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Abstract

Ion current through single outer membrane protein F(OmpF) trimers was recorded and compared to molecular
dynamics simulation. Unidirectional insertion was revealed from the asymmetry in channel conductance. Single trimer
conductance showed particularly high values at low symmetrical salt solution. The conductance values of various
alkali metal ion solutions were proportional to the monovalent cation mobility values in the bulk phase, LiCl-
NaCl-KCl-RbCl;CsCl, but the conductance differences were quantitatively larger than conductivity differences in
bulk solutions. Selectivity measurements at low concentration showed that OmpF channels favored permeation of
alkali metal ions over chloride and suggested size preference for smaller cations. These results suggest that there are
specific interactions between the permeating cation and charged residues lining the channel walls. This hypothesis
was supported by computational study which predicted that monovalent cations bind to Asp113 at low concentration.
Here, free energy calculations revealed that the affinity of the alkali metal ions to its binding site increased with their
atomic radii, Li ;Na -K ;Rb ;Cs . A detailed inspection of both experimental and computational resultsq q q q q

suggested that stronger binding at the central constriction of the channel increases the translocation rate of cations
under applied voltage by increasing their local concentration relative to the bulk solution.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ion channels play important roles in biological
systems, especially in signal transduction. Mal-
function of channels is the cause of many diseases
and thus an important target for drugs. Despite
many years of investigation several basic questions
remained unsolved: ion selectivity and gating of
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Fig. 1. Constriction zone of OmpF porin. Shown is the constriction zone ranging from 30 to 45 A alongZ-axis viewed from the˚
direction perpendicular to the membrane. L3 represents the long loop which constricts the pore approximately at half-way of the
barrel. Side chains of the charged residues at the constriction zone are shown in gray. A sphere represents the counter ion bound at
Asp113.

channels. Recent breakthrough in X-ray high res-
olution crystallography enabled us to solve the
structure of membrane proteins such as K -chan-q

nel w1x, Cl -channel w2x, aquaporin w3x, outery

membrane protein F(OmpF) porin w4x, maltoporin
w5x and a few others. The knowledge of the charge
distribution within the channel on a molecular
level has been useful to perform now more detailed
molecular modeling providing more realistic infor-
mation. At the same time the quality of single
channel conductance could be improved and it is
now tempting to compare structure and function
studies to understand the mechanisms and physi-
ological roles of the channel activitiesw6–8x.
Recent computer simulation has been promising
w9–21x. Especially, molecular dynamics(MD)

simulation has provided new insights into the
mechanism at atomic resolutionw10,11,15–17x.
One of the major components of the outer

membrane proteins inE. coli is OmpF, which
allows the permeation of hydrophilic molecules of
molecular weight less than 600 Da. OmpF porin
is a homo-trimer of the OmpF polypeptide with a
large 16-stranded antiparallelb-barrel structure
enclosing the transmembrane pore. The pore is
constricted around half-way through the membrane
by a long loop L3 inside the barrel(Fig. 1). The
constriction zone is surrounded by clusters of
positively and negatively charged amino acids; so,
L3 is postulated as an electrical gate of the channel
w22–24x. At low transmembrane potentials(-100
mV), the channel of the porin is open and the
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current increases with the applied voltage accord-
ing to Ohm’s law w25x. The ion conductance is
very high and the rate of ion movement was
estimated to be 10 –10 ionsys at 100 mV and 18 9

M KCl w25x. The current state of MD simulation
is good enough to follow the whole ion permeation
processw10,20,21x.
Porins are weakly ion-selectivew26x and more

specifically OmpF porin is cation selectivew27x.
Early conductance measurements on reconstituted
OmpF by Benz et al.w28x suggested that negative
charges in the channel lumen were responsible for
the cation preference. More recently, Asp113 was
replaced by Gly and the mutated porin was four
times less cation selective than the wild typew29x,
which suggests indeed that the Asp113 plays a
role in ionic permeabilityw28x. However, the phys-
ical basis of its selectivity is not yet understood.
We were for the first time successful to follow

the ion permeation process through OmpF porin
at atomic level by computer simulationw10x, dem-
onstrating that the ion permeation proceeds by a
‘push-out’ mechanism rather than by simple dif-
fusion. In this study we identified the Asp113 to
be a cation binding site. Based on our previous
study, we now calculated the free energy changes
of binding affinities for other alkali metal ions
using the cation-bound structure obtained by MD
simulation w10x. In earlier studies, free energy
calculations based on MD simulation(free energy
perturbation; FEP) were successfully applied to
estimate the changes in protein stabilities caused
by mutationsw30–39x and the ion selectivity of an
ion channel w15x. Recent improvement in the
detection of small currents through individual
porins allowed us now to study in more details the
ionic selectivity of OmpF channels. Here, we
compared the theoretical prediction with conduc-
tance recordings on planar lipid bilayers bathing
in various salt solutions differing in the alkali
metal ions.

2. Experimental procedures

2.1. Materials

The following salt reagents were used: KCl and
NaCl (Merck, Darmstadt, Germany), CsCl(Sigma

chemical Co., St. Louis, MO), LiCl and RbCl
(ABS, Basel, Switzerland). Fresh purified saline
solutions were used unbuffered and had a pH of
approximately 6. The lipid used was 1,2 diphytan-
oyl-sn-glycero-3-phosphatidylcholine (Avanti
Polar-Lipids Inc.). Octyl-polyoxyethylene(Octyl-
POE) detergent comes from Alexis(Lauchringen,
Switzerland). The isolation and purification of
OmpF was previously describedw40x.

2.2. Planar lipid bilayer experiments

Planar lipid bilayers were formed according to
the monolayer technique of Montal and Mueller
w41x across a 60mm diameter hole in a 25mm
thick Teflon film (Goodfellow, Cambridge, UK).
The film was sandwiched between two Delrine
chambers, each containing 2 ml of an aqueous
solution. A small magnetic stirrer was placed in
each compartment in order to quickly homogenize
the contents. The whole set-up was shielded from
external electromagnetic fields and vibrations to
minimize membrane current fluctuations. The Del-
rine cell was enclosed with a double isolated
Faraday cage connected to the signal ground and
with a home made acoustically isolating closet
placed on a piezo-electric vibration isolation table
model ‘Elite 3’ (Newport Corporation, Irvine,
CA). The bilayer set-up was connected to the
external circuit through a pair of Ag–AgCl elec-
trodes via glass tubing salt bridges filled with 5%
agarose soaked with 0.01 M or 0.1 M KCl(or
salt) depending on the chosen buffer. The electrode
in the cis-side of the chamber was on the ground
while the other one was connected to the head-
stage of an Axopatch 200B amplifier(Axon Instru-
ments, Foster City, CA) in the voltage clamp
mode. Data were filtered using the low pass Bessel
filter of the amplifier at 1–2 kHz and monitored
with a Lecroy LT342 digital storage oscilloscope.
Membrane bilayers were obtained as previously

describedw42x with minor modifications. Briefly,
the lipids were dissolved in a solvent mixture of
n-hexaneychloroform (3y2, vyv). The capacity of
the whole system was close to 150 pF while the
residual membrane conductance(-7 pS with 1M
KCl) was subtracted from the conductance meas-
urements. The membranes were formed in a 0.01-
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Fig. 2. Typical conductance recordings of a single OmpF pro-
tein inserted into a planar lipid bilayer at high applied voltage.
Both compartments contained 0.01 M KCl(a), 0.1 M KCl (b)
and 1 M KCl(c) solutions at pH approximately 6. Interruptions
of the conductance by approximately one third of the initial
value,G , correspond to single channel blockades. Occlusions3

are reversible events. It also demonstrates the homotrimeric
form of the inserted OmpF. The fully closed porin exhibits a
residual conductance,G , of approximately 10% of the total0

conductance value. The applied voltage wasy150 mV. Time
resolution was 0.5 ms.

M salt solution. Small amounts(;1 ml) of wild
type OmpF from a 0.1mgyml stock solution, 1%
octyl-POE detergent were injected to thecis-side
of the chamber. Incorporation of OmpF into the
bilayer was favored by applying a transmembrane
voltage of 100–200 mV and by stirring for few
seconds after addition. A single OmpF trimer could
be stabilized into the membrane for several hours
without any significant modifications of the con-
ductance. All the experiments were made at room
temperature. The applied transmembrane voltage
refers to the potential of thecis-side minus the

potential of the trans-side. For the various salt
solutions, the electrolyte concentrations were deter-
mined from conductivity measurements using a
CDM 83 conductivity meter(Radiometer, Copen-
hagen, Denmark).
For selectivity measurements, salt gradients

were generated by adding small amounts of a
concentrated solution to one side of the bilayer
while the other one was maintained at a constant
lower concentration. The aqueous phase was
stirred few seconds and measurements were carried
out after membrane potential stabilization at zero-
current conditions(5–10 min). The whole titration
was made on the same OmpF porin to overcome
the differences that single protein measurements
may be subject to. The ion selectivity was char-
acterized by the ratioP yP (i.e. the ratio of thec a

permeability for cations and the permeability for
anions) calculated according to the theoretical
Goldman–Hodgkin–Katz equationw43,44x. Zero-
current membrane potentials,V , refer to them

potential of the diluted side minus the potential of
the concentrated side.

2.3. Free energy perturbation

The MD simulation does not permit to calculate
absolute energies. Here in our study we were
interested in free energy difference of different
cations. This can be calculated in an indirect way
as shown in the following schema.

whereDG corresponds to the free energy differ-A

ence of an ion A inside the channel with respect
in free solution.DG stands for the free energyfree

difference of an ion B in solution with respect to
an ion A andDG to the free energy differ-complex

ence between ion B and A in the bound state.
Finally DDGs(DG yDG ) corresponds tocomplex free
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the difference between ion B and A from the
solution to the bound state. For calculation of the
system of PorinqFree ion(A) changing to Porinq
Free ion(B) in Eq. 1, an ion(Na ) alone wasq

placed at the center of CAP water molecules of
TIP3P w45x with radius of 25 A. As a starting˚
structure for porin ion(A) complex changing to
Porin ion (B) complex in Eq. 1, we used the ion
(Na ) bound structure at Asp113 obtained byq

previous simulationw10x. Previous studies sug-
gested that the Asp113 plays an important role in
cation selectivityw10,28,29x working as a binding
site. Therefore, we tried to estimate the free energy
difference of binding affinities of various cations
by MD simulation. In this study, we considered
only one Na bound to Asp113 changed to otherq

cations. Multi-ion character of the OmpF porin
channel necessitates the inclusion of the alkali
metal ions locating at other sites than Asp113. But
the other ions would be mobile and may take
different positions. Thus, for accurate calculation,
we should sample many conformations of ion
positions, which makes the free energy estimation
difficult under current computer power. Instead,
we considered that the major contribution in the
free energy difference caused by the small change
of van der Waals(vdW) radius can be estimated
by taking into account only one alkali metal ion
bound at Asp113 as a pure model system.
CAP water molecules of TIP3Pw45x with radius

of 28 A were generated at both ends and inside of˚
the pore. Thus, the outside and inside parts of the
porin were filled with water molecules. The atomic
positions of all the water molecules, ions and
amino acid residues at the inside surface of the
pore were allowed to move, but those of the other
part of the protein were fixed. A time step of 2.0
fs was used withSHAKE algorithm w46x. The
temperature was kept constant at 298 K by the
Berendsen coupling algorithmw47x. A constant
dielectric(´s1) and cut-off distance of 20 A were˚
used. In the case of changing electric charges,
accurate electrostatic energy estimation is neces-
sary w36x. In our case, we changed only the vdW
radius of an ion. In earlier studies modifying only
the vdW radii w34–37x, the calculation procedure
with CAP water and cut-off method gave satisfac-
tory results.AMBER 5.0 simulation software pro-

gram w48x, force field of AMBER parm94w49x
were used throughout this study.
In our modeling the parameters for PorinqFree

ion and porin ion complex were energy-minimized,
and MD simulations were performed to equilibrate
the systems for 10.0 ps. A free energy calculation
cycle using slow growth method consisted of a
forward simulation (Na ™Li , K , Rb orq q q q

Cs ) for 100 ps and a reverse simulation(Li ,q q

K , Rb or Cs ™Na ) for further 100 ps. Theq q q q

system was equilibrated for 10 ps at the end of
the forward simulation: The root mean square
fluctuation of potential energy was less than 0.4%
in the all systems.

3. Results

3.1. Open-channel conductance

The ion conduction of OmpF was investigated
for the series of alkali metal ions by reconstituting
single OmpF trimers in planar lipid bilayers. All
the conductance measurements were performed
under symmetrical salt solutions. Fig. 2a–c show
the conductance modifications during the sponta-
neous insertion of a single trimeric OmpF into a
planar bilayer bathing in 0.01, 0.1 and 1 M KCl
solutions, respectively. Applied high voltage gen-
erated time resolved current interruptions. A
decrease of about one third of the total current
demonstrates the reversible occlusion of one mon-
omer among the three subunits of the porinw50x.
Surprisingly, monomer closure was not complete
leading to a residual trimer conductance,G , rang-0

ing from 5 to 15% of the initial OmpF conduc-
tance,G . The origin ofG is not clear yet. In the3 0

following, all the conductance values refer to the
fully open-channel conductance of an individual
OmpF trimer.
The Fig. 3a shows that the conductance-bulk

conductivity relation appears to be linear at high
concentrations. The simple extrapolation from this
linear component to they-intercept gives a value
of approximately 0.3 nS. The channel conductance
is not proportional to bulk conductivity exhibiting
particularly high conductance at low concentration.
For example, the OmpF conductance was only
threefold reduced by a ten times dilution from 0.1
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Fig. 3. (a) Single OmpF conductance as a function of specific
conductance of symmetrical NaCl solutions. Applied voltage
wasy150 mV. The dashed line represents the estimated con-
ductance of a single OmpF porin for free diffusion of ions
through cylindrical channels(see text for details). The straight
line is a linear regression at high concentrations. Its extrapo-
lation to intercept they-axis was shown in a dotted line. Solu-
tions were unbuffered and had a pH value of approximately 6.
(b) Eadie-Hofstee representation of single OmpF
conductances.

Table 1
Open-channel conductance and voltage-induced asymmetry

Salt Concentration Ga %b

(M) (pS)

LiCl 0.01 85 35
0.1 260 22
1 1590 -1
0.01 175 27

NaCl 0.1 535 22
1 2820 1
0.01 240 39

KCl 0.1 810 27
1 3145 2
0.01 220 26

RbCl 0.1 850 15
1 3650 -1
0.01 225 36

CsCl 0.1 855 16
1 3510 2

G is the conductance of the fully open trimer. The applieda

voltage wasy150 mV referring to the potential of thecis-side
minus the potential of thetrans-side.

%s((G yG )yG )=100 represents the conductanceb y q y

asymmetry with the sign of the applied voltage whereG andy

G stand for the conductance aty150 andq150 mV, respec-q

tively. The data represent the mean of at least four independent
experiments. The S.D. was always-15% of the mean value.

Fig. 4. Single OmpF protein conductance for various solutions
differing in the alkali metal ions relative to the conductance of
LiCl containing aqueous phase vs. the ratio of their respective
bulk conductivity. Symmetrical salt concentrations were 0.01
M (circles), 0.1 M (squares) and 1 M(triangles). The dashed
line is from the assumption that the conductance differences
between the series of alkali metal ions equal the bulk conduc-
tivity differences.

M to 0.01 M NaCl solutions and 16-fold reduced
by a hundred times dilution from 1 M to 0.01 M
NaCl solutions, aty150 mV (Fig. 3a and Table
1).
Table 1 and Fig. 4 show that the channel

conductance values for the series of alkali metal
ions were qualitatively parallel to the solution
conductivity values, LiCl-NaCl-KCl-
RbCl;CsCl. However, the conductance differenc-
es were quantitatively more pronounced at low
concentrations and were larger than expected from
the consideration of cation mobility(Fig. 4, dashed
line). The channel conductance was 2.8-fold higher
from 0.01 M LiCl to 0.01 M KCl whereas the
bulk conductivity of LiCl differs from KCl only
by a factor of 1.3.
We found that the open-channel conductance

was always higher at negative applied voltages for
all investigated salt solutions(Table 1). This volt-
age-induced asymmetry was taken to probe the
directional insertion of OmpF into the membrane.
However, no correlation between the sign of the
applied voltage and the orientation of the insertion
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Fig. 5. Open-channel conductance asymmetry(in percent) with
the sign of the applied voltage vs. the absolute voltage values
under symmetrical 0.01 M KCl(circles), 0.1 M KCl (squares)
and 1 M KCl (triangles) salt solutions.G andG are they q

OmpF conductance at negative and positive voltages,
respectively.

Fig. 6. Plot of the zero-current membrane potentials vs. the
ratio of the salt concentrations on both compartments for LiCl
and CsCl solutions. Membrane formation and OmpF porin
insertions were performed in 0.01-M salt solution to both com-
partments. For the low concentration experiments, the lower
concentrated side of the bilayer moiety was maintained at 0.01
M whereas the concentration on the other side raised to 0.1 M
by adding increasing amounts ofa 3 M stock solution. For the
high concentration experiments, the lower concentrated side of
the bilayer moiety was maintained at 0.1 M whereas the con-
centration on the other side was increased up to 1 M. These
experimental procedures lead to identical concentration ratios
but the number of ions in solution is different. TheV valuesm

correspond to the mean of at least four independent experi-
ments. The curves were fitted to the theoretical Goldman–
Hodgkin–Katz equation. The salt concentrations were used
unbuffered and had a pH approximately 6.

was observed. Table 1 and Fig. 5 show that the
ion transport asymmetry was more pronounced at
high voltage and low ionic strength. Betweenq
190 andy190 mV the conductance difference
dropped from 43% at 0.01 M to 4% at 1 M KCl
solutions.

3.2. Ion selectivity

The selectivity of OmpF porin was determined
by measuring the zero-current membrane potentials
produced by salt gradients across the channels.
The vectorial insertion of single OmpF porin into
the bilayer permitted to control the direction of
the concentration gradient generated across the
channels(from cis to trans-side or the opposite).
Two series of concentration gradients, at low then
at high salt concentrations, were performed on
individual incorporated OmpF porins as illustrated
in Fig. 6. The derived selectivity coefficients
showed no significant difference with the direction
of the concentration gradient. The mean values of
the permeability ratios of the alkali metal ions
over the chloride ion are reported in Table 2. The
results corroborate the cation-selectivity of the
OmpF porin and show that channel selectivity
decreases along the sequence of the electrolytes

LiCl, NaCl, KCl, RbCl, CsCl. At low concentra-
tion, the OmpF porin was highly cation-selective
with P yP s37.0 vs. only 4.6 at high saltq y

Li Cl

concentration.

3.3. MD simulation

The calculated free energy changes for the
different cation bindings are summarized in Table
3. The larger negative value of free energy change
(DDG) for Cs , Rb or K than Na and Liq q q q q

indicates a higher binding affinity to the Asp113.
We found in our simulation that the ions bound at
Asp113 had two water molecules less than the
corresponding free ions; free Li was surroundedq

with 5 water molecules and lost two when bound
and free Cs was surrounded with 10 waterq

molecules and lost two when bound. Even though
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Table 3
Summary of free energy analysis

Process DDG (kcalymol)

Na ™Liq q q0.007"0.607
Na ™Kq q y1.148"0.223
Na ™Rbq q y1.295"0.386
Na ™Csq q y1.350"0.312

Table 2
Zero-current membrane potentialsV and derivated permeability ratios of the alkali metal ions and chloride anion at low and highm

salt concentrations

Salt Pauling Low concentrations High concentrations
cation radius(A)˚

V (mV)am P yP b
c a V (mV)cm P yPc a

LiCl 0.68 55"6 37.0"5.0 30"3 4.5"1.0
NaCl 0.97 48"2 19.0"2.5 30"3 4.5"1.0
KCl 1.33 46"3 15.5"2.5 25"4 3.5"0.5
RbCl 1.47 42"3 10.5"2.0 22"3 3.0"0.5
CsCl 1.67 40"4 8.5"1.5 19"2 3.0"0.5

Here, theV values were measured at 0.01 My0.1 M condition.a
m

The selectivity valuesP yP were obtained by fitting the experimentalV ’s determined for five increasing concentration gradientsb
c a m

with the theoretical Goldman–Hodgkin–Katz equation(Fig. 6). The zero-current membrane potentialsV refer to the less concen-m

trated side potential minus the more concentrated side potential. Each value is the mean of at least four independent experiments.
Here, theV values were measured at 0.1 My1 M condition.c

m

the permeation of cations through the water-filled
OmpF channels does not require its complete
dehydration, a partial reduction of the hydration
shell is expected to be a crucial step of the
association rate to Asp113(even for Li whichq

strongly interacts with the water molecules of the
aqueous phase).

4. Discussion

To gain insight into the molecular basis for ion
selectivity of the general diffusion porin OmpF,
we performed a combination of electrophysiologi-
cal recordings and MD simulation. Our open-
channel conductance and selectivity studies at the
single protein level clearly demonstrated the active
role of the channel lumen during the ion transport.
Correlating conduction properties and structural
aspects highlighted by MD simulation is essential
to understand the physics involved in the ion
translocation.

4.1. The ion transport through OmpF channel is
not a simple diffusion process

The open-channel conductance of OmpF porin
was studied in symmetrical solutions of the series
LiCl–NaCl–KCl–RbCl–CsCl. Fig. 3a showed
that the channel conductance was not a linear
function of the bulk conductivity demonstrating
that OmpF channel plays a specific role in the ion
transport(compared to free diffusion of ions inside

an inert water-filled pore). The estimated conduc-
tance of a single OmpF molecule for free diffusion
of ions through cylindrical channels is shown in
Fig. 3a (dashed line). With this assumption, the
channel conductance can be expressed as:

y1w zy1 y12x |G ss f pR yL q 2R , (2)Ž .Ž .diff c eff effy ~

whereR is the effective radius of an OmpF poreeff

directly determined from the crystal structure,L is
the channel length,s is the bulk conductivity and
f is the Faxen correction factor which takes intoc

account frictional interactions between the perme-
ant solvated ions and the channel wallsw51x; the
first term is the resistance of the cylindrical pore
and the second term is the sum of the access
resistance from each side of the channelw44x. For
R s0.7 nm w50x, Ls4 nm and f s0.5 (corre-eff c

sponding to a ratio of solvated ions to channel
effective radius of 0.25), we obtainG s50sdiff

(with G in pS ands in mSycm) as an estimationdiff

of the OmpF trimer conductance for passive ionic
transport. It is interesting to note that at symmet-
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rical 0.01 M NaCl solution, the experimental open-
channel conductanceG ;3 G indicating thatexp diff,

the OmpF channel enhances the conducting prop-
erties, whereas at 1 M NaClG ;0.6 Gexp diff,

suggesting that free diffusion would be more effi-
cient at high salt concentration, which corresponds
to the observation by MD simulationw20,21x.

4.2. The permeating cations interact with specific
elements along the ionic pathway

At low concentration where the OmpF channel
has been found to be strongly cation selective, the
cations are expected to mainly contribute to the
channel conductance. According to the Gouy-
Chapman theory, the large conductance value may
reflect an increase of the local cation concentration
inside the channel due to negative surface charges
distributed on the pore walls. Assuming the OmpF
channels as perfect cylinders with the geometrical
parameters described above, the negative surface
potential,f, generated by negative point charges,
q, is given byw52,53x:

fs2qexpyR yl y 4pR ´´ , (3)Ž .Ž .eff D eff 0

where´ (s8.85=10 Fym) and´ (s80) arey12
0

the absolute dielectric constant of vacuum and the
relative dielectric constant of water, respectively,
andl is the Debye length for monovalent elec-D

trolyte. The OmpF conductance,G*, corrected by
the increased cation concentration near the nega-
tive charges is given by:

UG sGexp(fFy(RT)). (4)

Logarithmic plot ofG* vs. the cation concentra-
tion in the aqueous phase should not show any
dependence on the species of the alkali metal ions
taking into account the same negative point charge
value. However, the differences betweenG* and
G values clearly depended on the species of the
alkali metal ions (data not shown). Another
approach based on a simplified form of the Gouy-
Chapman theoryw54x plotting the channel conduc-
tance values against the square root of the bulk
conductivity did not permit to derive the conclu-
sion of pure electrostatic interactions between the

surface charges of the pore and the alkali metal
ions (data not shown). Such a finding suggests
that we have to consider the specific physicochem-
ical properties of the cations, not only the charge
but also hydration energy, hydrated radius and so
on.
Furthermore, Fig. 4 showed that the conductance

differences along the alkali metal ion series cannot
be understood in terms of bulk solution conductiv-
ity differences. The mobility of ions inside the
channel is not the only parameter controlling the
channel conductance confirming the contribution
of other cation specific factors. Together with the
above electrostatic considerations, we argue that
the permeating cations specifically interact with
lateral charges pointing toward the channel lumen.
This result is in agreement with our MD simulation
at low salt concentration which revealed the pres-
ence of such a binding site positioned at Asp113.
In this sense, our study is complementary to the
studies of Im and Rouxw20,21x, especially focus-
ing at the condition of low salt concentration; they
w21x observed specifically high cation conductance
compared to anion conductance at 0.01 M
concentration.
The complex conductance–activity relationship,

deviation from a simple Michaelis–Menten kinet-
ics and biphasic curve of the Eadie–Hofstee rep-
resentation (Fig. 3b), is in favor of a
multi-occupancy channel model which is consis-
tent with the ‘push-out’ mechanism of cation
conduction observed by a previous computational
study w10x. Recent MD simulation with multiple
free ions inside the pore showed that ions can pass
freely through the constriction zone probably
because most charges are screened by counter-ions
w20x. Moreover, counter-ions placed near charged
residues arranged along the pore reduce the effec-
tive radius of the channel by steric hindrance
(R -0.7 nm) which is in agreement with theeff

lower experimental conductance at high concentra-
tions comparing with a passive channel ofR seff

0.7 nm(Fig. 3a).
The unidirectional orientation of the OmpF

porin probably originates from its structural asym-
metry. Similar directional insertion was reported
for the specific maltoporin channelsw7,51x, sug-
gesting an similar incorporation process. It is seen
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that the transport of ions through the OmpF chan-
nel is strong function of both applied voltage and
ionic strength(Fig. 5). Similar observations for
maltose and maltoporinw51x and for ampicillin
and OmpFw8x were tentatively explained by field-
induced changes in binding to specific site. This
analysis is consistent with specific interactions
between cations and the pore wall. An electrome-
chanical coupling between the external field and
charges inside the channel may modify the specific
interactions between the permeating ions and
charged residues positioned along the ionic path-
way. It is noteworthy that the main ion transport
properties, i.e. the conductance–concentration rela-
tionship and the magnitude of ionic screening
could be reproduced by Brownian dynamics and
Poisson–Nernst–Planck electrodiffusion theory
w21x. Their results were in excellent agreement
with our experimental results.

4.3. Single channel recordings vs. free energy
calculation

For a better understanding of the molecular
mechanism involved during the cation transport
through OmpF channel we combined the conduc-
tance in the low concentration regime and the free
energy changes for the various alkali metal ions.
The ions passing through the OmpF channels

may encounter several potential barriers and we
found by MD simulation that Asp113 is the strong-
est binding site for a permeant cation at low salt
concentrationw10x. Therefore, it is reasonable that
the energetics of a permeant cation is governed by
a simple one site two-barrier modelw55,56x where
the energy well would be located at Asp113 and
the corresponding rate constants of cation binding
would be characteristic of the whole permeation
process. In our simulation the cations bound at
Asp113 lost two water molecules from the hydra-
tion of the free ions. The lyotropic series of alkali
metal ions corresponds to the order of magnitude
of hydration energy, Li)Na )K )Rb )q q q q

Cs w44x, which determines the binding affinityq

to cation exchange resins, and expectedly to a
carboxylic amino acid, Asp in this study(Table
3). Thus, Cs easily loses its hydration water andq

binds to Asp113 with higher affinity. It is seen

that cation mobility alone cannot explain the con-
ductance differences for the various salt solutions
(Fig. 4). Combining the experimental data, strong-
er binding of a larger cation correlated with
increasing channel conductance. This result sup-
ports that a deep energy well increases the trans-
location rate by increasing the local cation
concentration inside the channel: Cs is boundq

with higher affinity, increasing the Cs localq

concentration at the constriction zone, which
enhances the conductance specifically more than
for the case of Li . This participation of boundq

cations in the conductance may be enabled by the
‘push-out’ mechanism as was observed in MD
simulationw10x.
Free energy difference between Na and Liq q

(Table 3) was very small, while the difference of
conductance values(Table 1) or hydration energies
w44x was significant(Table 1). We do not have
good explanation for this discrepancy. On the other
hand, the free energy difference between Na andq

the group of K , Rb and Cs correspondedq q q

semi-quantitatively well to the difference of con-
ductance or hydration energies. In this sense, we
can rely on the results of the free energy
calculation.
Our computational study also suggests an expla-

nation for the cation selectivity reduction along
the series LiCl, NaCl, KCl, RbCl, CsCl. Stronger
bound cations, on the one hand, exert the steric
hindrance effect working as inert chemical species
for permeation and, on the other hand, give the
higher screening probability of the negative charge
at Asp113 modulating the energy profile inside the
channel by decreasing the electrostatic repulsion
for permeating anions. As a consequence the cation
selectivity is lower for tightly bound alkali metal
ions. Similar results were reported for the reversi-
ble binding of halide anions to the Roflamycoin
channelw57x. The decrease of the ionic selectivity
coefficient, P yP , at high concentrations(Tablec a

2) can be qualitatively explained by an increase
of ionic screening of the negative electrostatic
potential arising from the charges into the pore.
Recently, mutation of basic residues has been
shown to result in increase of cation selectivity
w17x. Note that the charge selectivity and the zero-
current potential(V ) determined at high NaClm
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concentrations(Table 2) gave similar results as
previous dataw29,58x obtained under identical
experimental conditions but performed on multi-
channels inserted into the bilayer. However, the
results slightly differ from those obtained previ-
ously by Benz et al.w27,59x. One reason for the
discrepancy may originate from using solvent con-
taining membranes which results in less stressed
proteins.

5. Conclusions

We explored the molecular mechanism of ion
transport through the general diffusion OmpF pro-
tein. Analysis of single channel recordings of
individual OmpF trimers inserted into planar lipid
bilayers unveiled new features of ion conduction
properties. Charge selectivity and salt concentra-
tion-dependence of the open-channel conductance
for the series of alkali metal ions demonstrated
unambiguously that the water-filled pore is not
passive for ion transport. Solid evidences for spe-
cific interactions between the permeating cations
and the channel walls were reported:(1) deviation
from a simple point charge theory,(2) large
conductance differences compared to the differenc-
es of cation mobility in the aqueous solution,(3)
strong effect of the applied voltage on ion conduc-
tion. These experimental data are compatible with
the identification by MD simulation of Asp113 as
binding site for cations at low concentration. Free
energy calculations showed that the affinity for
Cs , Rb or K to Asp113 is higher than Naq q q q

and Li which is consistent with physicochemicalq

data of hydration energy for the alkali metal ions.
Combining our experimental and computational
data revealed that a deep energy trap is functionally
important for segregation of larger alkali metal
ions inside the channel thus enhancing the trans-
location rate under applied voltage at low concen-
tration. Our results also indicated that strong cation
binding was accompanied by higher anion perme-
ability. In the future, combination of experiments
and MD simulation can be applied to gain insight
in the voltage-induced charge rearrangements
along the ion pathway and also in the molecular
mechanism of channel gating.
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