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Molecular transport across biological membranes occurs in a range of important chemical and biological
processes. The biological membrane can usually be modelled as a phospholipid bilayer, but to correctly represent
biological transport, the embedded transmembrane proteins must also be included. In previous molecular
simulation studies on transport of small gas molecules in dipalmitoylphosphatidylcholine (DPPC) bilayer
membrane, a coarse-grained model was used to provide direct insight into collective phenomena in biological
membranes. Coarse graining allowed investigation of longer time and length scales by reducing the degrees of
freedom and employing suitable potentials. In this work, membranes that include transmembrane proteins are
modelled. This allows one to compare the molecular transport across a lipid membrane with and without the
assistance of transmembrane channels. Outer membrane protein A (OmpA) — a porin from Escherichia coli with a
small pore size — was chosen in this study because its detailed structure is known, it has high stability and is
known to form a nonspecific diffusion channel that permits the penetration of various solutes. In this work the
pore characteristics and interaction between lipid and protein were investigated and transport of water and other
small gas molecules within the channel were studied. The MD simulation results obtained are compared with
previous simulation results and available experimental data. The results obtained from this study will lead to
better understanding of protein functionality and advance the development of biochips and drug delivery

systems.
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1. Introduction

Many biological processes involve molecular transport
across biomembranes. Molecules can permeate these
biomembranes using a variety of mechanisms, some of
which are rather complex [1]. It is important to
understand these transport mechanisms in biomem-
branes not only for their fundamental interest, but also
for rational design of drug delivery systems, as well as
for developing more efficient separation processes.
Lipid bilayers are one of the major structural
elements of biological membranes which also play a
key role as a protective barrier and substrate for other
species, such as proteins. Lipid bilayers generally
exhibit little permeability for hydrophilic solutes,
including most nutrients. Therefore, biological mem-
branes contain specific channel-forming proteins for
the purpose of permitting the influx of nutrients and
for the extrusion of waste products [2]. There is
significant interest in investigating outer membrane
proteins (OMPs), because they facilitate a variety of

functions including passive and active transport, signal
transduction, catalysis, and targeted drug delivery [3].

Outer membrane protein A (OmpA) from
Escherichia coli is a monomeric protein composed of
two domains, including a transmembrane N-terminal
domain of 171 residues forming an eight-stranded anti-
parallel B-barrel [4]. OmpA is one of the most
abundant outer membrane proteins in Escherichia
coli, with about 10° copies in each cell [5]. There is
considerable experimental data on the protein struc-
ture including its high resolution X-ray structure
studied by Pautsch and Schulz [6,7]. OmpA is therefore
an ideal protein for the study of dynamics of outer
membrane proteins and membrane-protein interac-
tions. Many experimental studies [§—11] and theoretical
modelling studies [4,12-15] on the OmpA protein
structure are available for comparison.

Experimental membrane permeation rates of small
molecules can be measured by osmotic, NMR, and
radio-tracer experiments, although the interpretation
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of these results is often difficult [16]. Paula et al. [17]
measured the permeability coefficient of potassium
ions and small polar molecules as a function of
membrane thickness. Jansen and Blume [18] compared
diffusive and osmotic water permeation across phos-
pholipids bilayers with different head groups and fatty
acyl chains. Mathai et al. [19] studied structural
determinants of water permeability through lipid
membranes. Overall, the permeability across lipid
membranes is affected by the properties of the small
molecules, such as their molecular size, hydrophobicity
and shape, and the properties of the lipid membranes.

Proteins embedded in lipid membranes account for
about 25% of genes [20] and 50% of drug targets [21].
Despite their widespread presence, only around 100
high resolution structures of membrane proteins are
known [13,22]. OmpA is a relatively simple bacterial
outer membrane protein, and it was thought to
primarily serve a structural role, as no continuous
pore through the centre of the barrel could be observed
in the crystal structure of OmpA [4]. However, several
groups have reported ionic conductance [23-25], and
many now believe that it may dynamically form ion-
permeable pores across the membrane. Nikaido [2],
for example, has categorized it as a slow porin since
its permeability is slower than classical porins like
OmpF. It is therefore important to further investigate
the permeation through OmpA embedded in lipid
membranes.

Molecular dynamics (MD) simulations are a pow-
erful tool for producing details of permeation which
are not available in experiments, such as structural and
dynamic details. Marrink and Berendsen [26] used MD
to calculate the permeability coefficients of water and
a few small molecules across lipid membranes and
proposed the inhomogeneous solubility—diffusion
model. Recently, studies have been reported on inves-
tigations of the permeability of small uncharged
molecules across lipid bilayers based on this model
[27-30]. These investigators have used atomistic molec-
ular dynamics simulation methods to study the local
diffusion coefficients of different small gas molecules
inside the lipid membrane and the effects of solute
molecules and lipid molecules on the permeability.
Although atomistic simulations now are able to
reproduce and predict many fundamental properties
of lipid membranes, the sizes of systems and timescales
that can be investigated are still limited by current
computers and algorithms. Coarse grain (CG) models
in which we treat small groups of atoms as single
particles, on the other hand, provide a promising
approach to overcome some of these limitations in
studying large biomolecular systems [31]. There are
several coarse grain approaches available, which range

from qualitative, solvent-free models to models that
include chemical specificity. Marrink and co-workers
[32—-34] recently developed a coarse-grained force field
called MARTINI for simulation of lipids and surfac-
tants. The MARTINI force field has been shown to
reproduce semi-quantitatively fundamental structural
and thermodynamic properties of lipid bilayers and
proteins. Using this coarse-grained strategy, Bond and
Sansom [12,14,35] have conducted studies on mem-
brane proteins, such as the structure of membrane
proteins, protein-membrane interactions, protein inser-
tion and assembly.

The transport mechanism of small molecules
across lipid bilayer membranes is still not well under-
stood. Experimental results reported have not been in
agreement with each other. Marrink and Berendsen
[26,36] have proposed the inhomogeneous solubility-
diffusion model which is an extension of the standard
solubility—diffusion mechanism. Jansen and Blume [18]
have proposed a mechanism which postulates that
water transport mostly occurs across a transient pore
of the bilayer. Thermal fluctuations lead to the
spontancous formation of transient pores across the
membrane, which are nothing more than fluctuating
defects in membranes. The occurrence of transient
pores depends on the state of the membrane which is
controlled by its intensive thermodynamic variables
(e.g., temperature, pressure, electrostatic potential, and
the chemical potential of the components). Under
certain conditions, stable pore nucleation and growth
could occur in bilayer membranes. However, we did
not study such events here.

Recently, there have been several applications of
CG simulations of membrane proteins, and results
from these initial studies are very promising [3,14,37].
Although CG simulations may not be able to provide
molecular details of these proteins and their pore
gating mechanisms, they provide a very useful tool to
study complex biomolecular phenomena at longer time
and larger size scales. In previous studies on small
molecule transport across lipid bilayer membranes
without outer membrane proteins, we were successful
in studying small molecule transport, with permeability
results in satisfactory agreement with experimental
values [38,39].

In a previous study, a coarse-grained model was
used to investigate the gas permeation process through
dipalmitoylphosphatidylcholine (DPPC) lipid bilayers
[38]. In the present study the outer membrane
protein A (OmpA) is included. The goal is to develop
a fundamental understanding of how small molecules
permeate such membranes and to gain insight about
the various transport mechanisms. Here a molecular
dynamics simulation is used with the coarse-grained
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MARTINI force field for the lipid bilayer and OmpA
to investigate the permeability of three small mole-
cules, water, xenon, and oxygen, across the lipid
bilayer with embedded OmpA. MD results are com-
pared with previous MD studies of permeation without
OmpA channels, and with available experimental
results.

2. Method
2.1. Lipid and OMPA structures

We performed molecular dynamics simulations for a
lipid bilayer system: DPPC (C4), with OmpA [6]
embedded. The details of the molecular structure 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. We will only
briefly summarize it here, since details are available in

(a) CH, (b)
I

H,C—N*—CH,
| Hj
CH; /

i
i
H,rl:f":ﬁlb
& -

Figure 1. Molecular structures of (a) DPPC (Cy) lipid and
(b) OmpA transmembrane domain: stereoview of the Calpha
chain with every tenth residue labeled, highly mobile loop
moieties are given as dashed lines [4].

the original papers of Marrink et al. [32-34] The model
has 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
(d=donor, a=acceptor, da=Dboth, o=non) or by a
number indicating the degree of polarity (from
1 =lower polarity to 5=higher polarity). For the
lipid bilayers, we employ the Marrink et al. [33]
mapping strategy; the phospholipid DPPC is modelled
as 12 CG sites. For the OmpA, we employ the same
mapping of amino acids to get coarse-grained proteins
developed by Bond er al. [14] based on methods
derived from Marrink et al. [32] The 1330 atomistic
protein atoms in OmpA become 369 coarse-grained
sites after mapping, as shown in Figure 2. The coarse-
grained OmpA structure was obtained from the CG
protein database developed by Sansom et al. [12].

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

o\ 12 o \°
a=s((3) ()] o

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

The effective size of particle is governed by the LJ
parameter o0 =0.47nm for all normal particle types
except for the interaction between charged (Q type)
and most apolar types (C1 and C2), where the range of
repulsion is extended by setting o=0.62nm. For
protein side-chain ring-ring interactions, o =4.3 nm,
and ¢; is scaled to 75% of the standard value. In
addition to LJ interactions, charged groups interact via
a shifted coulombic potential function [40] with a
relative dielectric constant ¢, =15 [33]:

Uelec = 4 119 . (2)
TEQEST

In the OmpA protein, some amino acids sites
include charges [34]; for example, GLU and ASP carry
a negative charge, ARG and LYS a positive charge; the
overall OmpA is negatively charged (—3e). The effect
of including counterions on the stability of the protein,
while widely studied in atomistic simulations, is still
not clearly understood. Drabik et al. [41] carried out
tests and concluded that there was no clear evidence
that counterions led to more stable protein secondary
structures in simulations. In our studies, for simplicity,
we therefore did not include counterions. The stability
of the model was further confirmed by monitoring the

drift in the RMSD results (see Section 2.4).



17:05 7 July 2010

[Janmeson, Cynthia J.] At:

Downl oaded By:

1572 H. Yuan et al.

Figure 2. Coarse-grain mapping for OmpA. The atomistic OmpA coordinates were taken from pdb file IBXW [4], the CG

OmpA only shows the backbone.

In the simulations the non-bonded interactions are
cut off at r.,, = 1.2nm. The LJ potential is shifted from
Fenip=0.9nm to 1.2nm and the electrostatic potential
is shifted from rgy;; =0.0nm to 1.2nm following a
standard shift function [42]. Bonded interactions are
described by the following set of potential energy
functions acting between bonded site 4, j, k, and / with
equilibrium distance d,,, angle ¢, and dihedral angles
wd and Ilfid:

1
Vi =5 Ko(dy — dy)”. 3)
1
Va = iKa{COS(ga{'//c) - COS((pa)}z, (4)
Va= Ky[1 + cos(nrjj; — Va)l. ®)
Via = Kia(Wijr1 — Via)]: (6)

Bonded interaction parameters in the MARTINI
force field can be found in reference [34].

The small molecules we tested are water, xenon,
oxygen and carbon dioxide. For water we use CG
water parameters and for consistency, we also use
similar central LJ models for oxygen and carbon
dioxide. The potential parameters of the molecules
studied are listed in Table 1.

For the cross-interactions between small mole-
cule sites and CG sites including lipid/water and

Table 1. Potential parameters of gas molecules studied.

Molecule Interaction Sites o (A) e (k) q (e)

Xe? Central LJ 3.95 120 0
0y Central LJ 3.36 228 0
CO; Central LJ 3.72 236.1 0

Notes: “Parameters from Ref. [43]
*Parameters from Ref. [44]
‘Parameters from Ref. [45]

amino acids, we use the Lorentz-Berthelot mixing
rules [46] as the initial starting point, and may modify
the interaction parameters in the future if necessary to
get a better description of the interactions. In the
results presented here it was not found necessary.

2.3. Model validation

To validate the MARTINI force field used in this
study, we carried out a comprehensive series of tests. A
summary of the tests used in this study is given below.
We monitored the self-assembly process of the lipid
bilayer membrane with 128 DPPC molecules and 2000
water molecules, starting from random orientations
and positions. This is a rather stringent test of the
model. Snapshots of the configurations for 100 ns are
shown in Figure 3, which clearly shows a lipid bilayer
membrane forming spontaneously.
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Tt L

Figure 3. Simulated DPPC lipid membrane self-assemble process (blue dots represent the choline group, red the phospho group,
yellow the glycol group, cyan the acyl chain group, while white dots are water molecules).
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Figure 4. Simulation results for the area per lipid for the
self-assembled DPPC lipid membrane at 323 K.

We then examined a range of properties of this
membrane. Important quantities characterizing a lipid
bilayer membrane are (a) the surface area per lipid;
(b) the thickness of the membrane which may be
characterized by providing the average distance
between two extreme points such as phosphate groups
on opposite sides of the bilayer; (c) the thickness of the
interior, for example the projected distance along the
bilayer normal for carbons on opposite sides of the
bilayer. In a CG simulation, we can provide (a) and (b).

The area per lipid measured for the self-assembled
DPPC at 323K (50°C) was found to be 68 A?
(Figure 4), which agrees well with the experimental
measurements which lie between 57 and 71 A? [47].

The density profile of each component of the lipid
was obtained during the simulation, which is shown in
Figure 5, from which we obtained the distance between
phosphate groups is 3.7 nm which is in close agreement
with the experimental value of 3.85nm [47].

If we assign electrons associated with each group,
we can compare the electron density from the simula-
tion with experimental values and other simulation
results [47]. Although this comparison of probability
profiles is not accurate due to the coarse graining, this
permits a direct comparison with atomistic simula-
tions. Our results in Figure 6 show qualitatively

45

40

35 A, 5

s T

N T |

2 —=— NC3

T

15 ——GL |
—— Tail

5

0&&&.

0 20 40 60 80 100
Grids Z/L,

Number density

Figure 5. Simulation results for the density profile of
components of self-assembled DPPC membrane along the
Z direction.

consistent behaviour with the experimental electron
density profile and also mimics reasonably well the
atomistic profile.

Generally the conformation of the hydrocarbon
tails of the lipid in a bilayer membrane is highly
disordered. The conformational and orientational
order/disorder can be quantified by various quantities
in an atomistic simulation, including the very useful
order parameter of C—H bond directions, but in a CG
simulation only a limited number of indicators of
internal order may be obtained from the simulation.
One we have considered above is the probability
distribution of different groups along the membrane
normal axis, which gives some indication of the
average alignment of the various parts of the lipid
molecule. Another measure of the internal order of our
lipid bilayer is the order parameter,

261
Py — <3 00529 > ™

where 0 is the angle between the bond and normal
to the bilayer. P>=1 denotes perfect alignment,
P>=—0.5 anti alignment, and P»=0a random orien-
tation. Again, because we are using a coarse grained
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Figure 6. Comparison of simulated electron density (p* in electrons/z&S) with X-ray experimental measurements and atomistic

simulation from reference [47].
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Figure 7. Comparison of calculated tail segment order parameter with experimental measurements [48].

scheme, the order parameter of our sites can not be
compared directly with C,_; — C, order parameters
derived from experimental C—D order parameters [48].
The four sites that constitute the tail form three ‘bonds’
between them, and the order parameters for these can
be effectively compared with experimental values.
From the results shown in Figure 7, we can see that
the coarse-grained model qualitatively reproduces the
correct trends, with our lipid model being somewhat
more highly aligned near the head than the actual
DPPC lipid layer.

In summary, we feel a high level of confidence in
the effectiveness of the coarse grained model used here.

2.4. Simulations of lipid bilayer with

embedded Omp A
We performed molecular dynamic simulations of lipid
bilayer DPPC systems with embedded OmpA. All the
simulations were performed using the LAMMPS
simulation package [49]. The dynamics in CG studies

are faster since CG interactions are much smoother
compared with atomistic interactions. To ensure
stability, we used a time step of 10fs. The simulation
system is shown in Figure 8 and consists of 205 lipid
molecules and 4869 water molecules, with one OmpA
N-terminal transmembrane protein represented by 369
CG sites. A typical simulation takes about 1.20 h per ns
on an Intel Core2Quad CPU system. The OmpA-
embedded DPPC bilayer is formed using a self-
assembly method by Sansom ef al. [14] and we fixed
our simulation box size to be 8.55 x 8.55 x 12.5nm”".
In our studies, the system was first equilibrated at
323 K, which allowed the transport of water molecules
into the membrane. Subsequently gas molecules were
added to the system to enable us to observe the
transport of gas molecules. A Langevin thermostat (a
frictional force is added to the conservative force to
adjust the temperature) [50] was applied in the NVT
ensemble to maintain the desired temperature. The
density profiles of the DPPC, water and gas molecules
were then measured as the system relaxed towards
equilibrium. Additional validation tests (see also
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Figure 8. Side and top view of the simulation system for investigating permeability (OmpA is shown as the backbone. For
DPPC, blue dots represent the choline group, red the phospho group, yellow the glycol group, white water while acyl chains are

hidden for clarity).

:23 R A‘\ :ngj;horus group
100 \\ /}
60 \ /
40 A /
2 Al /N
! I A N

0 10 30 40 50
Grids Z/1;

Number density of groups
o2}
S

Figure 9. Lipid bilayer density test (along Z direction, blue
points are number density of water, red points are number
density of phosphorus head group).

Section 2.3) were then performed to ensure that the
model correctly reproduced the experimental bulk
properties, and agreed with other available atomistic
simulation results and experimental measurements.
These tests are summarized below.

We first examined the density of DPPC lipid
bilayer, which can be obtained from the lipid thickness
by measuring the distance between the two layers of
phosphorus head groups. A typical density profile is
shown in Figure 9.

From Figure 9, the measured distance between
phosphate head groups is 4.0 nm, which is somewhat
greater than the 3.7nm we found in the absence of
OmpA. The latter was in close agreement with the
experimental value of 3.85nm [47]. The embedded
OmpA channel has an effect on the lipid bilayer
thickness which is not unexpected.

20
k=)
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= 16
- < < < < < <o
E < o O < < <
k=l 812 © © © ° °
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::;(—: 3 o o o
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Figure 10. Results for the average number of lipid molecules
in contact with OmpA in a 20 ns simulation.

Since the interaction between the lipid and embed-
ded OmpA is important, we also calculated the average
number of lipid molecules in contact with the protein
surface. These are generally referred to as ‘boundary’
lipid molecules [49]. The result obtained is shown in
Figure 10 for a simulation time of 20ns with output
frequency of 0.5ns.

Our simulation showed that an average of 12
DPPC lipid molecules were in contact with the OmpA
protein, which is consistent with the MD simulation
result of 14 reported by Sansom et al. [51] for OmpA
embedded in DMPC (dimyristoylphosphatidylcholine)
bilayer. Our MD average of 12 DPPC lipid molecules
in contact with OmpA protein is also in agreement
with the experimental results for OmpA reconstituted
in bilayers of spin-labelled dimyristoylphosphatidyl-
glycerol, in which the stoichiometry of the motionally
restricted lipids, 11 lipids/monomer for OmpA, is
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Figure 11. RMSD measurement of C-alpha backbone of
OmpA for 30 ns simulation.

found to be constant irrespective of the total lipid/
protein ratio in the sample [52].

We also measured the root mean square deviation
(RMSD) of C-alpha atoms in the protein which is
related to the stability of protein structure using the
definition in [53]. This definition is somewhat different
from the standard definition in that the smaller of the
backward and forward values are used,

Natoms (. X o 2
RMSD = min \/Zl (ri(to) — ri()) ®
TR Natoms

where N,aioms 18 the number of atoms whose positions
are compared, r{?) is the position of atom i at time ¢.
By using the analysis of Stella and Melchionna [53], we
cannot only calculate RMSD from #,=0, but also
calculate RMSD backward, i.e., compare with the final
stable configuration. This enables us to have additional
information about the relaxation and sampling mech-
anisms. We measured the RMSD of the backbone
C-alpha atoms of OmpA after the system had equil-
ibrated (stabilized) for 30ns in the simulation. A
typical result is shown in Figure 11 with an RMSD
about 0.1 nm calculated forward and 0.03nm calcu-
lated backward. From the time before RMSD reached
a plateau, we find that the relaxation time for the
system is about 200 ps.

Using the usual forward RMSD, Sansom et al. [12]
measured the RMSD of C-alpha atoms in OmpA and
obtained a value of 0.14 nm. Our measured RMSD is
in reasonable agreement with their result (considering
the error bars). Our results are also comparable with
atomistic simulation results of RMSD reported by
Khalid er al. [3] of about 0.2nm. We also monitored
the RMSD of the total configurational energy and
obtained similar behaviour [53]. Overall, our simula-
tion results agree reasonably well with both the
available experimental values and other simulation
results. This validation shows that both our model and
our simulation scheme are qualitatively realistic, and

should provide realistic predictions of properties not
previously measured.

3. Results and discussion
3.1. Open and closed OmpA pores

It is generally accepted that OmpA pores are dynam-
ically formed. Bond and Sansom [4] have suggested the
possibility of transient formation of a central pore by
atomistic simulations. Hong et al. postulated the
possibility of a functional channel-gating mechanism
contributing to the survival of bacteria growing under
osmotic stress [54].

In our studies we investigated the DPPC-OmpA-
water system at 323K, as described above. Our
simulation system is shown in Figure 12. We modelled
both open and closed pores in OmpA by changing the
interaction parameters between water and OmpA. We
have used the closed pore configuration to study
membrane compressibility and stability; these results
will be discussed in a future report [55]. Previous
simulations have reported water configurations in
nanochannels across lipid membranes. For example,
Nielsen and Klein [31] observed water transport across
a capped nanotube embedded in a lipid bilayer, and
Khutorsky [56] simulated water across the
Amphotericin B channel with a pore size of 8A
which is very comparable with the OmpA with pore
size about 10A [23]. Sansom et al. have simulated
atomistic water structure and dynamics in channel-like
cavities [57,58] using simplified channel models to
study the microscopic properties of water in narrow
pores, and the role of hydrophobicity/hydrophilicity in
the entry of water into pores. Their simulation of
OmpA indicated that a small conformational change
may open it and allow water to permeate. Tieleman
et al. [59] reported that the ratio of the diffusion
coefficient in the pore to that in bulk solution varies as
a function of pore radius. These simulations have
provided details of water structures and dynamics in
various channels, both artificial and protein. However,
atomistic simulations are rather CPU intensive, there-
fore simulation times were usually only a few
nanosceonds which allowed only one channel or
sometimes only half of a channel to be simulated.

Although CG simulations may not be able to
provide precise details for the open<>close pore mech-
anism, our goal is to mimic this process and test the
effect of pore open/close status on transport rates so
that we can later simulate larger systems with pores both
open and closed. Experimental studies reported by
Sugawara and Nikaido [23] show that only a small sub-
set of OmpA molecules (2-3%) have an open channel.
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Figure 12. Water channel formed by OmpA. Closed (left), Open (right), blue dots represent the choline group, red the phosphate
group, yellow the glycol group, white water molecules; acyl chains were hidden for clarity.
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Figure 13. Simulation results for water density profile along
the Z direction, Blue points represent a closed pore, while the
red an opened pore.

To simulate these biological membranes more realisti-
cally, it may be necessary to have a fraction of OmpA
pores in the open configuration, while the remaining
OmpA can be in the closed configuration. Our present
simulations employ the structure for open pore OmpA.

Since there is no further driving-force once the
pore is filled with water, net transport (permeation)
of water through the pore is not observed in our
simulation system, but the density profile can
provide us the information on how many water
molecules are needed to fill the OmpA pore and the
average density of water in the pores. A typical
density profile is shown in Figure 13. The density
profile of water is quite uniform in the middle of
the pore, with an average density of water in OmpA
channel of 0.027/ A®. Khutorsky [56] atomistically
simulated antibiotic amphotericin B channel with
pore diameter of 8 A in lipid membrane, a smaller

pore than our OmpA channel. Their simulated half-
pore length was 25A which is shorter than the
OmpA channel length of 57A. For computing
efficiency, they neglected the hydrophobic exterior
and the environment and only simulated those
atoms that have actual contacts with water and
ions. They reported an average water density in the
channel of 0.020/1&3 with some cross- sections of the
channel containing three or four water molecules.
Considering the different pore size and channel
length, our coarse-grained simulation result is in
good agreement with their atomistic results, and our
somewhat higher numbers are attributable to the
larger pore diameter of OmpA.

3.2. Gas permeation

The first small molecule we investigated was xenon.
Xenon atoms in the ground state are spherical, with
high polarizability that enhances dispersion forces.
Because of its relatively simple atomic structure, xenon
has been extensively used to study gas solubilities in
organic liquids [60—62]. In our simulations, once the
DPPC — OmpA — water system is equilibrated, 12
xenon atoms were introduced in the water compart-
ment of the system. We chose a small number of gas
molecules since the solubility of xenon in water is
rather small at low pressures (up to 10 bar). Although
solubility increases with pressure, high pressures on the
bilayer can make the lipid bilayer membranes unstable.
A snapshot of the system with gas molecules and
OmpA-embedded lipid bilayer is shown in Figure 14.
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Figure 14. Snapshot of gas molecules in the simulation system (from left to right Xe, O,, CO,), green dots represent gas
molecules, blue dots the choline group, red dots the phospho group, glycol group and acyl chain are hidden for clarity.

From Figure 14, we can observe clearly that the
xenon is primarily permeating through the lipid bilayer
with noxenon permeating through the OmpA channel.
For oxygen and carbon dioxide, the preferred path
appears to be through the OmpA channel. This is not
surprising because of the molecular sizes of oxygen,
carbon dioxide and xenon (see Table 1). For xenon, we
did not observe any permeation through the channel
because of its size. With a smaller particle size, it is
easier for the oxygen or carbon dioxide to permeate
through the protein channel.

The observed permeation percentages of gas mol-
ecules in OmpA-lipid system are shown in Table 2,
where we find that Xe preferentially transports across
the lipid bilayer itself, whereas CO, and O, transport
through OmpA just as well. Although there are no
experimental results to compare with these predictions,
our previous validation of the model leads us to believe
these are reliable predictions.

The density histogram of gas molecules along the z
direction (normal to lipid bilayer surface) is shown in
Figure 15. From the histogram, it can be seen that Xe
was blocked in the entrance of the channel, but O, and
CO, were able to permeate through the channel.

We next compared the permeation rate of these
gases in lipid membranes with and without the OmpA
protein channel. The permeation rate of gas molecules
through biomembranes is relatively small. To observe
the permeation of gas molecules across the membrane
quantitatively would either require large concentration
of gas molecules (which is not realistic except under
very high pressures which may affect the stability of the
biomembrane) or very large systems, or long simula-
tion times. We studied low-pressure (below 10 bar)
solutions but carried out simulations for 100ns. Our
simulations gave us a relatively reliable qualitative
picture of the permeation rates in these systems.
Marrink et al. [26] also mentioned the difficulty of

Table 2. Observed permeation events of gas molecules in
OmpA-lipid systems.

Permeation through Permeation through DPPC

Gas OmpA (%) lipid bilayer (%)
Xe 0.0 100.0
CO, 53.8 46.2
O, 62.5 37.5
0.8
0.7 —— Xenon
> 0.6 f e
PN A=
s 05
-qé 04 e ‘,\%\ J OmpA channel !
- A\ V) 1 i
S E VA RN Waeave'
U P A
A I B W Y A

0 10 20 30 40 50
Grid Z/L,

Figure 15. Comparison of density profiles of Xe, O, and
CO, molecules along the direction normal to the lipid bilayer
surface.

making quantitative comparison when permeation
occurs at a low rate.

With OmpA, gas molecules have two permeation
pathways, either through the OmpA pore, or through
the lipid bilayer directly. Over a 100ns simulation,
we monitored the permeation of various gases in both
types of membranes and compared with gas perme-
ation through pure lipid bilayer from our previous
simulations [38], and the results are summarized
in Table 3.

From our results we can observe that in the DPPC
membranes as well as the OmpA channel, the
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Table 3. Observed permeation events of gas molecules
across lipid bilayer and lipid/OmpA system.

Permeation through

lipid/OmpA system Permeation through

Gas (DPPC,OmpA) only DPPC lipid bilayer
Xenon 4 (4,0) 4
CO, 13 (6,7) 10
0, 24 (9,15) 21

permeation rate increases as the molecular size
decreases, as expected. However, the rate of increase
is much more dramatic in the OmpA channel (0 — 15)
than the DPPC bilayer (4 —9) which offers a much
more tortuous path to the molecules. Overall it does
not appear that the permeability of small molecules is
particularly enhanced by the presence of the OmpA
channel, although there is a consistent increase of
about 20% in our system with stoichiometry of
1 OmpA/205 lipid (approximately 4 percent of the
surface is occupied by the OmpA channel).

3.3. Calculations of gas permeability through lipid
with and without OmpA

To enable comparisons with experimental measure-
ments, we used a definition of gas permeability
developed by us previously [38], and also used by
others [63]. This definition is especially useful in coarse
grained studies, since it eliminates the need for time
scaling, which otherwise is necessary in coarse grained
studies.

Dy

p=—* ©9)
Dy,

1 — HO)P >

Here D, = D, = —— pim — 1O >
2x 1> t
and

1 < |r(t) — r(0))? P

Dy = Dy = 5 tim ; (11)

D, is the diffusion coefficient in the direction
perpendicular into the bilayer surface, which represents
the ability of gas molecules to move along the Z axis in
our simulation box, whereas D,, is the diffusion
coefficient in the direction parallel to the bilayer
surface on the XY plane.

If the membrane is impermeable, the gas molecules
can only move on the XY plane, the ratio of —Wlll be
zero. On the other hand, if there is no reswtance and
the gas molecules can permeate freely through the

6000
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e
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Figure 16. MSD for diffusion coefficient calculations of O,
for 100 ns simulation.

membrane, the ratio will be 1. Usually the permeability
will be between 0 and 1.

We can compare the permeability obtained from
our simulation results directly with experimental
results without additional concerns about the conver-
sion of the coarse-grain time scales to real time, a well
known problem in CG simulations [33]. By using such
a definition, the use of periodic boundary conditions
does not interfere with permeability calculation since
the permeability obtained is only affected by the
inhomogeneous lipid-water interface.

Using Equation (9), we can calculate the perme-
ability via the mean square displacement (MSD) curve
generated during the simulation. A typical MSD curve
of oxygen is shown in Figure 16, which shows the MSD
curves parallel (D;) and perpendicular to the mem-
brane surface (D).

The calculated permeability of different gases so
obtained is listed in Table 4 and also compared with
permeability results without the OmpA protein
channel.

From Table 4, we can see the effect of the OmpA
channel on gas permeability. Although we did not
observe xenon atoms transported across the OmpA
channel, they can still permeate through the water—
lipid interface. We observed the xenon permeability
increased in the OmpA/lipid system. This is probably
attributable to the change in lipid structure near the
protein lipid interface, since all xenon atoms permeate
through the lipid membrane via dynamically formed
pores at the water—lipid surface. The frequency of
dynamically formed pores is affected by the protein
embedded in the membrane. For CO, a similar effect
(an increase) is observed primarily because of the
availability of the OmpA channel. For oxygen, the
effect is relatively small. Because of its smaller size it
can readily permeate both the channel and the mem-
brane. Based on the results of our simulations, the
overall physics of membrane permeation by gases is
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Table 4. Permeability of gas molecules in lipid and
OmpA-lipid systems.

Permeability Permeability through
Gas through DPPC DPPC with OmpA
Xe 0.334£0.06 0.548 £0.04
CO, 0.464 £0.07 0.65+0.10
0, 0.775+0.11 0.714£0.09

straightforward and easily understood as a conse-
quence of lateral area fluctuations. In some cases
(not Xe) additional permeation occurs through pores
of transmembrane proteins embedded in the mem-
brane. These proteins also affect permeation through
the lipid bilayer via protein—lipid interactions which
change lipid structure near the proteins. Our studies do
not include active transport, where the mechanism of
permeation can be much more complicated.

We further validate our simulations by comparison
with experiments. Subczynski ez al. [39] have reported
an experiment to measure permeability of oxygen
through a Chinese hamster ovary (CHO) plasma
membrane using spin-labelled stearic acid incorporated
into the membrane at very low concentrations. They
calculated permeability 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 (Equation (9)).

The comparison of our calculated results with their
experimental results is shown in Figure 17. We find
that our result at 323K is consistent with their
experimental results at three lower temperatures. The
results confirm our previous observations (discussed
above) about the insensitivity of the oxygen perme-
ability to the presence of OmpA channels.

4. Conclusions

We have investigated gas permeation in OmpA-
embedded DPPC lipid bilayer systems by using
coarse-grained molecular dynamics simulations. Our
results are in satisfactory agreement with available
experimental data, and with previous simulations. We
have also reported results that have not previously
been measured.

This study has shown that the MARTINI force field
can be successfully used to simulate small molecule
permeation in OmpA-embedded biomembranes and
provides generally reliable results. We observed that the
relative permeability is directly related to the size and
competitive energy barriers of OmpA and lipid bilayers.

—_

& Expt.
08 A Simu DPPC T
: ® Simu DPPC/OmpA i
>
% 0.6
[}
£ 04 4
3 *
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0 . . . .
280 290 300 310 320 330
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Figure 17. Comparison of permeability of O, through DPPC
bilayer and DPPC/OmpA bilayer, blue diamonds represent
experiments from [39]; pink triangle simulation result for
pure DPPC bilayer; red circle simulation result for DPPC
bilayer with embedded OmpA channel.

Our results also point to the need for additional
experimental results to further refine/develop models
for such systems.

Note

All figures can be viewed in colour online.
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