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Abstract

The passage of a natural substrate, L-arabinose (L-ARA) through Escherichia coli porin embedded in an artificial bilayer, is studied by
equilibrium molecular dynamics simulations. We investigate the early stage of translocation process of L-ARA from intra-cellular to
extra-cellular side (Int-to-Ext) across the bilayer. The average trajectory path over all L-ARA molecules along with quantum-mechanical
configuration-optimizations at PM3 level predict the existence of at least three trapping zones. The common feature within all these zones
is that L-ARA remains perpendicular to the channel axis. It is remarkable how the orientation and translational-rotational motion of 1-
ARA molecule play a role in its transport through OmpF channel. These simulations are important for better understanding of perme-
ation process in OmpF channel. They also provide an insight into the chiral recognition of translocation process in protein nanochannels
from substrate and protein prospects and help interpret experiments on permeation process of small dipolar molecules across biological

membranes.
© 2006 Elsevier Inc. All rights reserved.
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Porins, located in the outer membrane of Gram-negative
bacteria, represent a class of passive protein channels that
facilitate uptake of ions and nutrients [1,2]. OmpF is a tri-
meric porin channel that resides in the outer membrane of
the Escherichia coli bacterium and provides a translocation
pathway for dipolar molecules, water, and ions [3]. The
three-dimensional structure of OmpF porin has been deter-
mined to high resolution by X-ray crystallography [4]. Its
well-known and extremely stable molecular structure make
it a good choice for experimental and computational stud-
ies [5,6]. The OmpF structure consists of about 5 nm long
tortuous channels with a pore width ranging from 0.5 nm
in the most constricted region to about 1.8 nm at the intra-
and extra-cellular inlets, Fig. la. The narrow constricted
region of each hourglass-shaped channel is highly charged
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due to the presence of L3 loop, formed of three positively
charged (R42, R82, R132) and two negatively charged
(R113, R117) amino acids [7]. The arrangement of these
charges gives rise to a very strong electric field parallel to
the plane of the membrane, which is believed to govern
the behavior of open channels [5,8]. The permeation prop-
erties of OmpF have been the subject of many computa-
tional and experimental studies [5,6]. Full atomic
molecular dynamics (MD) simulations have been used to
investigate transport of ions and water through porin
channels [9,10]. Although much progress has been made
to better understand the ion-conduction through OmpF
channels, less attention has been devoted to the transport
of small molecules. Robertson and Tieleman performed
non-equilibrium MD simulations to study the transport
and interactions of small dipolar molecules such as methyl-
glucose and ampicillin through OmpF [11]. In order to
overcome the long-time simulation needed for the complete
passage of those molecules, the translocation was
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Fig. 1. (a) Visualized pore structure and pore radius profile. The red is the interior profile of the pore while the yellow is the Cartoon representation of
OmpF channel (calculated from the starting structure, using HOLE [24]. Some atoms were removed for clarity. Different pore regions are evident;
intracellular side, constricted (eyelet) region and extracellular side. (b) L-Arabinose molecule in an alL-atom representation with oxygen atom labels. CH,,
groups are represented by united atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

performed by artificial pulling of the molecules along the
OmpF channels. Those simulations provide valuable infor-
mation of the orientational effects and possible binding of
the molecules in the constriction zone. Diffusion properties,
however, could not be well described due to artificial
motions of the dipolar molecules. An accelerated, ‘“‘history
dependent” MD methodology was recently introduced and
applied to investigate antibiotics translocation through
OmpF channel [12]. The main result from all of these sim-
ulations is that the passage of dipolar molecules depends
on both the internal motion and interactions with the
charged residues in L3 loop. The shape of the diffusing
molecule, i.e. its flexibility and the presence of a functional
group on one side, has also strong influences on its orien-
tation and motion inside OmpF channels [11,12].

The present work seeks to further investigate transloca-
tion events of a chiral, dipolar molecule through OmpF
porin. We apply MD simulations to study the passage of a
natural substrate, L-arabinose (L-ARA) through the OmpF

channel, Fig. 1b. L-Arabinose has been extensively used as
a substrate to probe diffusion properties of porin channels
[13,14]. Despite many experimental studies, its microscopic
mechanism of translocation is not well understood. Particu-
larly, we study the blockage effects when such a chiral, cyclic
sugar performs an intra- to extra-cellular translocation
(Ext-to-Int process) and traps near the constriction zone.
According to our knowledge, no diffusion of such sugar
has yet been investigated from atomistic point. Moreover,
chiral recognition of this translocation process is worth of
more fundamental studies. Key questions relate to the
dynamics of the permeation and, in particular, the
interactions of L-arabinose with residues inside the OmpF
channel.

Methodology

The simulation system consists of one trimer of OmpF embedded in a
slab of pseudoatoms that mimics a bilayer, Fig. 2. The pseudoatoms are
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Fig. 2. (a) Snapshot of the OmpF/bilayer simulation system from the front view. (b) The position of L-ARA molecules at the narrowest part of the pore.
(c) The C-a root mean square deviation (RMSD) of the individual monomers in a trimer and an isolated monomer, fitted to the initial structure.

uncharged methane molecules and fused around the external surfaces of experiments and simulations showed that the three monomers are exactly
OmpF trimer during the 1 ns equilibration time. An artificial bilayer identical [16], the atomic fluctuation of each individual monomer is
permits easy set-up and fast simulations [15]. We did not choose to sim- unlikely to occur independently. Moreover, at the channel entrance the

ulate the transport properties of just one monomer. Although the previous monomer and trimer are different. L-ARA molecules are placed by hand
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near the constriction zone and in the intracellular side (Int) of each OmpF
monomer. The system was initially equilibrated for T = 200 ps using har-
monic position restrains (1000 kJ mol~™! nm™2). The simple point charge
(SPC) model was used to model water [17]. We used GROMOS96 force
field [18]. In this force field, interactions between atoms are divided into
non-bonded interactions, between any pair of atoms that are within a
given cutoff radius, and bonded interactions between atoms connected by
chemical bonds. In case of non-bonded interactions (electrostatic and van
der Waals), a partial charge and parameters for repulsion and attraction
are assigned to each atom. The bonded interaction consists of bond, angle,
and dihedral terms. Here, bonds and angles are model led as harmonic
oscillators and the dihedral term is represented by a cosine expansion. The
most important assumption is that only pair interactions are taken into
account (non-bonded interactions between three or more atoms are
neglected). To remove the artifacts associated with truncation of electro-
static forces, electrostatic interactions in our simulations were calculated
using the Particle-Mesh Ewald (PME) method with a grid spacing of
0.12 nm and fourth order interpolation. MD simulations were performed
in a canonical (NVT) ensemble. The temperature was controlled by the
Berendsen algorithm, which mimics a weak coupling to an external heat
bath at a given temperature 7). In our simulations, the weak coupling
algorithm was applied separately for protein, L-ARA, and solvent plus
ions with a time constant t,7=0.1 ps and a temperature 7= 300 K.
During the simulation, the potential energy and the total energy were
monitored in order to check if the system is in equilibrium. Moreover, the
profile of root mean square deviation from the initial configuration was
used in order to determine the equilibrium and stability of the OmpF
structure. A cutoff of 1.4 nm was used for van der Waals interactions in
our simulations. The integration time step was 2 fs. During the production
run, structures were saved every 500 steps (1 ps) and used for analysis.
Simulations were done with the GROMACS package [19,20] (http://
www.gromacs.org). Visualization was done by using the VMD v1.8.1 [21].
The structure of L-ARA at some points along the MD trajectory was
optimized by a quantum-mechanical method by means of PM3 semi-
empirical calculations [22] and using GAUSSIANO3 package [23].

Results and discussion

We describe and quantify the motion and orientation of
L-ARA molecules inside OmpF channel observed in the
simulations. Hydrogen bonds, number of contacts, and
minimum distance between L-ARA molecule and the
OmpF residues as well as dipole moment of L-ARA are
used as coordinates to analyze the translocation process.
Besides, quantum-mechanical calculations are performed
at the PM3 level in order to optimize the structure of -
ARA at some points along the trajectory of L-ARA mole-
cule inside the OmpF channel.

After the system was relaxed for 200 ps, we placed L-
ARA molecules by hand near the constriction zone and
in the intracellular side (Int). The resulting structure was
energy minimized for another 200 ps. The translocation
in our simulation is taking place from intracellular (Int)
to extracellular (Ext) side. There is no reference coordinate
for the initial configuration of the L-ARA molecules, how-
ever, the selected positions provide general feature of a
minimum potential well [12]. The configuration was chosen
such that it contains the contacts between L-ARA and
charged amino acids located at the channel inlet. L-ARA
is surrounded by ARG270, GLU48, ASP12, and LYS46.
Particularly, O3 interacts with GLU48, ARG270, and
LYS46, while O2 interacts with ASP12 and Ol is pointing

toward the inlet region. Fig. 2c¢ illustrates the root mean
square deviation of C-a for the L3 loop of the individual
monomers with respect to the crystal structure. The C-o
atoms of each L3 loop of each monomer are fitted sepa-
rately. The green line in Fig. 2¢ also shows the RMSD of
the L3 loop for an isolated monomer in the bilayer, result-
ing from an independent simulation. The RMSD for L3
loop slowly increases, from 0.12 to 0.2 nm during 5 nano-
seconds (ns). The RMSD profile for the monomers is not
identical, as a result of different dynamical behavior of L-
ARA. Monomer 3 shows dramatic fluctuations at times
1.5 and 4 ns, while the profile remains identical for the
two other monomers. It is also interesting to compare the
behavior of an isolated monomer and that of monomers
in a trimer. The isolated monomer shows a different profile,
which indicates that the translocation of L-ARA in an iso-
lated monomer is not necessarily identical to that in the
individual monomers of a trimer. To understand the origin
of such differences, we should notice that the dynamics of
L-ARA affects the motion of L3 loop inside the OmpF. It
was also shown that the pore size of OmpF fluctuates dur-
ing the MD simulations [9]. The most important source of
difference between monomers relates to conformational
distortion in o-helical structure of residues 105-112 of the
L3 loop. The helix presents in monomers 1 and 2, whereas
in monomer 3 part of the helix acquires 1-3 helix confor-
mation [8,9]. Therefore, the conformational fluctuations
of a-helical structure of the L3 loop along with the different
dynamical motion of L-ARA in three monomers caused
non-identical RMSD profiles.

Fig. 3a illustrates the time-dependent displacement of L-
ARA molecules along the OmpF channel during 5ns
dynamics. The OmpF channels are located between 1.0
(Int) and 6.0 nm (Ext). A few notable events are observed.
L-ARA molecules remain inside the channels during 5 ns
dynamics. Fig. 3a shows that L.-ARA molecules are trap-
ping inside the channel at some locations, while their posi-
tions considerably fluctuate. The electrostatic and dipole—
dipole interactions inside the channel are very essential
for such dynamical motion. To explain this observation,
we calculated the total dipole moment of each L-ARA mol-
ecule inside the OmpF channel. Fig. 3b shows the average
dipole moment (1) of L-ARA, with respect to the z-posi-
tion. The maximum magnitude of u. for each L.-ARA mol-
ecule is about 0.5 D. Close to residue ARG270 and LYS16
at the channel inlet (2 < z < 3 nm) there is a strong peak for
L-ARA-3 in the graph. In this region the Ol of L-ARA-3
preferentially orients itself toward the constriction zone.
In the constriction zone between 3 and 4 nm, there is no
preferential orientation, so that this L-ARA molecule does
not enter further into the channel. It is remarkable how the
L-ARA molecule changes its orientations to escape from
the potential wells inside the channel. L-ARA-1, for
instance, reorients itself in constriction zone, whereas L-
ARA-2 does not show any preferential orientation in Int
side. Notice that each of these molecules follow a different
trajectory path inside the channel, so that they interact with
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Fig. 3. (a) Positions along the pore z-axis vs. time for all three L-ARA molecules. (b) The z component of the average dipole moment of the chiral L-ARA
molecules in respect to z-axis. Zero moment corresponds to no preferential orientation.

different residues while they are trapping into different ami-
no acid cages. In order to capture the energetics of those
trapping zones inside the channel, we qualify the phenom-
ena by quantum-mechanical based optimizations. Calcula-
tions on the level of semi-empirical PM3 was performed on
the last MD frame immediately before escaping from the
trapping region. Each calculation is followed by a HF/6-
31G* optimization. Fig. 4a shows the final optimized
geometries of L-ARA molecules trapped at each potential
well. Fig. 4 shows that the first necessary step for L-ARA
molecule to escape from each potential well is to reorient
itself so that O1 lies toward the Ext-side. Our calculations
based on the average trajectory path over all three L-ARA
molecules predict the existence of at least three trapping
zones. At zone I, L-ARA interacts mostly with LYS167,
ASP126, ARG42, GLU62, and ARGS82. Optimization in
the presence of ASP126, ARG42, and ARGS82 shows that
02 and O3 interact strongly with the NH; of ARGS2,
while the other hydroxyl oxygens orient toward ASP126.
At zone II, L-ARA traps inside a cage containing
ARG270, LYS305, and ASP266. At this region O2 remains
close to ARG270 and other hydroxyl groups lie in the sur-
face parallel to the loop L3. Finally at zone III, L-ARA is
surrounded by ASP113, ASP312, GLU296, and ARG270.
The common feature within all these regions is that L-ARA
remains perpendicular to the channel axis. Moreover, it
orients itself so that the Ol stays toward Ext-side. Notice
that in all the configurations in Fig. 4a the hydroxyl groups
are mostly interacts with the NH; or COOH terminus of
the charged ARG, ASP, GLU, and LYS residues.

More dynamical features of the translocation process
are shown in Fig. 4b. Here the degree of interaction
between L-ARA and the residues is determined based on
number of hydrogen bonds, number of contacts and mini-
mum distance with the first 70 residues located in the first
half of the channel at Int-side. There are considerably high

number of hydrogen-binding interaction between residues
and L-ARA. In the channel inlet, L-ARA molecule forms
hydrogen bonds with water and with the amino acids.
There are comparably more hydrogen bonds between resi-
dues LYS16 (residue number 3) and LYS46(5), which is
likely due to the particular orientation of 1-ARA in the
vicinity of these residues close to the trapping zone 1. At
this location, O2, O4, and OS5 lie toward NH; terminus
of LYS46 and LYS16, so that a strong hydrogen-binding
is evidence. Optimized geometries at this region predicts a
minimum distance of 0.18 nm, corresponding to hydrogen
bonds. Inside the pore at the constriction zone, the total
number of hydrogen bindings increases, however, none of
the residues establishes hydrogen bonds as Strong as those
in the pore inlet. Similar features are observed from the
number of contacts and minimum distance between L-
ARA and residues on the channel wall. In the pore inlet,
L-ARA molecule shows relatively high number of contacts
with LYS16, ARG42, and LYS46 residues, whereas in the
constricted zone different paths are followed. It is also
interesting to look at the optimized geometries at this zone.
At regions IT and III, L.-ARA remains close to the charged
amino acids. However, it is stabilized in such a way that the
hydrogen-binding between L-ARA and residues at the con-
stricted zone is less than that at the OmpF inlet. The num-
ber of contacts, yet remains high at this region as the
trajectory of L-ARA molecule at this region shows. The
minimum distances fluctuate between 0.5 and 3.5, corre-
sponding to the dynamical motion of the L-ARA molecule
inside the OmpF channel. At region II there is comparably
less interactions with residues, due to its specific equilibri-
um orientation in respect to residues ARG270, LYS305,
and ASP266. Although our simulations only deal with
one of the enantiomers of arabinose molecule, they can
provide some of the features related to the chiral transloca-
tion in OmpF. Theoretical models of biological chiral
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Fig. 4. (a) All-atom representation of the PM3 optimized conformations sampled during the process Int-to-Ext. Contacts: (I) O2-ARG82, 03-ARGS2,
05-ASP216; (IT) O3-ARG270. (b) Analysis of interaction parameters between L-ARA molecules and first 70 residues in intracellular side in terms of
number of hydrogen bonds, number of contacts, and minimum distance: L-ARA-1 (black); L-ARA-2 (red); and L-ARA-3 (green). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

recognition such as the three-point attachment (TPA) can
be used to explain the differential recognition of a pair of
arabinose enantiomers with the single trapping zone (chiral
center) inside OmpF channel [25]. However, the prohibitive
timescale for any equilibrium MD simulation does not
allow to investigate a complete translocation process [16].
It seems likely that combined accelerated MD simulations
and a novel stereo-center-recognition model for protein
chiral recognition can describe the chiral translocation phe-
nomena more accurately. Nevertheless, the early passage
studies, similar to what we presented here, can rationalize
general features of such a selective translocation. The main
hindrance for the whole translocation process is the strong
dipole—dipole and electrostatic interactions at constriction
zone, acting as a filter. More features of such interactions
can be better studied in course of free energy calculations.

Conclusion

We presented molecular dynamics simulations for trans-
location of a chiral-dipolar molecule (L-arabinose; L.-ARA)

through OmpF channel. The simulations reflect general fea-
tures of the channel’s chiral selectivity for L-ARA enantio-
mer. The analysis of trajectories shows that the L.-ARA
molecule traps into a few potential wells during its dynam-
ical motions through OmpF channel. Quantum-mechanical
optimizations at PM3 level on those trapping zones show
that escaping from a potential well is established when the
L-ARA molecule reorients toward the extra-cellular side.
Our calculations based on the average trajectory path over
all three L.-ARA molecules predict the existence of at least
three trapping zones. At zone I, L-ARA interacts mostly
with LYS 167, ASP126, ARG42, GLU62, and ARGS2.
Zone II consists of ARG270, LYS305, and ASP266. At this
region O2 closely interacts with ARG270 and other hydrox-
yl groups lie parallel to the constriction zone. Finally at zone
III, .-ARA is surrounded by ASP113, ASP312, GLU296,
and ARG270. Simulations show that during the permeation
process, L-ARA aligns into potential wells in the eyelet
region. This is mainly caused by electrostatic, hydrogen-
binding and dipole-dipole interactions between chiral -
ARA molecule and charged residues of OmpF imposed into
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the channel space. As a result, the chiral translocation is
considerably slowed down. Our simulation did not show a
complete passage during 5 ns dynamics. The early passage
study presented here provides the general features of a chiral
translocation process in OmpF channel. The results also
help to interpret experiments on permeation process of
small dipolar molecules across biological membranes.
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