions of a lipid
bilayer. Possible correlations between its value and bilayer
structural and dynamic properties can be investigated.

Correlations between solute diffusion and
bilayer free volume

From these simulations there is no strong correlation
between solute diffusion coefficients and free volume
distribution along the bilayer normal. This is shown at the
top of Fig. 1, where the relative diffusion coefficients—i.e.,
D(z)/D(30.5)—are plotted versus free volume percentage
along the bilayer normal.
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FIGURE 1 (Top) Relative diffusion coefficients versus free volume

percentage; the former are D-values divided by D at 30.5 A from the
bilayer center (which is in bulk water). (Bottom) Relative diffusion
coefficients versus the inverse of lipid trans/gauche interconversion times.
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The free volume along the bilayer normal is calculated by
searching for vacuum space points in bilayer slabs of 0.5 A
along the bilayer normal, using a grid point spacing of 0.5 A
in the plane of the bilayer. Vacuum points were defined as
space points outside the van der Waals radii of the water and
lipid molecules. The latter is considered to equal half the
parameter o in the LJ potential for each atom in the system,
since o is the distance at which the LJ energy is zero. The
free volume distribution from a 1-ns simulation of a hydrated
phospholipid bilayer is presented in Fig. 2.

At a distance further than 27 A from the bilayer center,
which is in the bulk water phase, the free volume percentage
for this system is ~47%, in agreement with the percentage
that can be calculated analytically from the density of bulk
water. Inside the membrane, the lowest free volume is found
in region 2 and the highest in region 4, in accordance with the
original publication dividing the lipid membrane into the
four regions (Marrink and Berendsen, 1994; Marrink et al.,
1996). However, those simulations were performed at
a higher temperature (350 K) than that used here (323 K)
and employed a united-atom model, i.e., with no hydrogens
along the lipid tails. Those simulations yielded a higher free
volume percentage, above all in the membrane interior: the
free volume in region 4 was even higher than in bulk water
phase. From this simulation, the lowest free volume
percentage is ~32% and the highest is ~43%. Berendsen
and co-workers obtained essentially the same value in region
2 (~34%), but a higher percentage in region 4 (~55%).
They therefore concluded that the density of region 4 equals
that of bulk hexane. This is not true for the membrane model
simulated here. Unfortunately, to our knowledge, the free
volume distribution along a lipid bilayer normal is not
accessible by experiments, and the publications using the
CHARMM force field do not report a free volume analysis.
The only correlation between diffusion coefficient and free
volume is that D-values decrease on entering the membrane
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FIGURE 2 Free volume distribution (percentage) along the bilayer
normal.
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and are only slightly higher in the bilayer center. The lack of
any correlation can be explained on the basis that free
volume is rarely sufficient to ensure the presence of holes
large enough to accommodate the solutes. Such a lack of
correlation was previously reported in the simulation of
a drug analog in a lipid bilayer (Alper and Stouch, 1995).

For clarity, it should be noted that the disagreement
regarding the lipid bilayer density between this and previous
publications is only for the free volume distribution. For the
electron density profiles, which are obtained experimentally,
both these and previous simulations are in good agreement
with the experimental data (Nagle et al., 1996; Nagle and
Tristram-Nagle, 2000). Electron densities in simulations are
calculated assuming atom-centered electron clouds, whereas
the free volume depends on the atomic van der Waals radii
defined in the force field. A typical electron density profile
obtained from these simulations is reported in Fig. 3. In this
case, the lowest density is indeed located in the bilayer core
(~0.25 ¢/A%) and the highest density at the lipid/water
interface (~0.44 ¢/A%), with the bulk water phase in the
middle (~0.33 ¢/A%). Simulations also allow for the
unphysical separation of the lipid and water contributions.
The two peaks correspond to the electron-rich phosphate
fragments and the peak-to-peak distance is well within the
experimental range (between 36.4 and 39.6 A; Nagle et al.,
1996; Nagle and Tristram-Nagle, 2000). Thus the differences
in the free volume distribution arise either from the force
field, or from the method of free volume calculation, relying,
as it does, on the atomic van der Waals radii.

Correlations between solute diffusion and
lipid internal motions

It is suggested (Xiang, 1998) that diffusion in chain-like
solvents such as lipid bilayers can be related to the
characteristic times 7; for solvent internal motions such as
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FIGURE 3 Electron density profile.
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trans/gauche interconversion rates along the lipid hydro-
carbon chains. These characteristic times are different at
different positions along the lipid chains. A 1-ns simulation
of a pure DPPC bilayer performed with the CHARMM force
field was analyzed in terms of 7;, using a convenient time
autocorrelation function suggested in the literature (Xiang,
1998):

_ {cos i(r)cos (0)) — (cos (0))’
(cos” (0)) — (cos (0))"

(1) ©)

Here, ¢ is the torsional angle along the lipid tails and the
angular brackets denote averages over all the time origins
and all the lipids. The results are plotted in Fig. 4.

The curves were fitted with double exponentials

Cy(t) = Crexp(—1/Tgon) + Ca €Xp(—1/Tiong)- (10)

With the exception of the C(¢) for the two or three torsions
closest to the terminal methyl, the curves do not decay to
zero in a time which is short compared with the complete
simulation time. Therefore statistics are poor and detailed
numerical comparisons of the correlation times are not
appropriate. The short decay time 7g,o can be identified as
the motion within the trans or gauche potential well, and is
quite similar for all the torsions, with a value between 20 and
30 ps. The long decay time 7on, is associated to the transition
between trans and gauche states and varies along the lipid
chain. For the first three torsions, which are those closest to
the carbonyl group, its value is longer than 1 ns, which is the
total length of the pure DPPC simulation. For torsions 4-8
(assuming torsion 1 is the closest to the carbonyl group and
torsion 13 the closest to the terminal methyl group), Tiong iS
between 200 and 300 ps. For torsions 9—11, it is between 60
and 90 ps, and for the last two torsions it is ~20 ps. The

0.8 1| —

06! \Y

0]

04—

0.0

time / ps

FIGURE 4 Time autocorrelation functions for torsional angles along the
lipid tails. The shorter the decay time, the closer to the terminal methyl.

characteristic time Ti,n, corresponds to 7; mentioned above
and in what follows.

Experimentally, direct measurement of the above corre-
lation times is not possible. Lipid tail motions have been
investigated with the measurement of “H and '*C spin-lattice
relaxation times (Seelig, 1977; Venable et al., 1993; Pastor
et al., 1988; Brown et al., 1979). These are thought to be
related to lipid motions as a whole, such as the axial rotation
and the tilting of the lipid molecule with respect to the bilayer
normal, and to lipid internal motions, such as trans/gauche
interconversions. This interpretation leads to the conclusion
that, in agreement with simulation results, the mean life of
trans and gauche conformers is of the order of hundreds of
picoseconds in the upper part of the lipid chains, and tens
of picoseconds in the lower part.

Lipid chain trans/gauche transitions are thought to be the
main mechanism responsible for free volume redistribution
inside the membrane, since lipid translation and rotation as
a whole require much longer times. This would predict lower
solute diffusion in the upper part of the lipid tails, where 7; is
longer, and a higher value at the end of the tails, where 7; is
shorter. Although from these simulations diffusion coef-
ficients in the center of the membrane are slightly higher
there is no evident correlation between lipid 7; and solute D.
This is clear from the bottom of Fig. 1, where relative
diffusion coefficients are plotted against the inverse of the
lipid trans/gauche interconversion times (1/7;). Since there is
no correlation between solute D and the free volume
distribution, an absence of correlation between solute D
and lipid 7; would also be expected, since 7; mainly acts to
redistribute the free volume. Moreover, the longest decay
time of the force autocorrelation function (AF(z, t) - AF(z, 0))
in Eq. 5 (this function was fitted with a double exponential)
is ~12 ps, which is shorter than lipid 7; at all the depths. This
suggests that lipid internal flexibility may be only one of
several contributions to solute diffusion along the bilayer
normal. Although the absence of strong correlation between
lipid chain internal dynamics and penetrant diffusion may
seem strange, these simulations suggest that for such small
solutes these lipid motions are not the only factors affecting
their friction.

CORRELATIONS BETWEEN SOLUTE DIFFUSION
AND SOLUTE SIZE

Correlations between solute diffusion and
solute molecular volume

The solute volume Vy was calculated using the same method
applied to calculate the free volume along the bilayer normal.
The solute was placed in a reasonably large box, for which
points outside the van der Waals radii of the solute atoms
were counted. This gave the free volume of the box. The
value V4 was then equal to the difference between the total
volume of the box and the free volume.
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Fig. 5 contains log-log plots of D versus V4. Investigating
the nature of the D o (V4)® relationship, the slopes of those
plots yield the value of the exponent s. In Fig. 5 the distances z
from the bilayer center and the slopes s are also reported. The
slope at z = 30.5 A, where the solutes are still in bulk water, is
in agreement with the experimental observation that log(D) is
approximately «—0.6 log(Vy) (Xiang and Anderson, 1994;
Xiang, 1999; Walter and Gutknecht, 1986) for small solutes in
sphere-like solvents. With the exception of the D-values 30.5
A distant from the bilayer center, i.e., in bulk water, for which
the correlation coefficient is 0.96, unfortunately the data are
quite scattered and correlation coefficients are between 0.59
and 0.86. The interesting feature is that the size dependence of
D is only higher than that in water at the interface (z = 27 and
23.5 A), and lower in the membrane interior. It must be said
that, although the membrane system is very different, this is
in contrast to simulations of a bilayer of fatty acids (Xiang,
1999), where it was found that solute diffusion along the
bilayer normal had a greater dependence on solute volume
than in bulk water, above all in the upper part of the chains,
which are expected to mimic the upper part of the lipid tails in
phospholipid bilayers. That result was confirmed by the
experimental observation that diffusion in long-chain alkanes
and polymers shows a greater dependence on solute size than
in simple liquids (Xiang, 1999). However, in those simu-
lations the solutes studied were simple spherical particles
representing noble gases, whereas in the simulations reported
here much more complex shapes are involved.

Correlations between solute diffusion and
solute mass

The dependence of D on solute mass was also studied. Log-
log plots are reported in Fig. 6 with the same conventions as
in Fig. 5. It is comforting to see that D(30.5), which is the
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diffusion coefficient in bulk water, has s ~ —1/2 in excellent
agreement with experimental observations for small mole-
cules diffusing in water (Lieb and Stein, 1969, 1971; Xiang
and Anderson, 1994; Walter and Gutknecht, 1986). The
trend found for the log D-log V4 relationship is also found
for the log D-log M relationship: higher s-values at the
interface and then lower values inside the membrane, with
respect to the water phase. This is in contrast with the
experimental observation that diffusion coefficients in
polymers and cell membranes have a higher mass-de-
pendence than in simple liquids (Lieb and Stein, 1969,
1971; Wolosin et al., 1978; Stein, 1981; Xiang and
Anderson, 1994; Walter and Gutknecht, 1986). These
studies led to the conclusion that diffusion in biological
membranes resembles that in soft polymers and depends on
the formation frequency and the size distribution of pockets
of free space among which solutes can jump. The sim-
ulations performed here do not support these results de-
rived from polymers and cell membranes. This aspect is
pursued in more detail later.

Experiments versus simulations

The assumptions associated with the experiments that
determine the solute diffusion dependence on both solute
mass M and volume V3 must be assessed. The main
limitation of these experiments resides in the fact that
diffusion coefficients across the membrane are not accessible
directly, but rather they must be extrapolated from the
measurement of the permeability coefficients. According to
the solubility-diffusion model, assuming the main resistance
to permeation comes from a uniform distinct barrier region in
the membrane, the solute permeability coefficient can be
expressed as a function of the solute partition coefficient and
diffusion coefficient inside the barrier region and the
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thickness of that region, Eq. 2. To study the dependence of D
on solute M or V,, the logarithm of the ratio between the
experimentally measured permeability coefficient P across
membranes and the partition coefficient K in organic solvent/
water systems, log(P/K), is plotted versus log(M) or log(Vy)
(Lieb and Stein, 1969; Walter and Gutknecht, 1986; Xiang
and Anderson, 1994). K in organic solvent/water systems is
used as an estimation of K in the membrane barrier region.
This ascribes the entire molecular size-dependence in P to
the diffusion coefficient and neglects the possibility of size-
dependent solute partitioning. It was found (Xiang and
Anderson, 1994) that changing reference organic solvent or
using models that ascribe the size dependence of P to both
partitioning and diffusive behaviors decreases the slopes s to
values much closer to that in simple liquids (—0.5), although
still higher. This suggests that the size dependence of
diffusion in lipid bilayers may be less than previously
thought, and thus closer to the results of these simulations.
Finally, it must not be forgotten that these simulations are
limited to solutes with similar size and exclude large
molecules like nucleosides or steroids, which are included
in the interpretation of the experimental results.

Correlations between solute diffusion and solute
cross-sectional area

Finally, it has been suggested (Xiang, 1998) that diffusion in
chain-like solvents is related to the solute cross-sectional
area, S4. In contrast to classical free volume diffusion
theories, solute displacement can occur not only when a void
of volume comparable to that of the diffusant is created, but
also when the cross-sectional area of the newly created void
is equal to or greater than that of the diffusant. This would
predict D o« (§4)° with s negative. Since in this lipid system
voids, as calculated using the CHARMM atomic van der
Waals radii, large enough to locate these solutes have never
been found, the dependence of D on S4 appears particularly
interesting. In fact, these simulations do show this relation.
Solute S4 was calculated here by taking the solutes in their
equilibrium conformation, which is the one corresponding to
the bonds and angles set to the values used as equilibrium
values in the force-field parameters. The size of each atom
was then taken from its van der Waals radius in the force
field. The molecular side whose area was considered to be
the Sq is shown in Fig. 7 for each solute.

Fig. 8 plots solute log(D) as a function of solute log(Sy).
The solid lines are linear regressions. With the exception of z
= 30.5 A, with a value of 0.93, correlation coefficients for
these regressions are not high (between 0.71 and 0.87), but
this may depend on the low number of data points (eight
solutes) and the uncertainties intrinsic in the MD simulation
technique. The main feature is that at all depths solute
diffusion does depend on solute cross-sectional area, in
agreement with previous theories (Xiang, 1998). The
diffusion dependence on S4 also appears to be even larger

9
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FIGURE 7 Calculation of solute cross-sectional area. The cross-sectional
area is calculated as the area observed when looking from the arrows toward
the molecules in the plane of the page.

than the dependence on V4, approximately twice as large.
The correlation coefficients are also a little higher. As for the
relationship with solute volume and mass, the dependence on
Sq4 inside the membrane is lower than in the water phase, with
the exception of the interface.

CORRELATION BETWEEN PERMEABILITY AND
PARTITION COEFFICIENT

By analogy with Eq. 7 (which relates the partition coefficient
of a solute in two different solvents), and assuming that the
main contribution to the permeation resistance comes from
a distinct and uniform barrier region inside the lipid bilayer,
a linear free energy relationship correlating the permeability
coefficient P with the partition coefficient Koop, in
a reference organic solvent can be derived (Xiang and
Anderson, 1998a, 2000a; Walter and Gutknecht, 1984):

log P = slog Korgw + 1. (11

The slope s measures the relative chemical affinities of the
solutes for the barrier domain in the bilayer versus the
organic solvent chosen for the correlation. The solvent
yielding s = 1 in Eq. 11 exactly matches the chemical
selectivity of the bilayer barrier domain (Xiang and
Anderson, 1998a, 2000a).

Biophysical Journal 87(1) 1-13



10
& S ias T =
0.6 L .
04 z=305 . " z=13 . —-0.25
Fos=-119 O s=-118 o® T
02f ‘\ PR — - T SR S 0.5
P ~ —-0.1
05 1
- ° - s —-0.2
025 ,-97 z=95 . ]
N 0 s=-197 L O os=-0.77 o 103
: L ° [ ]
@ L L 1 1 L L L 1 L 1 L L L 1 L
o gt —+— gt ——0
5 09 . .
= i 0.25
w0 0251 - B
2 L z=235 (] 4 z=6 = L]
T oL =% e I -am .-\
=~ N . . . M - T b O
() t t t —— t t t t t t —— f —
% L e 1
g L o~ 3 ] 0
. E ° o -0t
Fz=20 [ ] L z=3 d.02
Oask s=-099 PR Y . e
— t — ;
ok e I e o2
3 \;\1 1
< _ e - °
-0.25 z=16.5 z=0
L s=-1i0 N o = s=a110 — 02
05k L L L L L L L L L L L L L L L L 04
: 1 L1 12 13 L1 12 13 ’

3 1
log(Sd) / log (AZ)
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From experiments, many solvents yield fairly good
results. Depending on the set of solutes, the type of
membrane, and the method employed to measure P and
Korg/w, some authors have found that the solvents yielding
s closest to 1 are saturated long-chain hydrocarbons like
hexadecane (Finkelstein, 1976; Orbach and Finkelstein,
1980; Walter and Gutknecht, 1984, 1986), confirming that
the main barrier to permeation is the hydrocarbon core of the
lipid bilayer, whereas some others have had better results
with more polar/polarizable solvents like unsaturated hydro-
carbons (Xiang and Anderson, 1994, 1995, 1997, 1998a),
suggesting that the barrier domain is probably located closer
to the interface. These empirical observations are in
accordance with Overton’s rule (Overton, 1895), which
states that solute permeability is correlated with solute
partitioning in oil/water systems.

These simulations allow for the direct calculation of K at
every depth of the lipid bilayer, so no reference solvent is
needed. The K-values obtained with Eq. 4 from the z-depths
that yield the highest AG(z) or R(z) values should be
equivalent to the K-values in the solvent that best mimic the
barrier region of the lipid bilayer. However, plotting the
logarithm of P-values obtained from these simulations
versus the logarithm of the above defined K-values yields s
~ 0.88, with a correlation coefficient higher than 0.99. If K in
hexadecane are employed instead, s ~ 0.50, with a correla-
tion coefficient ~0.90.

The failure to reproduce the experimental observation (s ~
1) by these simulations may be explained by the low number
of solutes studied here and by the uncertainties intrinsic in the
MD simulations. Moreover, in experiments, the resistance
profile is approximated to a rectangular shape: the resistance
is zero outside the barrier domain and at a constant value
>0 inside the barrier. These simulations instead reveal that the
shape is far more complicated and smooth, and the width of
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the barrier region is quite different for different solutes
(Bemporad et al., 2004). Therefore, considering the partition
at the z-depth with the highest AG(z) or R(z) is an over-
simplification which does not hold for the permeability
coefficients calculated from these simulations. This result
does not imply, however, that in the experiments the choice of
a good reference organic solvent yielding s = 1 is not a
reasonable model for the barrier opposing solute permeation.

PERMEABILITY DEPENDENCE ON
MOLECULAR SIZE

As mentioned in the subsection Experiments versus
Simulations, direct measurement of diffusion coefficients
inside the membrane from experiment is not possible. To
study the dependence of D on solute size, the logarithm of
the ratio between the experimentally measured permeability
coefficient P across membranes and the partition coefficient
K in an organic solvent/water systems, log(P/K), is plotted
versus log(M) or log(Vy) (Lieb and Stein, 1969; Walter and
Gutknecht, 1986; Xiang and Anderson, 1994). The value K
in organic solvent/water systems is used as an estimation of
K in the membrane barrier region. According to Eq. 1, the
ratio between permeability and partition coefficients, the
so-called hydrophobicity-corrected permeability, yields the
value of the solute diffusion coefficient D in the membrane
barrier region, divided by the barrier region thickness d. The
same approach to study permeability size-dependence is
used here. Fig. 9 contains the log-log plots of the ratios
between permeability coefficients as calculated from these
simulations and experimental partition coefficients in
hexadecane versus solute mass M, volume Vg, and cross-
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FIGURE 9 Log-log plots of permeability-partition ratio versus solute
mass M, volume V4, and cross-sectional area Sq. The s-values are slopes of
linear regressions.
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sectional area S4. The s-values reported in these graphs are
the slopes of linear regressions. That is the exponent in the
relationship
ul = b A% (12)
K d
where A is a solute property related to the size, i.e., mass M or
volume Vy or cross-sectional area Sg.

The correlation coefficients for these plots are low, ~0.4.
Correlation coefficients from some experiments are very low
too, varying between 0.12 and 0.70 (Walter and Gutknecht,
1986; Xiang and Anderson, 1994) depending on the choice
of solutes and reference solvent employed for K. The reason
for the poor correlation from the simulations may reside in
the low number of data points (eight solutes, whereas in
experiments more than 20 solutes are examined—Lieb and
Stein, 1969; Walter and Gutknecht, 1986; Xiang and
Anderson, 1994), in the narrow range of sizes of the solutes
studied (some experiment also includes large molecules such
as nucleosides and steroids; Xiang and Anderson, 1994), and
in the uncertainties intrinsic to the simulations. However, in
Fig. 9 there is the indication of a correlation between solute
size and P/K ratios. Thus, although the correlation is too poor
here to conclude anything significant, the experimental trend
is broadly reproduced. This observation has led experimental
scientists to think that the diffusive behavior inside the
membrane is strongly dependent on solute size, more than it
is in water or simple liquids, and rather similar to that in
synthetic polymers.

These simulations allow for the direct calculation of
partition coefficients K at every depth of the lipid bilayer.
Instead of K in hexadecane, if one uses in the above Eq. 12
the K-values obtained with Eq. 4 from the z-depths that yield
the highest AG(z) or R(z), correlation coefficients for the
log(P/K) versus log(M) or log(Vy) plots are only slightly
better (=0.5), although slopes are ~—0.6.

The following conclusion can be drawn here. Although
correlation coefficients are low, the simulations reproduce the
experimental findings that log(P/K) versus log(M) or log(V4)
yields negative slopes with magnitude >0.6. However, when
using ‘‘real’” K-values between the water and the lipid bilayer,
instead of the K-values in a bulk organic solvent like
hexadecane, a much smaller size dependency is obtained.
This agrees with the D(z) versus log(M) or log(Vy4) plots (see
the subsections Correlations Between Solute Diffusion and
Solute Size and Correlations Between Solute Diffusion and
Solute Mass), which yield low slopes. Therefore, the ex-
perimental approach using K in bulk solvents overestimates
the size dependence of diffusion coefficients inside the
membrane.

IMPLICATIONS FOR DRUG DESIGN

As mentioned in the Introduction, the study of membrane
permeation is relevant for drug design. The simulations
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described here can help in at least two aspects. First, they
model with atomic detail the permeation process and can
help in the interpretation of experiments. Second, they
suggest an alternative for the observed size dependence of
that process. Drug design makes routine use of partition
coefficient measurements in water/organic solvent systems
to estimate the ability of a drug to cross biological membrane
and finally to be absorbed after administration. Based on the
results of these simulations, a correction factor could be
added to those partition coefficients when correlated to
absorption data, to take into account the different behavior of
biomembranes and bulk solvents. This could include the
higher size dependence and the presence of entropic factors
in lipid bilayer systems, as noted in the previous sections.
The simulations of small organic solutes like those reported
here cannot help drug design directly, because drugs are
much bigger and more flexible molecules, but they can
reveal general properties of the permeation mechanism.
Moreover, the methodology described in this article can
now be considered successfully tested, and can be further
employed in the simulation of real drug molecules. Such
work has been carried out and will be the subject of a separate
article.

CONCLUSIONS

In this article, all-atom MD simulations have been used
to investigate the local partitioning and diffusion of small
organic compounds in a lipid bilayer membrane. Results
suggest that calculated diffusion coefficients inside the bilayer
are dependent on solute size to a lesser extent than in water or
simple liquids. This is not in contrast with the experimental
observation that the ratio of permeability coefficients across
biological membranes and partition coefficients in reference
organic solvents has a strong dependence on solute size,
because this trend is reproduced by the simulations. However,
it is in contrast with the interpretation of that experimental
observation, which ascribes the size dependence to the solute
diffusion only. From these simulations, the size dependence
shown by permeability is instead to be ascribed to the parti-
tioning behavior of the solutes into the lipid bilayer. This
is confirmed by the fact that the size dependence of the
permeability/partition ratio significantly decreases when
using partition coefficients inside the bilayer instead of those
in bulk solvent. Moreover, the fact that logK(membr)—
logK(water/hexadecane,water/octanol) plots have negative
intercepts show that solute partitioning into lipid bilayers is
lower than in bulk solvents. These simulations clearly show
with an atomic detail that the membrane core does not behave
like a simple slab of bulk solvent.
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