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The Role of Long-Range Forces in Porin Channel Conduction
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Abstract. A fully self-consistent 3D Poisson P*M Brownian dynamics solver is used to investigate the role of
the long-range electrostatic forces on the selectivity and conductivity of OmpF porin. Our simulations show that
even with zero applied bias, the long-range interactions are an important component of the total potential energy.
In addition, the long-range force due to mobile carriers is shown to play a role in facilitating the flow of anions
through the OmpF channel by screening the effect of the negative fixed charge of the protein.
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1. Introduction

OmpF porin is a wide ion channel found in the outer
membrane of Escherichia coli [1]. These proteins are
considered passive transporters that function as ion
channels with high conductivity and relatively low se-
lectivity [2]. OmpF is a trimer, where each monomer
is a hollow B-barrel structure with eight loops (L1-L8)
that form the water-filled pore. Loop L3 folds inside the
barrel and generates a physical constriction that reduces
the lumen of the pore to a diameter of approximately
6 Angstroms. In this constriction zone, the presence
of two acidic residues (GLU-117 and ASP-113) on L3,
and a cluster of three basic residues (ARG-42, ARG-82
and ARG-132) on the opposite wall of the pore, gener-
ates a large electrostatic potential. The cross-section
of a single OmpF monomer (protein database code
2omf.pdb [3]) at the constriction zone is shown in
Fig. 1, where the L3 loop and the charged residues are
explicitly shown. The protonation state of the residues
at neutral pH gives the OmpF porin channel an overall

charge of —30e [3] making it more cation selective [4].
In fact, while the cations can traverse the channel un-
aided, the permeation of an anion requires the presence
of additional cations within the pore [5]. The selectiv-
ity of the porin channel also depends on the surround-
ing electrolyte solution, and increases with decreasing
ionic concentrations. This fact has been attributed to a
decrease in the electrostatic screening of the pore lining
when less ions are present [4].

The wide range of experimental [6,7] and simu-
lation [4,5,8] data available on porin channels make
them a valuable stucture both for the investigation
of the atomic details involved in ion transport, and
as a benchmark for simulation methodologies. In this
work, a Brownian dynamics (BD) simulation engine,
self-consistently coupled to a 3D Poisson P*M force
field scheme [9] is used to investigate ionic flow in
OmpF. BD approaches are attractive for modeling con-
ductivity in porin because they represent a very good
compromise between computational accuracy and ef-
ficiency. A crucial component of our simulation ap-



176 Aboud

GLUN7

ASP113

L3 TYR106

Figure 1. The constriction zone in one monomer of the OmpF porin.
The L3 loop and the charged residues giving rise to the transverse
electric field are explicitly shown.

proach is the force field scheme used to account for the
electrostatic interactions in the system. This is partic-
ularly true for the long-range part of the interaction
which sets the transmembrane potential that ultimately
drives the ions into the channel. Furthermore, the use
of a self-consistent force-field scheme that updates the
solution of Poisson’s equation at each time step, allows
for the accurate inclusion of forces arising from the in-
stantaneous distribution of charges in the system. The
main goal of this study is to investigate the role of the
pore charge distribution on the channel transport prop-
erties and examine the impact of the long-range forces
on conduction.

A brief description of the BD algorithm will be given
in the next section, followed by an overview of the
method used to implement the self-consistent force-
field scheme. An analysis of the potential energy profile
inside the OmpF channel is then presented, and the im-
pact of the long-range forces on the channel selectivity
and conductivity is discussed.

2. P*M Brownian Dynamics Solver

Within the PM-BD simulation approach, the porin
is treated as a rigid structure embedded in a dielec-
tric slab which represents the lipid bilayer. The chan-
nel/membrane system is surrounded by an electrolyte
solution and the solvent is treated as a dielectric con-
tinuum. The trajectory of each ion in the electrolyte
solution is described by the full Langevin equation [9],
which is integrated using a third order scheme [10]
that allows for a free-flight time step of 20 fs. A 3D
Poisson P*M algorithm [11,12] is used to calculate
the electrostatic forces in the system. In particular, the
long-range interaction that includes the external bound-
ary conditions and the dielectric interfaces, is resolved

with a 3D multigrid Poisson solver [13]. A triangu-
lar shaped cloud (third order) scheme [11] is used for
both the charge assignment and the force interpolation.
The short-range interaction between close particles is
modeled in a small region surrounding each ion as a
pure Coulomb term coupled to a Lennard-Jones poten-
tial [14] that represents the van der Waals interaction
from overlapping molecular orbitals. Finally, a refer-
ence force is used to account for the double counting
that arises from the geometric overlap of the long- and
short-range domains [11].

3. Results and Discussion

The computational domain is discretized by a homoge-
neous 20 x 20 x 20 tensor-product grid with a 1.0 nm
mesh size in all three directions. Dirichlet boundary
conditions are placed on the two planes perpendicular
to the transport direction, while (reflecting) Neumann
boundary conditions are imposed on the other 4 planes.
The Dirichlet “contacts” are treated as open bound-
aries, and ions that traverse these regions exit from the
simulation. The Dirichlet “contacts” are also used to
maintain the initial concentration in the boundary lay-
ers by periodically injecting ions.

This computational approach has previously been
successfully validated for the bulk electrolyte solution
by comparing the radial distribution function calculated
with the P°M BD solver and an analytic model [9]. An-
other validation of the solver has been obtained by cal-
culating the transmembrane potential, which provides
the force that drives the ions into the channel. This test
has been performed by running simulations of a 2 nm
dielectric slab bathed by an electrolyte solution (no
channel is present) under an externally imposed bias.
Figure 2 shows the average anion and cation concentra-
tion along the direction perpendicular to the plane of the
dielectric membrane (and to the Dirichlet boundaries)
under an external bias of 1.0 V. A 0.3 M KCl concen-
tration is set on one side of the slab, while 0.15 M is
set on the other. As expected, the dielectric force gives
rise to an increase (decrease) in the anion (cation) den-
sity on the left side of the dielectric membrane and a
decrease (increase) in the anion (cation) density on the
right side.

The atomic coordinates of the OmpF trimer obtained
from the X-ray structure [3] are used to determine the
fixed charge distribution with the Gromacs simulation
package [15]. The standard protonation states of the
residues at pH = 7 are used [8,15], resulting in a
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Figure 2. Average anion (Cl7) and cation (K') concentration
across a dielectric membrane with an extrenal bias of 1.0 V. The
bulk concentration of KCl is 0.3 M on the left and 0.15 M on the
right side of the central membrane.

total net charge of —30e for the Ompf porin channel.
Two bands of tyrosine molecules line the outer sur-
face of the porin and anchor the protein to the lipid
bilayer [16], the position of the ion channel within the
dielectric slab is therefore determined by the location
of the hydroxyl oxygen atoms of the tyrosine [4]. The
thickness of the dielectric slab is 3 nm and a dielectric
constant of 2 is used for both the slab and the protein,
following the work of [5]. The porin/membrane sys-
tem is oriented in the computational domain so that
the charge flux through the channel will be perpen-
dicular to the Dirichlet planes. To prevent ions inside
the channel pore from penetrating the internal wall of
the OmpF, which would be unphysical, an additional
“core” repulsion is included in the force calculation for
ions that come within a certain distant of the atoms in
the protein wall [4,5]. In this work, this distance has
been chosen to be the radius of K*.

The electrostatic profile inside the OmpF channel
is found by placing a probe ion throughout the trimer
domain and calculating the corresponding potential en-
ergy. A minimum distance (equal to the ion radius) is
enforced between the ion and the other charges in the
system. A slice of the potential energy profile at the
constriction zone under a zero external bias is shown
in Fig. 3 for (a) a cation (KT) with the full force-field
scheme, (b) a cation (K*) neglecting the long-range
interaction, and (c) an anion (CI™) with the full force-
field scheme. Superimposed over each contour plot is
the OmpF molecular structure at the constriction. As
can be seen, including the solution to Poisson’s equa-
tion results in an lower potential energy even at zero
bias. It should be noted that the calculation has not
been corrected for the particle self-energy [17], but for
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Figure 3. The potential energy profile felt by different ions with
zero external bias. Plot (a) shows the total potential energy of a
cation and plot (b) shows just the corresponding short-range contri-
bution. Plot (c) is the total potential energy of an anion. The molecular
structure of OmpF in the constriction zone is superimposed over the
potential energy plots.

particles with the same self-energy its inclusion will
not change the relative potential energy differences.
As can been seen from the potential energy profile in
Fig. 3(a), the cation experiences a potential that facil-
itates its flow into the channel, while the electrostatic
barrier seen by the anion is very large (see Fig. 3(c)).
Even when a large external bias is applied, the charged
residues in the OmpF pin the potential energy, and the
anions cannot flow through the constriction zone.
Since the flow of anions through OmpF was found by
Im et al. [5] to be dependent on the presence of cations,
the potential energy profile for an anion when a cation
is placed in one of the OmpF pores is also calculated.
The cation is placed at the position corresponding to its
minimum potential energy in the constriction zone of
one of the pores (which, for clarity, will be called pore
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Figure 4. A comparison of the anion potential energy along the
minimum energy pathway in (a) pore 2 and (b) pore 3 with and
without a cation in pore 1.
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Figure 5. The number of anions and cations in the OmpF trimer as
a function of time. The corresponding correlation coefficient is also
shown.

(1) and the potential energy profile of the anion probe is
calculated as described previously. As expected, the re-
sult is a significant decrease in the potential barrier seen
by the anion as it enters pore 1. Interestingly, the pres-
ence of the cation in pore 1 also significantly changes
the potential barrier seen by anions in the other two
pores (pore 2 and 3). Figure 4 shows a comparison of
the minimum potential energy pathway along (a) pore
2 and (b) pore 3, with and without a cation in pore 1. It
can be seen that the addition of one positive charge in
a neighboring pore significantly changes the potential
energy profile of the anion in the other pores, making
the entire OmpF less selective. This is also consistent
with the experimental observation of decreasing selec-
tivity with increasing ionic concentration [18], which
is shown here for a single ion.

A plot is shown in Fig. 5 of the total number of K*
and CI™ ions inside the three pores of the OmpF chan-
nel as a function of time when the concentration of KCl
is set to 0.1 M on either side of the membrane and an

external bias of 1 V is applied. The entire domain is sim-
ulated for 30 ns. The correlation coefficient [19] of the
number of anions and cations shows a strong correla-
tion between ionic populations. While correlations be-
tween ions within a single OmpF monomer have been
observed in other works [5,20], our simulations sug-
gest that due to the long-range force, the correlation
can span the protein and couple the transport of ions in
all three pores.
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