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The ionic selectivity of large protein ion channels

Vicente M. Aguilella® and Antonio Alcaraz
Departament de Fisica, Universitat Jaume |, Castellé de la Plana

Resum

Els canals idnics de gran amplada i de conductancia alta exer-
ceixen una funcié molt important en el cicle de vida de les cel-
lules. Permeten l'intercanvi de soluts neutres i carregats a tra-
vés de la membrana cel-lular i regulen I'aportacio de nutrients i
la sortida de deixalles. Per a realitzar aquesta funcio, els canals
han de discriminar entre diferents espécies ioniques. Els canals
mesoscopics permeten el transport multiionic passiu i general-
ment presenten una selectivitat moderada respecte a ions po-
sitius i negatius. Aqui revisem les metodologies més usades
per a estimar quantitativament la selectivitat idnica. Entre elles,
la mesura del potencial eléctric necessari per a anul-lar el cor-
rent electric a través del canal en presencia d’un gradient de
concentracid, cosa que es coneix com a potencial de corrent
zero. Assenyalem els factors clau que cal tenir en compte per a
una interpretacio fisica correcta d’aquests experiments d’elec-
trofisiologia.

Paraules clau: electrodifusio - porus bacterials -
selectivitat idnica - canal idnic - membrana biologica

Abstract

Large, highly conductive ion channels have a major functional
role in the cell life cycle. They allow the exchange of charged
and neutral solutes across the cell membrane envelope and
regulate the influx of nutrients and the extrusion of waste prod-
ucts. To perform this function, channels must discriminate be-
tween different ionic species. Mesoscopic channels allow mul-
tiionic, passive transport and are usually moderately selective
toward positive or negative ions. Here we review one of the
most common approaches used for the quantitative estimation
of channel selectivity: the measurement of the potential needed
to get zero current across a channel in the presence of an elec-
trolyte concentration gradient, also known as Reversal Poten-
tial. We highlight several key points that need to be addressed
for a correct physical interpretation of these experiments in
electrophysiology.

Keywords: electrodiffusion - bacterial porins -
ionic selectivity - ion channel - biological membrane

lon channels are proteins that are embedded within the lipid bi-
layer membranes of cells and some viruses, where their physi-
ological function is to regulate the passage of small charged
molecules in and out of the cell or its various organelles [3,7,24].
Because of lipid dielectric properties, an ion needs 20 times
more energy than an uncharged water molecule to pass
through a biological membrane. This is why ion channels and
pumps are necessary to transport charged molecules through
cellmembranes. lon channels are mostly pore opening proteins
which are fractions of a nanometre in radius and a few nano-
metres long. The simplest way to picture them is as hollow pro-
teins that allow the transit of charged and neutral solutes, driv-
en either by a concentration gradient or by the electric potential
difference between the inner and the outer side of the mem-
brane; or by both simultaneously. There are several families and
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sub-families of ion channels and new varieties are constantly
reported. They can be classified by their permeability proper-
ties, their activation mechanism or simply by their size. Howev-
er, these criteria are often interrelated. For instance, channels
that perform the very specific function of translocating say, Ca?*
ions, display a narrow aqueous pore, while channels that allow
permeation by cations and anions are usually wider. A “narrow”
protein channel pore is comparable to the unhydrated size of
small inorganic ions like K" and Na*. This review focuses on the
selective properties of wide channels, collectively known as
mesoscopic channels because of their size. Transport through
these channels is passive and multiionic, and it is mainly regu-
lated by electrostatic interactions between protein ionizable
residues and the permeating ions. Examples of mesoscopic
channels are bacterial porins like OmpF from E. coli[14,15,38],
the voltage-dependent anion channel (VDAC) of the mitochon-
dria outer membrane [13], pore-opening toxins like the alpha-
hemolysin channel secreted by S. Aureus [21,45] and antibiotic
peptides like Alamethicin [1,11,23]. Most of them share struc-
tural motifs: for example, transmembrane pores consist largely
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of alpha-helical or beta-strand-type spanners. For a compre-
hensive survey of protein channels, the reader is referred to the
Transport Classification Database [47]. The major functional
role of these large channels in cell metabolism is to regulate the
influx of nutrients and to extrude waste products, but their se-
lectivity for low-molecular-weight inorganic ions is also relevant.
In addition, they can be used to model electrostatic interac-
tions at the nanoscale and to develop accurate theories of pro-
tein conformational dynamics where electrostatic and entropic
interactions interplay.

1 Physical meaning of ion channel selectivity

lon channel selectivity is a property that reflects the affinity of
the channel for a certain type of ion. It is essential for the cell life
cycle that each ionic species (especially Na*, K*, Ca?* or Cl)
may permeate across biological membranes at different rates,
and this function is often accomplished by selective ion chan-
nels. Several experimental protocols provide different quantita-
tive estimates of ion selectivity. Thus, conductance ratios, mole
fraction (MF) experiments and reversal potential (RP) measure-
ments define operational quantities accounting for this property
[19]. These protocols provide similar but not identical results.
Conductance ratio measurements yield information about the
relative diffusivities of ions in a channel, whereas MF experi-
ments quantify ion partitioning between the channel and the
surrounding solution; the excess chemical potential of ions in
the channel. RP is defined as the applied potential across the
channel that yields zero electric current when there is a con-
centration gradient across the channel. RP measurement is the
method of choice to quantify selectivity because it provides a
joint measure of partition and diffusion. Furthermore, the sign of
the measured potential provides a first estimation of the chan-
nel selectivity: For negative RP in the side of the channel with
higher electrolyte concentration, the channel favours the pas-
sage of cations while in the opposite situation (positive RP) it is
more permeable to anions. In the present paper we concen-
trate on RP as a tool for investigating the ion selectivity of mem-
brane protein channels.

The selectivity of ion channels is a property that necessarily
depends on both the channel and the electrolyte solution flow-
ing through it. Two interdependent factors are the main con-
tributors to the RP: diffusion effects arising from differences in
ion mobilities, and electrostatic exclusion due to the interaction
between permeating ions and channel ionizable residues. In
addition, other factors such as steric effects related to the ac-
cumulation or rejection of ions because of their size, short-
range non-electrostatic interactions, or hydrodynamic hin-
drance might play a role in certain cases. As many of these
factors are closely related, experiments designed to separate
them are necessary.

In spite of the variety of physicochemical phenomena in-
volved, ion selectivity is often described exclusively in terms of
ion concentrations and an equivalent “effective net charge” of
the channel. Cation selectivity is then explained as a conse-
quence of a negative effective charge, whereas anionic selec-

tivity is associated with a positive one. This idea is generally
accepted because most RP experiments are performed with
KCI. As K* and CI have almost equal bulk mobilities, diffusional
effects are negligible and only electrostatic exclusion is relevant.
However, in experiments using other electrolytes with ions of
non-equal mobilities, the interaction between the channel resi-
dues and the permeating ions changes their mobilities inside
the channel significantly. In such cases, the concept of “effec-
tive net charge of the channel” could be ambiguous, since the
actual value of the diffusion contribution is unknown. This idea
will be discussed in detail in the experimental section of this
paper, where we consider RP experiments carried out with dif-
ferent salts of monovalent and divalent cations.

2 Methods used in modelling ion permeation

Modelling channel selectivity has a long history. Early channel
models were highly simplified phenomenological approxima-
tions that retained the “essential” features of channels. How-
ever, with the advent of powerful computing techniques and
the possibility of determining channel structures at atomic res-
olution (below 0.2 nm) the situation changed dramatically. A
great number of studies focused on the rationalization of chan-
nel selectivity in terms of structure [16,29,41,42,46]. Despite
the great advances in this field, computing limitations and the
conditions under which channel structures are obtained (chan-
nel crystal structures are a sort of low-temperature snapshot)
mean that explaining the channel selectivity observed in ex-
periments is still a challenge. There is no definitive solution to
these problems and so in this section we briefly outline, but do
not evaluate, the various approaches and approximations
used in modelling channel permeation. Our reasons for this are
two-fold: there is abundant literature on this topic, and here we
aim to give useful hints about the link between RP measure-
ments and channel selective properties from a general point of
view.

2.1 Molecular Dynamics (MD) and Brownian Dynamics
(BD) simulations

When the channel protein structure is known at atomic resolu-
tion, the dynamics of the permeating ions and water molecules
can be simulated provided the interaction between the mobile
ions themselves and their interaction with the protein atoms is
accurately modelled. Different sets of parameters commonly
referred to as force fields have been developed to this end. In
addition, several computing packages (such as, AMBER [49],
CHARMM [9] and GROMACS [31]) are available to facilitate
routine calculations. Unfortunately, MD is too computationally
costly and reasonable simulation time (nanoseconds) is still too
short when compared with the characteristic time of ion cross-
ing across the channel (microseconds). Recent improvements
in simulation techniques have made these timescales more
comparable, and reliable simulations have been reported for
high conductance channels [4]. Another limitation arises from
the practice of applying the same atomic force constants to
very different systems. Nevertheless, MD can provide useful in-
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formation to be used in other approaches. In fact, it is one of
the most popular tools for ion channel modelling.

Brownian dynamics simulations explicitly consider the per-
meating ions but regard the protein channel and the solvent as
continuum structureless media [12,29]. The trajectory of each
ion in the system can be obtained by solving a particular formu-
lation of Newton’s second law; the so-called Langevin equa-
tion. A major advantage of the BD approach is that it allows a
direct simulation of ion-ion interactions. Since the dynamics of
the water molecules and the protein atoms are no longer in-
cluded and time steps can be longer, BD is many orders of
magnitude faster and much less computationally costly than
MD. However, it has not enjoyed great popularity, probably be-
cause it is half way between “microscopic” modelling and con-
tinuum electrodiffusion theories.

2.2 Continuum electrodiffusion models

A relatively simple way of thinking about ion movement through
channels is to assume that the channel provides an aqueous
medium that does not differ greatly from the aqueous solution
on either side of the membrane, and that each ion moves inde-
pendently of every other ion but interacts with the channel fixed
charge. A mean field approximation is used for the electric force
acting on every ion and Poisson equation is used for the electric
potential. This approach, based on the Nernst-Planck and Pois-
son equations, is known in the channel literature as the PNP
theory [10,17,24]. It is based on a description of the channel
protein, the permeating ions and water as a continuum. When
channel atomic structure is used as an input and concentration
and potential at the boundaries are given, the PNP equations in
three-dimensional form can be numerically solved [28]. If the 3D
channel structure is not available, the 3D concentration function
can be replaced by a 1D concentration (with the meaning of an
average over the radial cross-section of the channel) and the
whole problem becomes one-dimensional. Nevertheless, in 1D-
PNP theory the equations constitute a system of coupled non-
linear differential equations that cannot be solved in closed form
even in the case of a neutral channel [34]. Therefore, to obtain
analytical solutions for a zero current potential, two approxima-
tions are commonly used [30]. One of them is based on the as-
sumption of net charge neutrality throughout the diffusion re-
gion, which leads to the classical Planck expression [30]. The
other is based on Goldman’s assumption of a constant electric
field along the diffusion zone [20], which leads to the well-known
Goldman-Hodgkin-Katz (GHK) equation [25]. In the simplest
case of uncharged pores the integration of PNP equations gives
the following GHK potential equation:

cis

e DC, +DC,

+ " cis

RP = k_Tln D.C,+DC,

where k, T, and e are Boltzmann’s constant, absolute tempera-
ture and elementary charge, respectively; C,, and C,, are bulk
salt concentrations on both sides of the channel, corrected
with activity coefficients; and D- and D+ are coordinate-inde-
pendent diffusion coefficients for anions and cations, respec-
tively. In channels, the ratio D+/D— is regarded as a fitting pa-

rameter and it is usually represented as a permeability ratio,
P+/P-. Despite its limitations [5,33] the GHK equation is per-
haps the simplest theoretical framework for interpreting RP in a
channel, and this is why it is so widely used. In fact, channel
selectivity is often reported as the value of the permeability ratio
instead of the measured RP. The GHK equation is useful for re-
porting measurements but contains little or no information
about the channel structure. In the GHK approach, ion partition
and ion mobility inside the channel are blended into a single
permeability parameter.

2.3 Kinetic rate theories

An alternative view is to consider the channel as providing sites
where the permeating ions can bind to the channel wall. Each
binding site constitutes an energy well surrounded by an ener-
gy barrier. Thus, an ion moving through the channel has to
cross a series of such energy barriers and energy wells as it
passes from the aqueous solution on one side of the mem-
brane, via one or more binding sites inside the channel, to the
other side of the membrane. This is known as the reaction rate
approach, and it is based on absolute reaction rate analysis
[18]. Kinetic rate theories are a simpilification of BD, rather than
PNP, since they do not use mean field potentials. They are
good for modelling channels with strong ion-ion interactions.
Although they may help to characterize channel selectivity in
some cases, it is difficult (and sometimes misleading) to relate
the rate constants to real energy barriers and wells, which
would make kinetic rate theories empirical models.

In this section we have provided a hierarchy of theories rang-
ing from MD to reaction rate theories. None of these approach-
es is wholly satisfactory for all types of channels: each will ac-
count for some, but not all, of the channel features. Particularly,
continuum electrodiffusion theories have proved very useful for
modelling ion transport and selectivity in wide channels where
electrostatic interactions between permeating ions and chan-
nel charged residues are the most important factors.

3 Measuring channel selectivity

3.1 Channel reconstitution in planar bilayers

Most of our understanding of channel activity comes from
channel reconstitution in planar lipid membranes. This tech-
nique can provide a complete characterization of both struc-
tural and functional channel features using a tiny amount of
biological material. The experimental protocols used nowa-
days are minor modifications of the seminal approach intro-
duced by Mueller and Rudin [37]. A membrane forming solu-
tion is carefully smeared across a small hole drilled in an inert
film separating the two compartments of a typical measuring
cell. The technique is often cited as reconstitution in black li-
pid membranes, because the bilayer formation is displayed as
a characteristic blackening of the film that can be followed
with a simple microscope. The impermeable planar membrane
that is formed represents an almost perfect insulator, which
allows the detection of single ion channels once a suitable pro-
tein is incorporated into the system. One of the main problems
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Figure 1a. Schematic representation of a protein channel reconstituted
on a phospholipid planar membrane. Adapted from [6].
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Figure 1b. Single channel current recording of OmpF porin reconsti-
tuted on a DPhPC planar bilayer. Measurements were performed at pH
7in 0.1 MKCland 1 mM CaCl,. Adapted from [6].

with this technique is that the organic solvent still present in
the bilayer may hinder the insertion of the channel-forming
protein. This was successfully overcome by Montal and Muel-
ler [36], who suggested forming the bilayer by the apposition
of two lipid monolayers at an air-water interface. Instead of
painting the bilayer, the membrane is formed by raising the le-
vel of the buffer solution after evaporation of the volatile orga-
nic solvent.

Bacterial outer membrane channels have been used exten-
sively as model systems for other channel-forming proteins. Al-
though they are structurally different from eukaryotic channels,
the underlying transport mechanisms are usually considered to
have much in common [48]. Bearing this in mind, we will explain
in detail the protocol followed to functionally reconstitute the
bacterial porin OmpF (Outer membrane protein F) in a phos-
pholipid membrane. OmpF porin is a wide channel found in the
external membrane of Escherichia Coli and characterized by its

poor selectivity and almost inexistent ion specificity. The crystal-
lographic structure of the channel reveals an asymmetric pore
geometry, with relatively large entrances and a narrow constric-
tion similar to that of general diffusion porins [5]. Wild type OmpF
(a generous gift from Dr. Mathias Winterhalter) was isolated and
purified from an Escherichia coli culture. Bilayer membranes
were formed from two monolayers made from a 1% solution of
diphytanoylphosphatidylcholine (DPhPC) (Avanti Polar Lipids,
Inc., Alabaster, AL, USA) in pentane on 70 to 80-pm-diameter
orifices in the 15-um-thick Teflon partition between two cham-
bers [8,36]. The orifices were pretreated with a 1% solution of
hexadecane in pentane. The total capacitance depends on the
actual location of the orifices in the film (and thus on the area of
the film exposed to the salt solution) but was always around 80-
120 pF. Aqueous solutions of KCl and 1 mM CaCl, were buff-
ered by 5 mM HEPES. Single-channel insertion was achie-
ved by adding 0.1-0.3 pl of a 1 ug/ml solution of OmpF in buffer
that contained 1 M KCl and 1% (v/v) of Octyl POE (Alexis, Swit-
zerland) to 2 ml aqueous phase only on the cis side of the
membrane while stirring. The membrane potential was applied
using Ag/AgCl electrodes in 2 M KCl, 1.5% agarose bridges as-
sembled within standard 250 pl pipette tips [8]. Potential is de-
fined as positive when it is greater on the side of protein addition
(the cis side of the membrane cell). Figure 1a is a schematic
representation of the protein channel reconstituted on a phos-
pholipid planar membrane. As shown in Figure 1b, the forma-
tion of OmpF channels is indicated by the characteristic step
increases in the current for a given value of the applied potential.
An Axopatch 200B amplifier (Molecular Devices Corp., Sunny-
vale, CA, USA) was used in the voltage-clamp mode to mea-
sure the current and apply potential. Data were saved directly
into the computer memory. The membrane chamber and the
headstage were isolated from external noise sources with a
double metal screen (Amuneal Manufacturing Corp., Philadel-
phia, PA, USA).

3.2 Reversal Potential measurements

RP provides a quantitative measurement of ion channel selec-
tivity. Here we present and discuss a survey of RP experiments
performed with the OmpF porin and carried out under carefully
controlled pH and concentration conditions. We consider the
effects of salt and pH concentration, channel orientation, lipid
charge and the nature of the electrolyte. These experiments il-
lustrate the way channel selectivity is characterized. Based on
the results, in the final section we comment on the interpreta-
tion of wide channel selectivity measurements.

3.3 Salting out channel selectivity

To investigate the interaction between the channel residues
and the permeating ions in detail, we first consider the OmpF
channel reconstituted in a neutral lipid bilayer, diphytanoylphos-
phatidylcholine (DPhPC) with KCI as the electrolyte. As K* and
CI have very similar size and consequently bulk mobilities, we
do not expect to observe steric effects or diffusion contribu-
tions. Figure 2 shows the measurements with KCl at a constant
concentration ratior = C,,/C, but at different absolute con-
centrations (cis denotes the side of the protein addition and

trans’
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Figure 2. RP measured at three constant cis/trans KCI concentration
ratios (10, solid circles; 3, open circles; 1.5, triangles) but different ab-
solute concentrations. Membranes were formed from DPhPC at pH 6.
The channel exhibits cationic selectivity: higher salt concentration on
the cis side generates a negative RP. The absolute value of this poten-
tial decreases as salt concentration increases. Solid lines are drawn
through the data points to guide the eye. Adapted from [5].

potential is considered positive when it is greater on this side).
In these experiments both C,,, and C,,,,s Were changed to keep
their ratio at the value specified in the figure.

The data clearly show that RP is a not only a function of the
concentration ratio, but also of the absolute concentration. As
might be expected, concentrated solutions screen the chan-
nel fixed charges more effectively, and therefore, channel ca-
tionic selectivity is weakened. At C_, = 3 M, the RP is reduced
to less than one-half of its value at the physiological concen-
tration.

3.4 Reversal Potential asymmetry
The OmpF channel is asymmetric both in its geometry [14] and
in the fixed charge distribution [5,26]. Consequently, because
of the difference in salt concentrations in the cis and trans com-
partments, the channel charged residues are screened differ-
ently and we should expect the RP to be sensitive to the direc-
tion of the salt gradient. In the experiments reported here, the
orientation of the OmpF porin reconstituted in the lipid mem-
brane is mostly unidirectional. This point is essential when one
wants compare the measurements for a given concentration
ratio (C /Cirans) @nd its inverse (C,,,s /C.). FOr a hypothetical
totally symmetric channel the two experiments would give the
same RP, but with opposite sign. Figure 3 shows the results of
the experiments designed to examine this. In the first series,
the KCI concentration ratio r is greater than unity (C, > C406)
while in the second, the gradient is inverted (C,,,s < Cg). Salt
concentration in the less concentrated solution was kept con-
stant at 0.1 M in all cases. RP was always negative at the side
with the higher salt concentration. To facilitate comparison, the
two data sets were plotted together.

From Figure 3, it follows that the absolute RP value is greater
by almost 25% in the orientation where the trans solution is
kept constant at 0.1 M. This functional asymmetry probably
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Figure 3. OmpF RP as a function of the concentration ratio for two se-
ries of measurements with oppositely directed gradients. The filled cir-
cles give the RP obtained from the series where C; > C;,s = 0.1 M
KCI. The open circles are plotted as —RP for the inverse gradient:
Chrans > Cgs = 0.1 MKCI. The channel is asymmetric: the absolute value
of the RP is greater when the more concentrated solution is on the cis
side of the membrane. The triangles represent the difference. Mem-
branes were formed from the DPhPC at pH 6. Adapted from [5].

arises from the asymmetry in the channel structure and in the
fixed charge distribution.

3.5 Channel selectivity response to pH changes

One of the main goals of selectivity studies is to improve our
understanding of the correlation between atomic structure and
selective permeation. The experiments done at different pH
(the same in both solutions) enable us to rationalize the meas-
ured RP in terms of the successive protonation and deprotona-
tion of acidic and basic channel residues. Figure 4 shows the
change of RP with pH for a 10-fold concentration ratio. The
variation of RP with pH qualitatively agrees well with previously
reported measurements. 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. Analysis of the open channel noise and stepwise time-
resolved transients in the open state demonstrate that at least
three different ionization processes are involved in the pH-de-
pendent modification of the channel transport properties. The
large amount of titratable residues in the channel (102 per
monomer) does not allow a simple explanation of selectivity
versus pH curves in terms of one or a few pKa of charged resi-
dues. Nevertheless, detailed electrostatic calculations that take
into account the interactions between residues and the protein
dielectric environment provide an estimate of the total channel
net charge that correlates well with the change of RP with pH
displayed in Figure 4 [5,18].

3.6 Channel selectivity in different salts of monovalent
and divalent cations

In this series of experiments the OmpF channel was inserted into
a neutral lipid bilayer (DPhPC) and different salts of monovalent
and divalent cations were used. Figure 5 shows the RP for a 10-
fold concentration ratio of KCI, NaCl and two divalent salts (CaCl,
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Figure 4. Dependence of RP on solution pH at C,, = 1 M KClI and

Cians = 0.1 M KCI. Membranes were formed from DPhPC. Adapted
from [5].

and MgCl,) at pH 6. The comparison of salts of different cations
that share the same anion could elucidate the roles of ionic ex-
clusion, diffusion and other non-electrostatic interactions.

KCl is a suitable starting point because K* and CI™ have al-
most equal bulk mobilities and RP is therefore dominated by
electrostatic ion partition (partial exclusion of coions, CI7, and
accumulation of counterions, K*). Thus, concentration effects
determine the shape of the curve. The sort of saturation found
in the RP at high concentration ratios indicates that the channel
selectivity is “salted out”. In NaCl, more important diffusional
effects are expected, since the bulk ion mobilities and hydrated
size of Na* and CI™ differ. However, RP results for NaCl reveal
the same trend as those for KCI, showing that anionic exclu-
sion dominates over other effects.

Results for salts of divalent cations are surprising. The RP
sign changes, apparently inverting the channel selectivity: the
channel favours anion transport and hampers cation transport,
as do anion selective channels. The nature of this phenomenon
is clarified in a semi-logarithmic representation: RP in CaCl,
and MgCl, scale very well with the logarithm of the concentra-
tion ratio. This suggests that RP is mostly a diffusion potential,
although not with ion bulk diffusivities. In fact, the apparent ra-
tio D+/D—- derived from the linear fittings shown in Figure 5 is
almost half the bulk value (for both 2:1 salts). The reduced ef-
fective electrical diffusivity observed for Ca®* and Mg?* sug-
gests a strong interaction between divalent cations and the
channel charged residues. This charge-based selectivity inver-
sion is confirmed when experiments are performed at different
pH (not shown here).

3.7 Influence of the charge of the lipid bilayer

The experiments reported above strongly suggest that electro-
static interactions are the main cause of OmpF channel selec-
tivity. The decrease in selectivity with increasing salt concentra-
tion (Fig. 5), the selectivity asymmetry (Fig. 3) and titration upon
changing solution acidity (Fig. 4) all agree perfectly with intuitive
reasoning based on electrostatic considerations. Previous ex-
periments with charged membranes show that the charge of

Figure 5. OmpF channel RP measured in monovalent (KCI, NaCl) and
divalent (CaCl,, MgCl,) salts. Salt concentration on trans side is 0.1 M,
and on cis side it is varied up to 20 times the trans concentration. The
anionic selectivity displayed by the channel in the presence of 2:1 salts
is mainly of diffusional origin, as shown by the good correlation of RP
with the logarithm of the concentration ratio.

the lipid polar groups is able to modify the surface potential
significantly [35,39,40]. However, taking into account that the
OmpF channel is comprised of three monomers whose size
exceeds the typical Debye length of the solutions we use (~ 1
nm), it is reasonable to expect that the charge of the lipid polar
groups will only have a small influence on the potential near the
channel mouths.

We checked this conjecture by carrying out a series of
measurements at different concentration gradients across a
neutral membrane (DPhPC) and a negatively charged mem-
brane made of diphytanoylphosphatidylserine (DPhPS). The
results for KCl and pH 6 are shown in Figure 6. C,,,c was 0.1 M
and C was varied from 0.1 M up to 3 M. The RP is always
higher when the channel is embedded in the charged lipid, al-
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Figure 6. RP is sensitive to the lipid charge. It is larger for the nega-
tively charged DPhPS membranes (open circles) than for the neutral
DPhPC membranes (filled circles) in almost the whole range of concen-
tration gradients at pH 6. KCI concentration on the trans side was kept
constant at 0.1 M; the cis side concentration increased from 0.1 M to 3
M. Triangles represent the the difference between the two measure-
ments. Adapted from [5].



The ionic selectivity of large protein ion channels

Contrib. Sci. 4 (1), 2008 17

though the difference is small (~ 5 mV). This means that the ef-
fect of the lipid charge on OmpF selectivity is measurable but
does not change the channel selectivity drastically.

4 Interpretation of RP measurements

The OmpF RP measurements reported above exhibit some
trends similar to those observed in other mesoscopic channels,
such as alpha-hemolysin (S. Aureus) [27], PorA/C1 (Neisseria
Meningitidis) [44], the mitochondrial porin VDAC (Neurospora
Crassa) [13] and a large variety of bacterial porins [43]. These
channels display common features, including: current rectifica-
tion; RP asymmetry; and RP dependence on pH, concentra-
tion and electrolyte. Therefore, some interpretations of these
features may be generally applicable to selectivity studies of
wide channels. The basic aim of this review is to stress that ion
selectivity is not an intrinsic channel property, but it is strongly
dependent on several factors including, salt concentration and
pH, electrolyte and lipid composition, and even channel orien-
tation. Therefore, the interpretation of channel selectivity is nec-
essarily linked to the particular conditions of an experiment or
calculation. These conclusions can be summarized as follows:

¢ |n contrast to the prediction of the popular GHK equa-
tion, RP is not only a function of the concentration ratio
(Cgis /Chans)- 1t is strongly dependent on the absolute value
of salt concentrations on both sides of the channel. This
fact has often been overlooked and it is the basis of the
range of permeability ratios obtained for a given channel
and a given concentration ratio. As shown in Figure 2, the
change in RP may double when it is measured at low salt
concentrations, as opposed to the usual 1 M/0.1 M con-
figuration.

e [f ion selectivity were only associated with pure concentra-
tion effects (charge-based ion exclusion or accumulation)
RP should be the same for all 1:1 salts. We know that this
is not the case because the diffusion contribution to the
measured RP is different for KCI, NaCl and LiCl, for ins-
tance. Since exclusion and diffusion cannot be split, selec-
tivity measurements should preferably be done with KCl,
whose diffusion potential (~1 mV) is comparable to the exper-
imental error of electrophysiology experiments. As shown
in Figure 5, RP values measured for salts of divalent cati-
ons have the opposite sign to those measured for 1:1
salts. In other words, the OmpF channel displays an ap-
parent anionic selectivity for 2:1 salts. Experiments perfor-
med with CaCl, and MgCl, illustrate a case where a new
type of interaction between channel residues and mobi-
le ions is present. Chemical binding [32] or any other short-
range interaction [22] completely changes the measured RP
and, if it is not taken into account, may lead to channel mis-
characterization. Thus, the second message is that channel
selectivity should be measured with different types of salts in
order to exclude any interaction that is not Coulombic.

e Asymmetry is a common feature of many protein ion
channels. It may be due to pore geometry or fixed charge

distribution. Although the influence of channel asymmetry
in current rectification has been widely reported [6], stud-
ies of the effects of such asymmetry on channel selectivity
are scarce [2,5]. In some cases, the direction of the salt
concentration gradient may be very important, as illustrat-
ed by Figure 3. Thus, proper interpretation of RP experi-
ments requires information about the directionality of the
channel insertion in the lipid membrane and also about its
orientation in vivo.

¢ |In wide channels, selectivity is mainly determined by the
interaction of the mobile ions with the charged residues
lining the channel pore. (Other residues not accessible
to permeant ions may also play a role.) Since ionization
equilibrium of these residues is pH dependent, controlling
the pH of the solutions is essential for the reproducibility
of the RP measurements. In addition, RP measurements
performed over a wide pH range may provide valuable in-
formation about the channel residues that are accessible
to the permeating ions. This technique, combined with
site-directed mutagenesis, can give clues about the chan-
nel tertiary structure when other techniques (X-Ray dif-
fraction, NMR) do not provide such structural information.

e Finally, it is important to stress that selectivity experiments
are directly comparable only when they follow the same
experimental protocol. As explained in previous sections,
several different techniques are available for ion channel
reconstitution in lipid bilayers. Each technique involves
particular details of the biochemistry (protein purification
and storage, lipid composition, solvents), the electro-
chemistry (cell, electrodes) or the electronics (signal ampli-
fication, electrical isolation). Among these factors, the lipid
composition seems to be crucial. Many selectivity meas-
urements are performed in channels reconstituted on bi-
layer membranes where the lipid surface charge density is
not known a priori. This poses a problem for the correct
interpretation of RP measurements, since they depend on
the lipid membrane surface charge. In the case we report
here, the difference between RP in channels reconstituted
on neutral and charged membranes is small (because of
the size of the protein channel) but in other wide channels
the effect is not negligible and should be considered [1].
Therefore, selectivity measurements should be performed
in membranes of known charge density.
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