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Exploring gas permeability of lipid membranes using coarse-grained molecular dynamics
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Molecular transport through biological membranes occurs in a range of interesting processes. To understand basic
permeation functions of a biomembrane, we have carried out molecular dynamics (MD) simulations using
dipalmitoylphosphatidylcholine (DPPC) as the bilayer membrane. By reducing the degrees of freedom and employing
suitable potentials, a coarse-grained (CG) model can provide direct insight into collective phenomena in biological
membranes at longer time and length scales. We used a CG model for DPPC bilayer, which had been parametrised to mimic
fundamental structural properties. The permeation process of small molecules such as Xe, O, and CO, through the lipid
bilayers was investigated. The density profiles and the local diffusion coefficients of the permeating gases across the bilayer
membranes are obtained from the MD simulations. By studying gas molecules permeating through the lipid bilayer, we
obtain an improved understanding of transport processes across membranes in biological systems in the absence of
specialised channels. We also explore conditions that will give better control of the gas permeability and the possibility of
membrane applications in environment-friendly separation processes.
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1. Introduction

Transport of chemical species across membranes is of
significance in separations, sensors, pharmacological
applications and life itself. Many biological processes
involve transport of molecules through membranes. Under
various conditions, molecules can permeate through a
biomembrane following different mechanisms, some of
which are very complex [1]. It is important to understand
the mechanism and basic permeation functions of
biomembranes, not only for better design of environ-
ment-friendly separation processes but also for designing
drug delivery systems.

Lipid bilayers are one of the major structural elements
of biological membranes, which play a key role for other
species such as proteins to function. For ions and charged
molecules, the lipid bilayer is essentially almost imperme-
able, but small neutral molecules such as water, oxygen
and carbon dioxide can permeate through at significant
rates, without the help from proteins. Since the permeation
of small molecules through lipid bilayers is still not
completely understood, it is of significant importance to
gain some insights into the permeation process, which will
enhance the understanding of membranes in general and
their interactions with small molecules in particular. Even
in the presence of channels, the major route of water
permeation through plasma membranes still seems to be
through the lipid bilayer [2].

Experimental permeation rates of small molecules can
be measured by means of osmotic, nuclear magnetic

resonance (NMR) and radio-tracer experiments, although
the interpretation of the results is often difficult [3].
The large spread in reported permeation rates is mainly
caused by unstirred layer effects and differences in the
estimates of membrane area and volume. Paula et al. [4]
measured the permeability coefficient of potassium ions
and small polar molecules as a function of membrane
thickness. Jansen and Blume [5] compared diffusive and
osmotic water permeation across phospholipid bilayers
with different head groups and fatty acyl chains. Overall,
the permeability is affected by the characteristic properties
of the small molecules, such as size, hydrophobicity and
shape, and properties of the lipid membrane, such as the
number/size of head groups, chain length, chain branch-
ing, and whether the chain is saturated or unsaturated.
Simulations using molecular dynamics (MD) are a
powerful tool, providing structural and dynamic details of
the permeation which are not easily obtained from
experiments. Marrink and Berendsen [6] used the MD
method to calculate the permeability coefficients of water
and some small molecules and proposed the inhomo-
geneous solubility—diffusion model. Recently, progress
has been reported on investigations of the permeability of
small uncharged molecules across lipid bilayers based on
this model [7—10]. These authors used MD simulation
methods at the atomistic or united atom level to study the
local diffusion coefficient of a range of small gas
molecules inside the lipid membrane and have examined
the role of solute and lipid molecules on the permeability.
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Although atomistic simulations are now able to
reproduce and predict many fundamental properties of
lipid membranes, the size of systems and time scale of
phenomena are still limited by current computers and
algorithms. On the other hand, coarse-grained (CG)
models, in which one treats small groups of atoms as single
particles, provide a promising approach to increase the
time scale of biomolecular simulations [11]. There is a
large variety of CG approaches available, ranging from
qualitative solvent-free models to models that include
chemical specificity. Marrink and co-workers [12-14]
recently developed a CG force field called MARTINI
parametrised specifically for simulation of lipids and
surfactants. This force field has been shown to semi-
quantitatively reproduce fundamental structural and
thermodynamic properties of lipid bilayers.

In this study, we have used a CG model to investigate
the gas permeation process through lipid bilayers. Instead
of aiming for a complete analysis, we have attempted to
gain a basic insight of the mechanism through which the
gas molecules permeate the lipid membranes. The goal of
this study is to gain semi-quantitative insights into the gas
permeation process across lipid bilayers. The effects of the
hydrocarbon chain length of lipid molecules on the
permeation process were investigated using three types of
lipid membranes: dicapryloylphosphatidylcholine
(DCPC), dimyristoylphosphatidylcholine (DMPC) and
dipalmitoylphosphatidylcholine (DPPC). We investigated
the permeability of three small molecules, xenon, oxygen

and carbon dioxide, through the lipid bilayers using MD
with the CG MARTINI force field for the lipid bilayer. We
have also compared the simulation results with available
experimental results. We tested other force fields such as
those developed by the Klein group [15], but were unable
to reproduce the correct structural details of the
membranes. Other researchers [16] studying lipid
membranes have also been able to use the MARTINI
force field with similar success.

2. Methods
2.1 Lipid structures

We performed MD simulations in three saturated lipid
bilayer systems with different hydrocarbon chain lengths:
DCPC (Cg), DMPC (C,4) and DPPC (C;¢). The molecular
structures of these are shown in Figure 1.

2.2 Models

The MARTINI CG force field is based on a four-to-one
mapping, i.e., on average, four heavy atoms are represented
by a single interaction site [14]. We will only briefly
summarise it here, since details have been previously
published [13]. The model considers four main types of
interaction sites: polar (P), nonpolar (N), apolar (C) and
charged (Q). Within a main type, subtypes are distinguished
either by a letter denoting the hydrogen-bonding capabilities
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Figure 1. Molecular structures of DCPC (Cg), DMPC (C,4) and DPPC (C¢).
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Figure 2. Coarse-grained mapping strategy for water.

(d, donor; a, acceptor; da, both; o, non) or by a number
indicating the degree of polarity (from 1 = lower polarity
to 5 = higher polarity). The mapping of a CG water site
(P,) is shown in Figure 2.

For the lipids, the same mapping strategy is applied,
the phospholipid DPPC is modelled using 12 CG sites;
DMPC and DCPC are modelled by removing one and two
tail beads from each tail, respectively. The mapping
strategy of a DMPC molecule is shown in Figure 3.

All particle pairs i and j at distance r; interact via a
Lennard-Jones (LJ) potential:

o 12 o 6
y y

The well depth &;; depends on the interacting particle
types and values range from g; = 5.6kJ/mol for
interactions between strong polar groups to &;= 2.0
kJ/mol for interactions between polar and apolar groups
mimicking the hydrophobic effect. The effective size

All Atom Model
118 atoms

Figure 3. Coarse-grained mapping strategy for a DMPC molecule.
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of particles is governed by the LJ parameter o = 0.47 nm
for all normal particle types, except that for interaction
between charged (Q type) and most apolar types (C1 and
C2), the range of repulsion is extended by setting
o = 0.62 nm. In addition to LJ interaction, charged groups
interact via a shifted Coulombic potential function:

4qid;

Uelec = .
darege,r

@

In the simulations, the nonbonded interactions are cut
off at re, = 1.2nm. The LJ potential is shifted from
Fenire = 0.9 to 1.2nm and the electrostatic potential is
shifted from rgr = 0.0 to 1.2nm following a standard
shift function [17].

The bonds are described by a harmonic potential Viong

(R)

1
Viond(R) = iKbond(R - Rbond)2 (3)

Coarse Grained Model
10 sites
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Table 1. Potential parameters of gas molecules studied.

Interaction . .
Molecule sites a(A) e(K) 0 (e) Tbond (A)
0O, [18] Central LJ 3.36 120 0
Xe [19] Central L] 3.9478 228 0
CO, [20] C 2.757 28.129 0.6512  1.149
(@) 3.033 80.507 —0.3256

and a cosine-type harmonic potential V,e1c(6) is used for
bond angles.

1
Vangie (0) = 5 Kangle{ c05 (6) — cos(6)}>. 4

The gas molecules we investigated include xenon,
oxygen and carbon dioxide. In the case of xenon and
oxygen since the electrostatic interactions are relatively
weak, and the permeation rate would be primarily
sterically driven, we chose a central LJ model. In the
case of CO,, because of the importance of the electrostatic
interactions, we chose a three-centred model with point
charges. The potential parameters used for these molecules
are listed in Table 1.

For the cross-interactions between gas sites and
lipid/water sites, we have used the Lorentz—Berthelot
mixing rule as a starting point in this study, and we may
modify the interaction parameters in the future to obtain a
better description of the interactions [21].

2.3 Calculation of permeability

Using a conventional solubility—diffusion model and
considering the complexity of lipid bilayers, Marrink and
Berendsen [2,6] have proposed the inhomogeneous
solubility—diffusion model. In this model, the per-
meability coefficient P can be calculated by the following
equation:

~ |2z = [ 22 EIDET gz s

D(Z)

x| -

21 21

Here, Z, and Z, represent the z-coordinates of the two
sides of the bulk aqueous phase, R(Z) is defined as the local
resistance to permeation, AG(Z) and D,(Z) are the excess
free energy and the local diffusion coefficient of a small
molecule permeating the membrane, kg is the Boltzmann
constant, and 7' is the temperature.

As an alternative to the solubility—diffusion mechan-
ism, Jansen and Blume [5] have proposed the transient
pore mechanism, which suggests that the transport of
water molecules largely occurs across a transient pore in
the lipid bilayer. The real mechanism of permeation of
small molecules across a lipid bilayer is still not clearly
understood and the experimental results are often different
and sometimes inconsistent with each other [4].

Figure 4. Simulation system for gas permeability measurement
(DMPCQ).

Our approach for examining permeation closely
replicates a real experiment. Previously reported simu-
lation studies began with gas molecules on both sides of a
single lipid layer [10] or else in the hydrophobic inner
section of the lipid membrane [12]. We instead designed a
system with two bilayers separated by aqueous phases
(‘inside’ and ‘outside’) and with gas molecules introduced
in the aqueous middle compartment formed by the two
layers, as shown in Figure 4. The gas molecules can
therefore only permeate from ‘inside’ to ‘outside’ at the
onset of the simulation. By monitoring changes in the
density profile, we then measure the diffusion coefficient
of the gas through the membrane until the gas
concentration gradient has diminished to nearly 0, which
is a sign of equilibrium, with a net flux across the bilayer of
0. To enable comparisons with experimental measure-
ments, we also introduce a definition of gas permeability
as follows [22]:

P:&. 6)
Dy,
Here,
1 @) = 1)),
DL=Di=p I T 0
and
(IR O (0]
Dy = Dyyy =55 lim p N €)
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If the membrane is absolutely impermeable, the ratio
of D, /D // will be 0. On the other hand, if the gas
molecule can permeate freely through the membrane, the
ratio will be 1. Usually the permeability will be between 0
and 1, and our previous work [23] has shown that this
definition is qualitatively very comparable with the
experimental measurements.

By using this definition of permeability, we can
compare our simulation results directly with the
experimental results without additional concerns about
the conversion of the CG time scales to real time, a well-
known problem in CG simulations [13]. It has otherwise
been suggested that a scale factor of four is usually needed
at this level of coarse graining in order to compare with the
experimental results [12]. For diffusion constants, the CG
model results are 2- to 10-fold larger in comparison with
the atomistic simulations [24].

2.4 MD simulations

We performed molecular dynamic simulations in three
saturated lipid bilayer systems with different tail lengths:
DCPC (Cg), DMPC (Cy4) and DPPC (Cie). All the
simulations were performed with the LAMMPS simu-
lation package [25]. The dynamics are faster than that for
fully atomistic simulations because the CG interactions are
much smoother compared with atomistic interactions. For
better stability, we used a smaller time step of 20 fs. Each
system studied consists of 256 lipid molecules and 4000
water molecules forming two layers of lipid bilayers, as
shown in Figure 4. In our simulations, we monitored the
self-assembly of the bilayer first. When the system
approached equilibrium at 323 K in the NPT ensemble, we
checked the thickness of the CG DPPC lipid bilayer. This
is measured from the peaks of the phosphate distribution,
and found to be 3.75 nm, close to the experimental value

Molecular Simulation 957

of 3.85nm [26]. After equilibration, we introduced a
specific number of gas molecules into the aqueous phase
between the two lipid bilayers to observe the uni-
directional permeation (from inside to outside). We used
the Nose—Hoover chain method for the NVT simulation
[27,28]. The density profile of the gas and the mean square
displacements (MSD) of the gas molecules can then be
measured as the system evolves towards equilibrium.
Tests were performed to ensure that the CG model can
reproduce the experimental bulk properties of the species
and also reproduce previous atomistic simulation results,
the calculated area per lipid for DPPC at 323 K is 63.1 A2,
which matches the experimental estimation of 64 A? [26].

3. Results and discussions
3.1 Permeation of gases

The first gas studied was xenon at a temperature 323 K in
DPPC—water system. Xenon atoms in the ground state are
spherical, with high electric dipole polarizability that
enhances dispersion forces. Because of its simple atomic
structure, xenon has been extensively used to study gas
solubilities in organic liquids [29,30]. After the DPPC—
water system is equilibrated, eight xenon atoms were
placed in the middle compartment of the system. We chose
a small number of gas molecules, since the solubility of
xenon in water is rather low. This avoids the situation
where the pressure in the middle compartment becomes
large and affects the stability of the lipid bilayer
membranes. The density profiles of xenon, water and
lipids obtained in a typical simulation are shown in
Figure 5 after a shorter simulation of 10ns and longer
simulation of 100ns. The triangles are water atoms and
the squares are lipid atoms, the diamonds are xenon atoms.
The density profile of bulk water 1is quite
uniform while the density profile of lipid shows peaks

140 —=— DPPC10ns
—=— DPPC100ns
—=— water10ns

—o— xenonl0ns*100

—
—

i

120 A /}\‘ —+— water100ns
100 XA —e— xenon100ns*100

Figure 5.

80 7 %ﬁ’ﬁw‘sx
Z

60

40

2 potaged o0l

0 Ad 4 o o : Ad 4 -
1 21 31 41 51 61 71 81
80*z/Lz

Density profile of xenon in DPPC—water simulation system.
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140 —+— water10Ons
—+— water100ns
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Figure 6. Density profile of oxygen in DPPC—water simulation system.

at the lipid/water interface. We found similar behaviour in
the gas density profiles that showed the peaks near the
gas—membrane interface [29].

From Figure 5, we can see that at 10 ns, the xenon has
started to permeate through the lipid bilayer. The xenon
density outside is low and the xenon atoms are starting to
exit the membrane. Between 10 and 100ns, the xenon
continues permeating across the lipid bilayer and finally
after 100 ns the system approaches equilibrium; the inside
and outside density profiles become almost uniform.

For oxygen in DPPC—water system, the changes in the
density profiles follow the same trend, and are shown in
Figure 6. Comparing the density profiles of xenon and
oxygen at 10ns in Figures 5 and 6, we can see that the
oxygen molecules permeate the lipid bilayer faster than
the xenon. This is not surprising since we use a single site
model for oxygen, just as for xenon. With a smaller
particle size, it is easier for the oxygen molecule

to permeate through the membrane than xenon.

For studies with carbon dioxide, we used the fully
flexible Harris EPM2 model [20]. Our results are
somewhat surprising since we found that carbon dioxide
molecules could not enter the lipid bilayer at all,
irrespective of how long we ran the simulation.
The carbon dioxide molecules seemed stuck in the
lipid/water interface and did not penetrate the lipid bilayer,
as shown in Figure 7.

Others who have studied carbon dioxide reported
permeation through the lipid bilayer, in both atomistic
simulations [10] and experiments [31-33], although the
reported carbon dioxide permeability across an EYPC/
cholesterol bilayer experiment measured experimentally
by Gutknecht et al. [34] is rather small. Our results that
show no permeation are very likely caused by the three-
centre potential model for the carbon dioxide molecule not
being compatible with the intermolecular potential used

140 —=— DPPC10ns
—=— DPPC100ns
—~— water10ns "

—— water100ns
—o— CO2_10ns*10

i

LY

—— C0O2_100ns*10
ANALL*AAA«A%v AAAALL

z Iﬂﬂ
60
40

\
. f\ﬂ

LAY

71 81

80%z/Lz

Figure 7. Density profile of carbon dioxide in DPPC—water simulation system.
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Figure 8. MSD curve of oxygen in different simulation systems.

for highly CG lipid and water. The Coulombic forces
between the charged carbon and oxygen atoms of carbon
dioxide and the head groups of the lipid molecules lead to
very strong adsorption at the lipid heads. It therefore
appears that when an atomistic CO, model is used, a more
detailed/atomistic model for the lipids/water would be
needed for compatibility than the CG model used here.

3.2 Calculation of permeability of gases

We first calculated the diffusion coefficient from MSD of
the gas molecules. The slope of the MSD curve is
proportional to the diffusion coefficient [35]. For three-
dimensional diffusion, the diffusion coefficient can be
expressed as:

2
b L ) = rOF)
2 X 3 1= t

©))

The MSD curves of oxygen in three lipids for 25 ns are
shown in Figure 8; permeation begins to be observed
during this time period.

Diffusion coefficients can be calculated easily from
these curves but unfortunately do not provide useful
information on the permeation process. In addition, since
gas molecules pass through the various phases, bulk water
and the lipid bilayer, the calculated D is, in any case, only
an effective diffusion coefficient. The calculated diffusion
coefficients of oxygen in DPPC—water, DMPC—water and
DCPC-water were found to be 5.86 = 0.64, 3.93 = 0.41,
2.68 = 0.32 X 10_9m2/s, respectively. Xenon diffusion
coefficients in these three systems were also calculated and
the results are listed in Table 2. Both Xe and O, molecules
exhibit diffusion coefficients that systematically depend
on the lipid tail lengths.

Direct measurement of diffusion rates of small
molecules within the membrane by experiments is very
difficult [6]. From fluorescence measurements, a value

20

Time (ns)

of D=1.54 x 10" >cm?/s was derived for oxygen
diffusion across the DPPC membranes in a liquid
crystalline phase at 7= 318K by Fishkoff et al. [36].
If we rescale our simulation results for effective diffusion
coefficient of oxygen in DPPC at 323 K, by the usual factor
of four [12], considering the time scale of CG simulations,
our simulation results give an effective oxygen diffusion
coefficient of D = 1.47 X 10~° m%/s. The agreement with
value derived from the fluorescence experiments is quite
reasonable, but considering experimental and simulation
force field uncertainties, CG time conversion may not be a
sensitive test of our simulation.

A more meaningful comparison with experimental
studies is possible with permeability as defined in
Equation (6): the ratio of diffusion coefficients in the z
direction (perpendicular to the membrane surface) to
diffusion coefficient in the xy plane (parallel). The MSD
curves for the first 10 ns shown in Figure 9 can be used to
calculate the permeability using Equations (6)—(8).
We would like to point out that as stated previously the
results reported include molecules both inside and outside
the lipid bilayer. Since the fraction in these two phases can
vary at different times, the results have more scatter than
that would be observed in single-phase mean-squared
displacement plots. However, our main interest in the ratio
of the two diffusion rates, which will be similarly affected.

The permeability of oxygen through DPPC membrane
thus obtained for oxygen is 0.775 = 0.11; and for xenon it
is 0.334 = 0.06. Subczynski et al. [31] have reported an
experiment to measure permeability of oxygen through

Table 2. Diffusion coefficients of gas in different lipid systems.

02 Xe
Effective diffusion coefficient D (10~° m?/s)
DPPC[Cg] + water 5.86 = 0.64 2.4 *+0.26
DMPCIC,4] + water 3.93 £ 0.41 143 = 0.14
DCPCIC,¢] + water 2.68 = 0.32 1.02 = 0.11
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Figure 9. MSD curves of oxygen in DPPC simulation systems.

a Chinese hamster ovary plasma membrane using spin-
labelled stearic acid. Spin labels were synthesised into the
hydrocarbon tail of stearic acid at one of three locations: at
the end, in the middle, or near the head. A very low
concentration of these spin-labelled stearic acid molecules
were intercalated within the membrane. By measuring the
relaxation time change of the spin labels in the lipid
bilayer portion of the membrane, the collision rate of
oxygen with the spin labels was estimated and hence
profiles of the local oxygen transport parameters across the
membrane were obtained. The authors calculated the
permeability for O, as the ratio of the permeability
coefficient across the membrane to the permeability across
the water layer, which is comparable with our calculation
of permeability. The comparison of our calculated results
with their experimental results is shown in Figure 10.
We find that our result at 323 K is qualitatively consistent
with their experimental results [31] at three lower
temperatures. Since details of the structure for the

Permeability from Experiment and Simulation

—_

z
Z 06
3
E 04 4
8 L 4
0214
0 : : : :
280 290 300 310 320 330

Temperature (K)

Figure 10. Comparison of permeability of oxygen in
biomembrane (expt.) and our model membrane (sim.).

Time (ns)

membranes being studied here are only available at higher
temperature (323 K) and phase changes can occur at lower
temperatures, simulations at lower temperatures would not
be realistic.

4. Conclusions

We have investigated gas permeation in several lipid
bilayer systems using a CG model. By carefully designing
our simulation system, we were able to measure the
permeability of oxygen and xenon gases across the lipid
bilayers DPPC, DMPC and DCPC. Our results showed
satisfactory agreement with the experimental data where
available.

Our study has shown that the MARTINI force field can
successfully be used to simulate small molecule
penetration into biomembranes and permeation across
these membranes. We have also shown that the
permeability expressed as the ratio of diffusion coeffi-
cients perpendicular and parallel to the lipid bilayer is a
meaningful measure of gas permeability and permits direct
comparisons with the experimental measurements. Further
studies combined with NMR experimental measurements
of the concentration profiles of the gas solute as a function
of time in the aqueous phase outside the membrane, in the
membrane and in the aqueous phase on the other side will
clarify further the basic permeation process of small
molecules across lipid bilayers, and we plan to conduct
such studies in the future.
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