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Abstract

The bacterial porin OmpF found in the outer membrane of E. coli is a wide channel, characterized by its poor selectivity and almost no ion
specificity. It has an asymmetric structure, with relatively large entrances and a narrow constriction. By applying continuum electrostatic methods
we determine the ionization states of titratable amino acid residues in the protein and calculate self-consistently the electric potential 3-D
distribution within the channel. The average electrostatic properties are then represented by an effective fixed charge distribution along the pore
which is the input for a macroscopic electrodiffusion model. The theoretical predictions agree with measurements performed under different salt
gradients and pH. The sensitivity of reversal potential and conductance to the direction of the salt gradient and the solution pH is captured by the
model. The theory is also able to explain the influence of the lipid membrane charge. The same methodology is satisfactorily applied to some
OmpF mutants involving slight structural changes but a large number of net charges. The correlation found between atomic structure and ionic
selectivity shows that the transport characteristics of wide channels like OmpF and its mutants are mainly regulated by the collective action of a

large number of residues, rather than by the specific interactions of residues at particular locations.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the main goals of modern biophysics is to understand
the correlation between atomic structure and physiological
function. This search is particularly evident in the efforts to
unveil the crystallographic structure of a number of biological
ion channels. During decades a great deal of information about
biochannels was inferred from macroscopic measurements,
often using electrophysiology or electrochemistry techniques.
The knowledge about their ternary structure was scarce. The
situation changed when the crystallographic structure of some
ion channels could be determined at atomic resolution. However,
even for these channels the connection between their structure
and physiological properties is not yet completely understood.
This is the case of the bacterial porin OmpF found in the outer
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membrane of the bacteria Escherichia coli, object of numerous
recent studies [1,2]. Like other bacterial porins, it can be purified
and modified genetically. This makes it an attractive system to
test the available theoretical models of channel permeation.

When reconstituted into planar lipid membranes, OmpF porin
forms trimeric channels. Studies made under these experimental
conditions show that the passage of small inorganic ions through
the porin is passively controlled and that long range electrostatic
interactions play a fundamental role [3]. However, the trans-
location of antibiotic molecules is believed to be influenced by
hydrophobic interactions at the channel constriction [1,4].

The OmpF system is so complex that currently there is no
unique theoretical model that can explain all its transport pro-
perties [S]. For this reason, different approaches have been tried
on it, each one addressed to a particular aspect. On the one hand,
powerful methods such as Molecular Dynamics (MD), Brow-
nian Dynamics (BD) or 3-D Poisson—Nernst—Planck (PNP)
have provided fine details about the ion permeation [6-9].
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However, they have faced important technical difficulties since
OmpF is a poorly selective channel and therefore a large number
of correlated ions must be included in the simulation to gather
meaningful statistics. On the other hand, mean field theories,
such as 1-D PNP or the Teorell-Meyer—Sievers (TMS) theory,
have been used to calculate electrodiffusion quantities on this
system [3,10]. They commonly use effective parameters which
are fitted to the experimental data.

A detailed experimental study of the ionic selectivity of the
OmpF porin has been reported recently [3]. In this work, se-
lectivity measurements were analyzed by means of a modified
TMS theory. This approach was useful to explain semi-quan-
titatively the change of the zero current potential (also known as
reversal potential) with electrolyte concentration and concen-
tration gradient across the channel. The model made use of
adjustable parameters to fit the experimental values. However,
no rationalization of these parameters in terms of the micro-
scopic structure of the channel was made. In addition, the model
was not used to address questions like the pH dependence of the
channel selectivity and conductance. Rather, only tentative cor-
relations between measured reversal potential and the total
charge of the channel (estimated by simply counting the number
of charged groups) were attempted. The study finally suggested
that electrostatic long range interactions were determinant in the
transport of small hydrophilic ions.

The present work stresses the importance of the average
electrostatic properties of the OmpF porin on its transport cha-
racteristics. We show that effective average electrostatic pro-
perties obtained directly from the microscopic structure of the
protein regulate the ionic transport under a variety of experimental
conditions. This conclusion holds also for some engineered
OmpF mutants with very different electrostatic properties but
similar atomic structure to that of wild type OmpF. To this end, we
link the microscopic electric properties of the pore-forming
protein with electrodiffusion measurable quantities. This is ac-
complished by a three-step procedure summarized as follows:

(1) The ionization state of the titratable residues of the
channel is determined. This allows us to calculate the
electric potential created by the pore fixed charges.

(2) Anaveraging procedure is used to convert the 3-D electric
potential distribution into a 1-D profile of effective fixed
charge volume density along the pore.

(3) This 1-D profile is then used as input for a 1-D PNP
model. This set of equations is finally solved numerically
to obtain electrodiffusion magnitudes which are com-
pared with previously reported experimental data in a
wide variety of experimental conditions.

The model outlined above constitutes a macroscopic elec-
trodiffusion theory of the ion transport across the pore, but it is
based on microscopic structural information. The usefulness of
the model depends on the capability of a 1-D PNP approach
with effective magnitudes to describe the transport properties of
a system in the nanometer region as is the OmpF porin. Re-
cent studies in both synthetic and biological nanopores support
this idea. One dimensional treatments based on Smoluchowski

equation, Fick—Jacobs approximation and Poisson—Nernst—
Planck equations provide interesting clues for planning more
efficient synthetic biosensors, nanopumps and nanodiodes [11—
13]. In addition, satisfactory comparisons between mean field
theories and Brownian dynamics simulations are found for wide
biochannels [14]. In fact, several 1-D PNP approaches des-
cribing the ion transport across different biological ion channels
have already been reported: The acetylcholine receptor [15], the
L-Type calcium channel [16], the calcium release channel [17],
the mitochondrial channel VDAC [18,19] or the OmpF porin
[3,10] among others. Interestingly, the extensive research done
in related areas, like solid state physics and computational
electronics, shows that the continuum approach provides reaso-
nable results in many controversial conditions [20—22].

2. Formulation of the problem

The electrodiffusion magnitudes are calculated by means of a
1-D PNP theory. This theory uses a mean-field approximation
where average ion fluxes are related to concentration and elec-
tric potential gradients, and the electric potential is determined
by the fixed and mobile charges in the pore. 1-D Nernst—Planck
flux equations read:

dafe) | e )
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where z is the coordinate along the symmetry axis of the trimer
normal to the membrane [23], D;, ¢; and ¢; are the diffusion
coefficient, the concentration and the charge number of charged
species i, respectively, e is the elementary charge, k is Boltz-
mann constant, 7'is the absolute temperature, and ¢ is the local
electric potential. The latter includes both the electrical potential
applied externally (V) and that which arises from the fixed
charges of the channel (y). This electrostatic potential is cal-
culated from the charge density inside the pore using the
Poisson equation
d d
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where &g is the electric permittivity of the solution, p¢ (z) is the
effective fixed charge density arising from the protein charges
and N, is the Avogadro—Loschmidt constant. The second term
in the right-hand side of Eq. (2) represents the mobile charge
density owing to free ions in solution. To solve the PNP system
the effective fixed charge density of the channel is needed. We
now introduce a procedure to estimate this magnitude directly
from the microscopic information given by the channel struc-
tural data.

Each titratable residue of the channel is in an environment of
low electric permittivity (the protein). It interacts with the
protein permanent fixed partial charges (due to the different
electronegativities of the atoms in the molecule) and with the
rest of titratable residues. In addition, these interactions are in-
fluenced by the shielding effect of the ions in solution. This
implies that the proton dissociation constant K, (or its equi-
valent in the logarithmic scale pK,) of the residue inside the
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protein is different from that in free solution. Therefore, we need
to calculate the pK, value of each titratable residue inside the
protein, which is then known as apparent pK,. The protocol
followed to perform this calculation has been described pre-
viously in detail [3]. It is based on the procedure described by
Antosiewicz et al. [24,25]. The UHBD code (the University of
Houston Brownian Dynamics Program) [26,27] is employed to
perform the calculation using the three-dimensional structure of
the OmpF trimer with a resolution of 2.4 A (Protein Data Bank
id. code: 20MF) as obtained from X-ray analysis [23]. Using
the apparent pK,, a rough estimate of the charge density was
done by simply counting the charged residues at a given pH [3].
However, using this approach the precise location of the resi-
dues and the partial charges of the protein were not considered.
All this information is contained in the electric potential profile
Y(7), what suggests the idea of using y(7’) as an indirect means
of estimating the effective charge density of the channel.

It has been reported in the literature that it is possible to obtain
a 1-D equivalent of a 3-D magnitude by doing averages over the
pore cross section[13,28,29]. According to these studies, the
procedure provides effective magnitudes that keep their essential
physical meaning as long as their local curvature is not too great.
The UHBD program calculates the electric potential map at
equilibrium by solving the Poisson equation. This equation takes
the form of the Poisson—Boltzmann (PB) equation within the
aqueous pore region. We have checked that in computations
done at physiological ionic strength (as is the case of the present
study) the results are unchanged whether the calculations are
done taking all the nonlinear terms in the PB equation into
account or linearizing the PB equation. Other computational
studies performed in the same protein channel report an identical
conclusion [30,31]. In the linear approximation, the PB equation
can be written as

V() = kY (7) 3)

where « is the inverse Debye length of the solution. The right
hand side of Eq. (3) is the opposite to the charge density arising
from the ions in solution, which compensates for the fixed
charge of the protein (the calculation is performed at equi-
librium). Therefore, the average charge density py (z) of the
protein over a cross sectional slice of constant z can be estimated
as

pi(2) = ek’ (2) (4)

where {5 (2) is the average of the electric potential in the cross
sectional slice. py (z) is expected to capture the average elec-
trostatic interaction felt by the ions in solution as they cross the
channel. A similar idea can be found in [5]. Note that the
relationship between averaged quantities expressed by Eq. (4) is
only rigorously correct under the linear approximation of PB
equation.

Fig. 1 shows the calculated equipotential lines superimposed
over a section of the OmpF monomer. The axial profile of p¢ (z)
is shown at the bottom panel. This average fixed charge density
profile can be used as an input parameter to solve self-con-

sistently the 1-D PNP system of equations (Egs. (1) and (2)) and
obtain the electrodiffusion quantities: i.e., the 1-D profiles of
electric potential, ¢ (z), and ionic concentration, c¢;(z). We as-
sume thermodynamic quasiequilibrium at the pore-solution
interfaces. The bulk concentrations and the boundary concen-
trations (c{z=0) and c(z=d), where d is the pore length) are
then related through

a(0) = " {1-=a[#(0)-¢"] | (5a)
C,‘(d) — C‘;mns{1_%(][[@(01)—(]')[”"“]} (Sb)

where cis and frans refer to bulk solutions next to z=0 and z=d,
respectively,and the externally applied potential is /=" — ™.

The relationship between boundary conditions and bulk
concentration expressed in Egs. (5a) (5b) is equivalent to as-
suming Donnan equilibria on both channel solution interfaces.
This approximation is widely accepted for synthetic membranes
and nanopores which are in the micrometer thickness range
[32,33]. However, when the membrane is very thin as is the case
of biological membranes (nanometers), the use of this bound-
ary condition is controversial. A contribution by Gillespie and
Eisenberg [34] that tackles this question concludes that the usual
treatment of the Donnan potential gives the correct value for the
electrodiffusion magnitudes despite the obtained profiles of
concentration and electric potential may not be accurate.

An iterative relaxation method is used to solve the PNP
equations [35]. The effective charge distribution is mapped into
a grid of 500 equally spaced points. For a given applied voltage,
an initial guess for the potential profile is evaluated just using a

Average effective
charge density
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Fig. 1. Calculated equipotential lines superimposed over a section of the OmpF
monomer (the plane is defined by the atoms Lys10-C157, Thr165-C2439 and
Asp206-03933). The profile of the effective fixed charge density along the
channel is shown below.
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linear approximation. This solution is then iterated until a tole-
rance of 10 ' is fulfilled. The outputs of the numerical proce-
dure are the ionic flux densities J. and J_ for a given applied
voltage. From these values, the current can be obtained as
I=ma’F(J,—J_), where a is the effective radius of the channel.

3. Results and discussion

The underlying idea of this work is that ion selectivity of
wide channels is determined mainly by average electrostatic
properties rather than by the particular 3-D charge distribution.
To this end, our simple continuum model aims to reproduce the
main channel features under different experimental conditions
of salt concentration and pH.

The protein electric permittivity is set at &,=20 and the
solution electric permittivity at e,=80 [3,24,25,30]. The cal-
culation of pK, values and ys(7") is performed using 50 mM as
electrolyte concentration to avoid the shielding effects. This con-
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Fig. 2. (A) Model calculations of the electric potential profile along the pore
longitudinal axis for an OmpF channel in KCI solution. The potential at each
axial position is the averaged value over the solvent-accessible region of every
channel cross-section. Labels with the main ionizable residues to which the
principal peaks and wells may be ascribed are included. (B) Average effective
fixed charge density along the pore. Negative charge at neutral and basic pH is
consistent with the cation selectivity of OmpF and positive charge in very acidic
solutions agrees with the observed anion preference of the channel.

centration value is not critical. Calculations performed by Varma
and Jakobsson [30] show that ionization states at neutral pH are
unchanged whether the calculations are done at physiological
concentrations or even using almost zero ionic strength. The free
solution diffusion coefficients are used. Some MD simulations in
OmpF give smaller cation and anion diffusion coefficients [7,8]
but with the same ratio between them. Therefore, this should not
affect our calculations. Finally, an effective radius of 0.6 nm is
used. This value is close to the average radius of the channel
constriction (presumably the rate limiting step for ion migration
across the pore).

3.1. Average electrostatic properties of the wild-type OmpF
porin

The calculated transport properties of OmpF porin depend on
the selection of the information in the averaging process.
Therefore, it is advisable to have a look at the averaged electric
potential to see if it retains the basic features of the channel.

Fig. 2A shows the axial profile of between z=16 A and
z=58 A at pH 6. The cation selectivity of the channel at pH 6 is
a consequence of the negative potential throughout the entire
pore. The depth of the potential well at the channel constriction
is around 44T (= 100 mV) in accordance with other calculations
[3,36]. While the resulting profile averages the influence of a
large number of residues (over 100), we may try a tentative
assignment of peaks and wells to some specific residues. The
objective is to see the consistency of s(z) with the crystal
structure. In this way, the peak around z=29 A can be ascribed
to the positively charged Argl140 and Lys16. The negative resi-
dues of the constriction Asp113 and Glul17 would be respon-
sible for the well around z=36 A. Finally, the peak around
z=43 A would be ascribed to Lys80.

We consider next the pH dependence of the channel se-
lectivity as reported experimentally [37]. Fig. 2B shows the
calculated effective charge concentration profile along the pore
at different values of the solution pH. At high and neutral pH, py
(z) attains negative values which are consistent with the cation
selectivity that exhibits the OmpF channel [3,37,38]. At very
low pH, however, the model predicts a positive pr (z) in accor-
dance with the switch of OmpF selectivity to anionic in the
presence of very acidic solutions.

3.2. Response of measured channel selectivity to pH changes

In the previous section the model was shown to qualitatively
describe the selectivity of OmpF for different pH values. How-
ever, to test the assumptions made in the model a quantitative
comparison with experimental data must be done. The selectivity
of'a channel is usually quantified in terms of the reversal potential.
For this reason, the model predictions for the reversal potential are
here compared to experimental data in different situations.

In Fig. 3 we present reversal potential measurements (pre-
viously reported in [3]) together with the theoretical predictions
for the same conditions (triangles). The series correspond to a ten-
fold ratio of bulk KCl concentrations (c.;;=1 M and ¢;,,,s=0.1 M)
at different pH (the same in both solutions). The reference value
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Fig. 3. Experimental (squares) and theoretical prediction (triangles) of the
reversal potential for KCl ¢.js=1 M | Cians=0.1 M as a function of the pH. Good
agreement is found between theory and experiments but for extreme pH
conditions. The reversal potential predicted exclusively by the residues at the
channel constriction (circles) is also shown. In this case, the model predicts an
anion selective channel for most of the pH range. Lines are shown to guide the
eye.

for the electric potential is on the trans side (V°"=0). The model
accounts for the increase of the reversal potential with pH: the
anion selectivity of the channel at very acidic pH turns into almost
no selectivity at pH 4 and reaches a plateau of cation selectivity in
the region between pH 6 and 9. It is remarkable that such a simple
model is able to account for the OmpF selectivity over a broad pH
range. Good agreement between theory and experiment is found
except for extreme pH values. The deviations at low and high pH
values are expected if we consider that under such conditions the
H" or OH™ concentration may become comparable to that of salt
in the low concentrated solution, a situation which has not been
considered in the PNP system. In addition, we may speculate that
the changes in the protonation states of a large number of residues
may alter the porin structure. The results obtained indicate that the
dependence of the channel selectivity with pH can be explained
by the combined action of all the channel residues.

The question that arises now is whether this dependency can
be explained equally well using only the protonation state of
crucial residues at the channel eyelet. If this were the case, the
central constriction of the channel would act as its selectivity
filter. 1t has been shown previously [3,36] that the channel
constriction contains up to seven basic residues with estimated
pK.s around 13—15: the so-called cluster of arginines [23], one
lysine and three tyrosines. In addition, there are two acidic
residues, one aspartic acid and one glutamic acid with cal-
culated pK,s around 3 and 6, respectively. At neutral pH all
these residues are charged. Therefore, taken independently from
the rest of residues, the central constriction would display an
excess of positive charge which would be unable to explain the
cation selectivity of the channel [37]. To address quantitatively
this issue, we cut off the channel leaving only the residues
placed in the channel constriction. The whole procedure, in-
cluding the pK, calculation, was performed to obtain the rever-
sal potential due exclusively to the residues at the constriction.
The results are also shown in Fig. 3 (circles). As expected, the
calculations predict unrealistic values. From these results one

could come to the wrong conclusion that the channel is anion
selective except for extreme basic conditions (pH>8).

3.3. Non-uniform charge distribution and reversal potential

The orientation of the OmpF porin reconstituted in the lipid
membrane is mostly unidirectional in the experiments here reported
[3] and the reversal potential depends on the direction of the
concentration gradient. This is observed when the reversal potential
is measured for a given ratio ¢,;/Cqns AN itS INVETSE €05/ Cris- FOT @
totally symmetric channel the two experiments must give the same
reversal potential value, but with opposite sign. However, this is not
the case for the OmpF channel probably because it is asymmetric in
the structure and the fixed charge distribution [23,36]. This feature
allows us to see how the model accounts for the asymmetry of the
OmpF channel. Interestingly, this is not just an anecdotic cha-
racteristic of this channel. In fact, a similar effect has been reported
in conical synthetic nanopores and proves that it is possible to use it
as a basis to construct ionic nanofilters [13].

Fig. 4 shows the results of reversal potential measurements for
a wide range of concentration ratio values. The solid line
represents the model prediction. The model reproduces the
asymmetry found in reversal potential measurements, although it
underestimates it. Compare for example the reversal potential for
KClin 3 M (cis) | 0.1 M (trans) vs. 0.1 M (cis) | 3 M (trans). This
reduction probably means that the averaging process levels off
part of the inherent asymmetry of the system. Despite this fact, it
can still be inferred that the asymmetry of the channel selectivity
naturally arises from the non-homogeneity of the channel in the
axial direction, and that this channel feature is partially maintained
in the averaging procedure (performed for every cross section).

3.4. Change of channel conductance with concentration and
voltage bias

The OmpF channel conductance is known to be pH depen-
dent and slightly voltage dependent, particularly at low salt

Reversal potential (mV)
(=]
T

L1l

L1l

0.01 0.1 1 10 100

Lol L0

c./c
cls trans

Fig. 4. Change of OmpF reversal potential with salt concentration ratio in KClI
solutions at pH 6. The lower electrolyte concentration was kept at 0.1 M while
the higher concentration was changed to obtained the desired concentration
ratio. The solid line denotes the model calculation, which predicts the sign of the
reversal potential asymmetry but underestimates its magnitude.
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Fig. 5. Experimental (squares) and theoretical (solid lines) current—voltage
curves for two KCI electrolyte solutions. The model correctly predicts the
change in the slope of the curves.

concentration [37]. These dependences arise from the charge
regulation with pH and from the asymmetry of the channel. Unlike
the reversal potential, now the model has to reproduce a complete
current—voltage curve rather than a single point (zero current
potential).

Fig. 5 shows the experimental current—voltage curves
(squares) and the theoretical predictions (triangles) at pH 6 in
0.1 M and 1 M KCI solutions. The agreement theory-experi-
ment is reasonably good. The change in the current—voltage
curve with the concentration is well described by the model. It
depends on a combined effect of the increase of ionic concen-
tration and the shielding effect of the electrolyte. The latter is
accounted for by the PNP system in the model, what reinforces
the view that the transport is determined by long-range elec-
trostatic interactions. In addition, the model also displays the
asymmetry observed experimentally, although the predicted one
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Fig. 6. OmpF reversal potential measurements in DPhPS negatively charged
membranes (circles) and DPhPC neutral membranes (squares). Model
predictions for a neutral membrane (solid line) and for a charged membrane
(dashed line) are shown. Experiments were done at pH 6 and keeping the trans
side concentration at 0.1 M KCl. The inset shows the average effective charge
for the neutral (solid line) and the charged membrane (dashed line).
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Fig. 7. Measurements (squares) and model calculation (triangles) of the reversal
potential of wild type (WT) OmpF and four mutants. Mutations involved slight
structural changes but a high variation in net charge.

is smaller. Note that the same occurred when the reversal po-
tential was considered.

3.5. Influence of the charge of the lipid bilayer

The charge of the lipid used in the formation of planar lipid
bilayer influences the measured transport properties of the
OmpF [3]. This feature has been observed in reversal potential
and conductance measurements. When planar membranes were
formed from negatively charged lipids, diphytanoylphosphati-
dylserine (DPhPS), the absolute value of the reversal potential
at pH 6 was higher than when neutral lipids, diphytanoylpho-
sphatidylcholine (DPhPC), were used. The same tendency was
observed in the conductance, especially at low concentration.

For the sake of simplicity, the charge of the lipid was included
in the theory as an effective charge density in the form of partial
charges in the spheres that model the polar heads of the lipid
bilayer. It was also assumed that the pK, values of the protein
residues were not affected by the charge of the membrane.

Fig. 6 shows the OmpF reversal potential measured in DPhPS
negatively charged membranes (circles) and the DPhPC neutral
membranes (squares) together with the model prediction for a
neutral membrane (solid line) and for a membrane with an effective
charge density of —1e¢/9 nm? (dashed line). The measurements
were made at pH 6 for 0.1 M KCl in the trans side and varying the
concentration in the cis side. The average effective charge
concentration for the neutral membrane (solid line) and the charged
one (dashed line) is shown as an inset. The model accounts for the
increase in the reversal potential when the membrane is charged.
Therefore, we can hypothesize that the negative charge of the
bilayer is added to that of the channel to increase its cation
selectivity. This effect is reflected in the model through the increase
of the effective charge density. Note however that the change in
reversal potential might be driven by other effects. For instance, the
surface tensions of a charged bilayer and a neutral one are different.
This could affect the curvature of the bilayer close to the channel
mouths as well as the channel structure since the pressure exerted
by the bilayer is different in both cases.
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3.6. Average electrostatic properties and the study of OmpF
mutants

A recent paper by Miedema and coworkers [39] provides some
extra clues to understand ion selectivity of the OmpF porin. The
protein was manipulated by changing some crucial residues at the
channel lumen so that the weakly selective OmpF was turned into
a Ca”" selective channel. On the light of a charge/space com-
petition model, the authors came to the conclusion that the fixed
charge density was the key determinant of ion selectivity, with the
precise atomic arrangement having only second-order effects. As
we suggest similar ideas here, our model can be challenged with
some of the results obtained with these manipulated proteins.

We consider four mutants studied by Miedema et al.: the C
mutant (one mutation providing one extra negative charge), the
AAA mutant (three mutations providing —3e extra charge), the
EAE mutant (three mutations providing —5e extra charge) and
finally, the LEAE mutant (four mutations providing —6e extra
charge) (see Table 1 of Reference [39] for details). The crys-
tal structures of these mutants have not been resolved yet.
However, since in their mutations only a small number of
aminoacids were changed, it is expected that they conserve the
structure of the wild type OmpF to a large extent [30].

Model structures were obtained by simply substituting the
side chains of the implicated residues. The structures were then
relaxed using GROMACS [40]. 500 steps were performed to
minimize the energy of the protein by means of the Steepest
Descent method.

In Fig. 7 we present the reversal potential recorded for each
mutant and the wild type OmpF (WT) for a 10-fold gradient
(1.0 M | 0.1 M KCl) as reported in [39] (squares). The model
prediction is also shown (triangles). A good agreement is found
between theory and experiments. Note that the discrepancies
between the theory and experiments (~5 mV) are of the order of
those found between different experiments performed with wild
type OmpF using different protocols[3,39]. This indicates that
the procedure is also valid for mutants involving a relatively
large number of net charges and, accordingly, a high selectivity.
This extension implies that average properties are sufficient to
determine the reversal potential.

4. Summary and conclusions

A theoretical model for the electrodiffusion across the OmpF
channel and some of its mutants has been developed. It is based in
the PNP system of equations. However, no free parameters have
been used to fit the experimental data. Instead, a procedure to link
the microscopic information to an effective charge density that
allows for the solution of the PNP system has been introduced.
The procedure takes advantage of the available crystallographic
structure at atomic resolution. It starts by inserting the OmpF
trimer in a model membrane. The method described by Anto-
siewicz is then used to estimate the pK,, of the charged residues of
the protein, and therefore their protonation state at a given pH.
This allows to calculate the 3-D electric potential distribution
inside the channel. This electric potential distribution is then
transformed into a 1-D effective charge density profile along the

axis. Once this effective charge density is known, the PNP system
of equations is solved in a self-consistent manner and the results
are compared to experimental data. Our main findings are:

(1) The pK, determination of all titratable residues in the
OmpF channel enables the rationalization of the measured
pH dependent selectivity. The successive protonation and
deprotonation of acidic and basic residues explains how
this cation-selective channel at basic and neutral pH turns
into anion-selective in an acidic environment.

(2) The 3-D structural information can be transformed into an
effective charge density which can be used as an input for
a 1-D electrodiffusion model. It is shown how the reversal
potential and conductance measurements under different
conditions of concentration and pH can be explained by
means of averaged quantities.

(3) Despite its low resolution, the model still captures some
special features of the channel: the asymmetry found in
the measured selectivity under salt gradient inversion
arises naturally as a consequence of the channel structure.

(4) The influence of the charge of the lipids forming the planar
membrane can be introduced in the model by assigning an
effective charge to the model membrane. The increase of
the reversal potential can then attributed to the extra fixed
charge contributed by the lipid membrane.

(5) The same methodology can be satisfactorily applied to
some OmpF mutants. Electrostatic averages can account for
structural reorganizations involving only a small number of
amino-acids but a relatively large number of net charges.

(6) The correlation found between atomic structure and ion
selectivity shows that the transport characteristics of wide
channels like OmpF are mainly regulated by the collective
action of a large number of residues, rather than by the
specific interactions of residues at particular locations.
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