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Abstract

lon channels are specialized proteins that enable the movement of charges through otherwise
impermeable lipidic membranes. Their action is essential in living organisms facilitating electric
signaling, muscle contraction or osmotic stress response among other effects. The protein and the
lipid charges configure a polarized interface that yields local ionic concentrations and electric
potentials that are very different from those of the bulk electrolyte. The combined effect of gradients
of ionic concentration and electric potential causes the transport of ions through channels. Here we
analyze charge regulation effects in different protein-lipid conformations, stressing how important is
the role of electrostatic interactions in the ion channel function that traditionally has been
rationalized paying attention mainly to changes in pore size. Tuning lipid charge combined with
conductance and selectivity measurements is shown to be a complementary method to evidence
lipid involvement in the structure of a biological ion channel.

1 Introduction

It was almost 25 years ago when S. MclLaughlin noted that “three of the four known forces are
irrelevant to most aspects of molecular and cell biology; the fourth has been ignored by most
biologists until recently”.* This evident reference to electrical interactions was especially pertinent in
the beginnings of modern molecular biophysics, but today there is a widespread and increasing
awareness of the fundamental role of long range interactions in nanoscale science” and, particularly,
in biological macromolecules and their interfaces with ionic solutions. Historically, the understanding
of cell signaling and membrane electric currents has been associated to the concept of an ion
conducting pore.? Since then, a large variety of transmembrane proteins and other pore-forming
peptides have been described that help to communicate the cell or its organelles with their external
environment, maintain the osmotic equilibrium and perform essential physiological functions for the
metabolism.* They are collectively known as ion channels even though they may display a large
variety of characteristics (an extensive survey can be found in the Transport Classification Database).
> Here, we review how electrostatic interactions regulate the transport properties of biological
channels that display multiionic transport, i.e. pores having dimensions that allow simultaneous
passage of water molecules and several types of ions which may enter the pore without losing their
hydration shell.® These so-called mesoscopic channels do not show a specific selectivity for a
particular ionic species and in some cases are wide enough to let small metabolites like ATP or
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antibiotic molecules go in.” ®

Thus, this perspective is focused more on toxins and large bacterial
porins and peptide channels rather than on the canonical mammalian and bacterial channels that
perform specialized signalling functions often controlling the passage of a particular ionic species
across the membrane. There are many viral protein channels as well as antimicrobial peptides that

fall into this category of non-specific channels where the ideas put forward here may be of interest.

Understanding the role of lipid environment in the channel activity of proteins and peptides is
essential in the determination of protein structure and function and it is a novel theme in ion channel
biology. ° Lipids can modify the ion channel properties by changing the local distribution of charge,
the dielectric constant and other physicochemical properties of the membrane, such as its fluidity,

curvature strain, etc. °*2

And interestingly, this protein-lipid interaction is reciprocal, i.e., there are
many perturbations of membrane lipids induced by integral membrane proteins.”® This perspective
deals almost exclusively on the electrostatic effects of lipid charge on the channel properties. The
membrane electrostatic environment may influence the first stage of a peptide channel formation,

the membrane binding and subsequent insertion,'**

as well as its transport and selectivity
properties. Electrophysiology methods have proved to be the fundamental source of information to
identify and characterize non-specific charge effects associated to the protein ionizable residues and
to the lipid polar heads of biological membranes.'® This technique, historically associated to the
detection of neural activity of excitable tissues, has become indispensable in the study of channel
transport at the molecular level.* By reconstituting the protein channel in model membranes (e.g.
planar phospholipid bilayers) whose lipid composition can be controlled and modified at will, the
response of a single channel to an external applied voltage difference, a salt concentration gradient
or other non-equilibrium perturbations, can be monitored in real time and subsequently analyzed."
Very often merging the outcome of several experiments performed under different conditions helps

6,18,19

to understand the ion-protein interactions. Many experimental findings associated to lipid

charge effects have been traditionally rationalized by means of mean-field electrostatic theories like

2022 5r the Poisson-

Gouy-Chapman (GC) double layer theory and Poisson-Boltzmann’s equation,
Nernst-Planck flux equations.® With the advent of powerful computing techniques and the
increasing number of protein ion channels whose tertiary structure has been determined at atomic
resolution,”® unprecedented microscopic insights have been reported about the role of electrostatic

interactions in ion channel function.??®

In spite of this, there are many ion channels where the
predictive capability of simulations is still insufficient and lower resolution approaches like the
abovementioned continuum theories are an indispensable complement to figure out charge related

effects.>®

2 The classical view of conductance regulation by lipid charge

The functional properties of ion channels reconstituted in model phospholipid membranes depend
on a number of characteristics of the membrane: lipid composition (polar head and acyl chain),
hydrophobic thickness, intrinsic membrane curvature, hydrophobic mismatch, lateral pressure,

surface charge, etc.””®

Each one of these features could be of critical or secondary importance
depending on the particular aspect of the ion channel under study, e.g., ion conduction, gating,
ligand binding, life-time or formation on-rate, among others. Despite this, the surface charge

becomes the key factor in the vast majority of membrane proteins given that ion channel activity
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basically involves translocation of charged solutes. A significant fraction of the phospholipids in many
biological membranes bear a net negative charge. These surface charges are located in the polar
head groups of lipids and give rise to an electrostatic potential in the aqueous phase adjacent to the
membrane.

Experimental evidence of the influence of lipid charge on the conductance of ion channels has built

up over the last decades.?%?*%’

It has been reported that ion accumulation or depletion near a
charged membrane surface influences channel ion permeation. Depending on the channel selectivity,
the lipid charge can either increase or decrease channel conductance. To mention just a few
examples, an increase in channel conductance with surface charge has been reported in experiments
with neutral alamethicin®® and also with a much smaller, ideally cation selective channel, gramicidin
A, when reconstituted in negatively charged bilayers.”’ In the Voltage Dependent Anion Channel
(VDAC) from the mitochondrial outer membrane, the effect of membrane surface charge has been
studied both in negatively charged lipids and positively charged lipids.”> The residual channel
conductance upon VDAC-tubulin interaction was measured and it was found that in diluted solutions
a cationic lipid induced a decrease in conductance relative to the neutral membrane, whereas an

anionic lipid induced an increase in conductance.

The modulation of ion concentration exerted by lipid charges has been qualitatively and semi-

20223839 According to GC theory, the extent of

quantitatively rationalized in terms of GC theory.
counterion accumulation or coion depletion near a charged surface (the lipid-solution interface in
this case) is critically dependent on the ratio between the Debye length of the solution, Ay, and the
average distance from the channel mouth to the nearest charged lipid polar head. For an ideal planar
membrane, with homogeneous surface charge density g, in contact with a solution of ionic strength /

, the electric potential ¢ at a distance z from the surface (in RT/F units) predicted by GC theory is
¢(z) =4tanh™[ tanh (g, /4) exp(-2z/ A,) | (1)

where @, is the dimensionless electric potential at the membrane surface, given by
¢, =2sinh™[ g/(2F A1) ] (2)

and Debye length is A, = (EEORT/IFZ)UZ. In the above expressions R is the gas constant, T is the

absolute temperature, F is Faraday constant and &&, is the electric permittivity of water. By solving
numerically Poisson-Boltzmann’s equation near a charged planar surface with an embedded neutral
hole representing the channel mouth,” one can calculate how the electric potential changes with
respect to the normal distance from the lipid surface and also with the radial distance from the edge
of the charged surface towards the center of the channel mouth (Figure 2.1). This allows estimating
the counterion and coion concentrations over the pore mouth from the local electric potential. By
using an empiric’® or a theoretical®®?** relationship between channel conductance and ion
concentrations at the pore mouth, the lipid charge effect on channel transport properties can be
studied. Even though the use of GC theory is widely admitted, it exhibits some limitations, the most
important of which are considering ions as point charges exposed just to Culombic interactions in the
diffuse layer and regarding the solvent as a structureless continuum with homogeneous dielectric
permittivity. Some theoretical developments have sought to overcome these limitations, particularly
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those relative to the effect of the discreteness of surface charge both in protein ion channels and in
biological membranes." However, despite the fact that charge on membranes is discrete, models
that assume a uniform density of charge in the plane of the membrane predict potentials in

40-42

agreement with experiments. Furthermore, besides numerous experimental verifications, GC

theory has been also validated by Molecular Dynamics simulations.*

NORMAL AND LATERAL ELECTRIC POTENTIAL DECAY
0.1 M NaCl

neutral
pore

Figure 2.1

Cartoon of a wide channel embedded on a charged lipid
bilayer with an isopotential contour plot of the electric
potential decay in the normal direction from the lipid
surface and in the lateral direction from the protein-lipid
interface. Labels indicate the value of the electric
potential at the limit between regions with different color.
The potential was calculated for a negatively charged
(1e/0.5 nm?) planar surface with a neutral circular patch
of radius 1.4 nm bathed by a 0.1 M NaCl solution. The
contour plot size is 6 x 2 nm. Adapted from ref. 21.

3 Lipid charge effects probed by conductance measurements

The classical way to investigate the interactions between the channel and the permeating ions is to
analyze how channel conductance changes with salt concentration. In neutral or weakly charged
pores, the channel conductance should be proportional to the solution conductivity and hence to the
ion concentration.” In charged pores, one could speculate that the relationship between conductance
and concentration should basically depend on the amount of carriers that are inside the channel
once the electroneutrality requirements are fulfilled. Thus, some studies allegedly report a linear
dependence of the channel conductance on the square root of salt concentration that could be
tentatively attributed to charge screening effects. The rationale would be supposedly related to the
proportionality between the inverse Debye length and the square root of ionic strength.***
However, other experiments show no unique trend but a variety of charge screening effects
depending on the pore size, the ionization state of the pore charges and the complicated balance
between protein and lipid charges. In the following section we pay attention to all these effects by
analyzing the conductance concentration dependence in four protein channels whose well known
structure is rather different.
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3.1 Four channels of known 3D structure

The first example brought here is the bacterial porin OmpF, a multiionic, weakly cation selective

channel, well characterized both functionally and structurally,*®>°

which forms large pores in the
outer membrane of E. Coli. We measured the channel conductance in ion channels reconstituted in
neutral (DPhPC) and charged (DPhPS) membranes over a wide range of salt concentration (30 mM-
1.5 M KCl), as shown in Figure 3.1A. In all cases, regardless the lipid composition and the salt
concentration the pore displays almost ohmic conduction, so that the conductance is independent of
the applied voltage even at the lowest concentration, 30 mM (see Figure 3.1B). Taking into account
the size of the OmpF beta-barrel (several nanometers width), the lipid headgroup charges
surrounding the channel mouths are likely to exert a minor influence on the channel conductance.
Indeed, in concentrated solutions the differences between DPhPC and DPhPS are very small (within
experimental error) and in both cases the conductance apparently scales with salt concentration,
although the actual dependence is not linear, but somewhat like G 0c*’. This indicates that the
interaction of the permeating ions with lipid and protein charges must be described by something
more elaborated than the aforementioned square root of ionic strength that correlated with the
inverse of Debye length. Interestingly, the effect of the lipid charges is visible in diluted solutions. At
decimolar salt concentrations the channel conductance in pores reconstituted in charged
membranes increases by a factor of 2 with respect to neutral membranes.
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Figure 3.1

OmpF single channel conductance in neutral and charged
lipid membranes. A) Double logarithmic plot of the change
of the OmpF single channel conductance with the
conductivity of the bathing KCl solution at neutral pH. Two
sets of measurements are shown, corresponding to
channel reconstitution in negatively charged DPhPS
membranes (circles) and in neutral DPhPC membranes
(triangles). B) Current-voltage curve obtained from single
channel experiments at 30 mM KCI in DPhPC and DPhPS
membranes as labeled.

A completely different channel structure is formed by the antibiotic gramicidin A (gA). This peptide
dimer opens a very narrow aqueous pore that only allows for single file transport of ions.
Measurements of gA conductance in neutral and charged lipids were performed by Apell et al.” for
different CsCl concentrations and two decades later Rostovtseva et al.”® extended the study with
measurements at higher salt concentrations and a wide range of pH. Rostovtseva’s results are shown
in Figure 3.2. In this case the effect of the lipid is much more evident. Only at very high salt
concentration the conductance in both membranes are similar, whereas for dilute solutions the
effect of the lipid charge is increasing the channel conductance in one order of magnitude.
Interestingly, it was found *° that the addition of a small (1 mM) amount of Ca** ions to the CsCl
solution rendered virtually the same gA conductance in charged and neutral lipid. This is consistent
with a reduction in the negative surface potential induced by the divalent cations although it cannot
be excluded a gA blocking effect by Ca*" ions. The effect of the lipid is considerably higher than in
OmpF because of the much smaller size of the channel. Recall that gA is a cylinder-shaped pore with
radius about 0.2 nm whereas OmpF porin has an hour-glass shape of about 0.7 nm in the narrowest
part of the pore with vestibules about 2 nm wide. As it could be expected, the dependence of
channel conductance on salt concentration is completely different to that observed in OmpF. As
figure 3.2 shows, in charged lipids the channel conductance is almost insensitive to the salt
concentration. Quite the opposite, the experiments in neutral lipids show an almost linear
dependence at low concentration that saturates as concentration increases and finally almost
matches the results with charged lipids. Although these results qualitatively agree with GC theory,
there are many more subtle issues apart from pure electrostatic salt screening that should be taken
into account for a correct interpretation of lipid charge influence on gA conductance. The effect of
lipid lateral tension, given the small size of this channel, and a certain lipid selectivity not directly
related to the net charge of the lipid headgroups °* are two examples of phenomena that fall beyond
the scope of this perspective.
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Figure 3.2

Double logarithmic plot of the change of gramicidin A
channel conductance with CsCl concentration at pH 7.4.
Circles denote measurements in negatively charged DPhPS
membranes and triangles correspond to neutral DPhPC
membranes. Adapted with permission from ref. 20.

The above examples of a bacterial porin and a small antibiotic share the feature that the channel
structure is rather symmetric as regards the pore entrances. But when the channel structure is
asymmetric and the lipid-protein interface differ at the two channel entrances, the effect of lipid
charge on conductance may be voltage dependent and may also change with the ion current
direction. This is what happens in the alpha-hemolysin channel (aHL) from Staphylococcus aureus. Its
current-voltage relationship is nonlinear, rectifying, and depends on the bulk pH and the ionic
strength.”” In addition to its internal asymmetric charge distribution of amino acid residues, it has a
bulky cap in the membrane side where the protein is inserted and a smaller stem of cylindrical shape
on the other side.”® Besides, there is another difference with respect to OmpF and gA. The aHL
channel is anion selective. All these factors make the picture more complex than in the two
previously analyzed channels, since there could exist a certain compensation between the protein
and the lipid charges working in opposite directions. Even in a neutral membrane, the single
conductance measurements plotted in Figure 3.3 (triangles)™ show a slight (ca 20%) difference
between aHL conductance at +100 mV and -100 mV. When reconstituted in negatively charged lipids
(DPHPS), the rectification is enhanced as shown by the circles in Figure 3.3. Because the channel
distribution of charged residues is different on either pore mouths, a simple explanation in terms of
anions as major current carriers and their depletion induced by the negative lipid charge is not
possible.
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Figure 3.3

Voltage dependent single channel conductance of alpha-
hemolysin in 0.1 M KCl at pH 7.5. The same symbol code
as in previous figures is used: circles for DPhPS and
triangles for DPhPC membranes. Adapted with permission
from ref. 54.

Interestingly, lipid charge may alter channel conductance not only by inducing a change in the
amount of charge carriers at the channel entrance. An increase in surface charge, and its
concomitant polar head repulsion, may modify the membrane lateral stress and spontaneous
curvature changing then the relative probabilities of different channel conductance states. Both
kinds of effects have been reported in Alamethicin channels upon pH titration of DOPS polar heads in
the membrane.> Neutralization of the lipid head group charge by proton binding reduces head-head
repulsion and shifts DOPS from the lamellar structure displayed at neutral pH to a hexagonal H-
phase of high curvature (confirmed by X-ray diffraction at pH 2) where higher conductance levels of
the channel are much more probable. This result is consistent with the current barrel-stave model for
the alamethicin channel. According to this barrel-stave structure, higher conductance states would
correspond to bigger alamethicin aggregates (i.e. a larger number of assembled monomers) with a
less energy cost of membrane deformation. Figure 3.4 shows single conductance measurements of
the two lowest conductance states, labeled LO and L1, in varying NaCl concentrations at pH 6.2.%
Apart from a difference of up to an order of magnitude between LO and L1 conductance, the effect of
lipid charge is seen in an almost two-fold increase of channel conductance at physiological salt
concentrations. It is much bigger in LO state than in L1, which is consistent with the larger size of the
pore opening in the latter case and the greater distance between the pore center and the nearest
charged lipid polar head. GC theory accounts fairly well for the increase in conductance at different
salt concentrations and pH. Furthermore, in this particular case it allows to estimate the increase in
the number of alamethicin assembled monomers from LO to L1 barrel stave conformations. It is
worth mentioning that a neutral form of alamethicin was used in the above experiments. This detail
should not be overlooked because it allows analyzing the proton binding just to the lipid head groups
and not to any other ionizable residues of the protein channel. Somewhat, this is an exception
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because in most experiments channel charges and lipid charges can hardly be separately
manipulated by proton titration or salt screening.
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Figure 3.4

Double logarithmic plot of the change of two Alamethicin channel
conductance states (LO and L1) with NaCl concentration at pH 6.2.
Circles denote measurements in negatively charged DOPS
membranes and triangles correspond to neutral DOPE membranes.
Adapted with permission from ref. 21.

3.2 Lipid charge and proteolipidic structures

The findings in these four examples of channels whose structural information is available can be
summarized as follows: a) Channel conductance is different when channels are reconstituted in
charged membranes and in neutral membranes; b) Low electrolyte concentrations enhance the
effect of the lipid charges whereas concentrated solutions screen the lipid charges up to the point
that channel currents in charged and neutral lipids become almost indistinguishable; c) As lipid
charged headgroups surrounding the pore entrance are responsible for the alteration of local ion
concentrations, the smaller the channel mouth the higher the effect of the charged lipid; d) The
cationic or anionic channel selectivity is a key factor in the increase or decrease of ionic conductance.

This knowledge can be used to rationalize the ion channel activity of a protein in which lipid
molecules assemble with protein oligomers to form a combined proteolipidic structure. This may
occur in proteinaceous channels in which the lipids form the pore vestibule or just the channel
mouth (see Figure 3.5A), or alternatively, in lipidic channels in which the lipid polar heads, stabilized
by peptides, could be actually lining totally or partially the pore wall (see Figure 3.5B), **°® a
structure known as toroidal pore. This concept of toroidal pore was proposed as a mechanism of
action of antimicrobial peptides and large toxins > . The lipid surface bends to form the inner part of
a torus so that the lipid spontaneous curvature may promote or inhibit the pore formation
depending on the pore size. Lipid molecules would display positive curvature in a crossectional plane

along the pore axis (frontal view in Figure 3.5B) and negative curvature in a plane parallel to the
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membrane surface. Thus, experiments with lipids of positive and negative curvature have been used
to test whether a peptide forms toroidal pores in the membrane.
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Figure 3.5

Sketch of two different kinds of proteolipidic pores where the
lipid molecules and the peptide monomers are arranged
following the typical barrel stave pore (A) and a toroidal pore

(B).

We show here how new insights about proteolipidic pores can be gained from several series of
conductance measurements of a viral protein channel, the envelope protein channel of the SARS
coronavirus (SARS-CoV E).>”*® It has been reported that SARS-CoV E protein oligomerizes forming a
pentameric structure that alters the structure and permeability of phospholipid membranes, a
remarkable function for this protein that may affect virus host interaction.”” Experiments in neutral
DPhPC planar bilayers show that channel conductance changes linearly with solution conductivity.”®
Such behavior implies that the interaction between the permeating ions and the protein is so weak
that ion conduction in the pore and in bulk solution are pretty similar to each other. However,
parallel experiments in charged DPhPS membranes raise some important questions because the
results differ completely from the experiments reported in the previous section for OmpF, gA, aHL
and Alamethicin. The main unexpected result is that in experiments above physiological salt
concentrations, the SARS-CoV E channel conductance is higher in neutral membranes than in charged
ones (Figure 3.6). According to the classical electrostatic rationale described in the preceding section,
the lipid charge induced accumulation of ions near the pore mouth should produce just the opposite
effect, i.e. greater channel conductance in DPhPS. Furthermore, screening of charges at high salt
concentrations does not lead to similar channel conductance in charged and neutral membranes as
was the case in the other channels. Thus, in the search of alternative explanations we might ask if
besides the charge-induced change in local ion concentrations at the pore entrances there are other
effects that prevail and cause the observed difference in conductance. One could point to the
existence of membrane-induced lipid-protein structural rearrangements. This would yield a change in
the pore size that could account for variations in conductance.

10
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Channel conductance of SARS-CoV E protein channel in
neutral DPhPC (triangles) and negatively charged DPhPS
(circles) at pH 6. In DPhPS membranes and low
concentration KCl solutions (30-100 mM) the channel
conductance remains unaltered because the ionic
concentration within the pore is controlled by the channel
fixed charge. In more concentrated solutions (0.3-1.5 M),
the conductance increases with the bulk KCl
concentration. Adapted with permission from ref. 58.

However, this is not the unique possible scenario. It could also occur that lipid polar heads are
involved in the pore structure so that lipid charges become part of the channel inner fixed charge
distribution, as evidenced by the lower probability of pore formation in SARS-CoV E protein®® or
other viral proteins> in membranes containing DOPE, a lipid with negative intrinsic curvature. This
would imply that the lipid charges directly interact with the ions that pass through the channel,
modifying not only their local concentrations but also other transport properties (such as
hydrodynamic hindrance of ions, lipid-protein interactions, ion-ion correlations) that most probably
change ion mobilities in the pore.® Interestingly, this allows a simple explanation of the experimental
results reported in Figure 3.6. SARS-CoV E protein reconstituted in DPhPS membranes becomes a
negatively charged pore. Therefore, as long as the bulk concentration is small, the cation
concentration inside the pore rises to match the channel fixed charge so that local electroneutrality
is ensured. The increase in available carriers due to the lipid charges appears then as the reason why
in this regime, channel conductance is higher in charged lipids than in neutral ones. As salt
concentration increases, Donnan exclusion becomes less important and conductance increases
almost linearly with the total ion concentration in the pore, similarly to a neutral pore. Remarkably,
the theoretical Donnan predictions of conductance are able to reproduce the overall trend (lines
depicted in the two plots of Figure 3.6).”®

The change of channel conductance with concentration in SARS-CoV E protein reconstituted in DPhPS
membranes raises the question of whether it is a lipid-specific effect or it is simply dependent on the
lipid surface charge density. To check this lipid charge dependence, a useful strategy to study the

11
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influence of lipid charges on channel conductance is performing experiments with membranes of
varying composition of neutral and charged lipids. The advantage of this approach is two-fold. On
one hand, it allows keeping the protein or peptide charge unmodified. On the other hand, it provides
experimental evidence of the lipid involvement in the pore structure by looking at the way channel
conductance changes with the bulk electrolyte concentration. Figure 3.7 shows measurements of
single channel conductance in membranes with varying composition of (negatively charged) DPhPS
and (neutral) DPhPC lipids at neutral pH. Both lipids have lamellar structure so that any effect
associated to the membrane spontaneous curvature can be excluded.

Measurements were made in concentrated (1 M) and diluted (30 mM) KCI solutions for the sake of
comparison. Figure 3.7A exhibits ion conductance measurements in the bacterial porin OmpF.
Although the high and low salt concentration regimes are qualitatively similar, there is a significant
guantitative difference: the conductance change from pure DPhPC to pure DPhPS membranes at 1 M
KCl is insignificant ([110%) when compared with the two-fold increase seen in 30 mM KCI. Because of
OmpF trimeric structure is known at atomic resolution®® and there are reliable estimates of the size
of the trimer and of the pore mouth, these results can be rationalized in terms of the relative
distance between the nearest lipid charges and the three pore openings as mentioned above. In 1 M
KCl Debye length is A, [10.3 nm whereas in 30 mM KCl, it is A, 1.8 nm. At low salt concentrations
the influence of the lipid negative charges may extend up to the channel mouth strongly enough to
modify the electroneutrality of the bulk solution and to increase locally the concentration of cations,
which are the ions preferred by this cationic channel.
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Figure 3.7

Change of single channel conductance with lipid surface charge
density (proportional to the percentage of negatively charged
DPhPS lipid in a DPhPC:DPhPS membrane). A) Variation of
OmpF channel conductance with DPhPS percentage at low (30
mM) and high (1 M) KCI concentration. B) Variation of SARS-
CoV E protein channel conductance under the same low and
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high salt concentrations. All measurements were made at pH 6.
Data of SARS-CoV E are taken, with permission, from ref. 58.

Figure 3.7B shows the results of SARS-CoV E protein channel conductance measurements®” *%in 1 M
and 30 mM KCl solutions (top and bottom plot, respectively). A comparison between the SARS-CoV E
and OmpF conductance in neutral (DPhPC) membranes reveals a difference of more than an order of
magnitude between them (from 0.37 to 4.1 nS in 1 M KCl and from 25 to 300 pS in 30 mM KClI). This
reflects a large difference in pore size between these two weakly selective ion channels.**”’
However, the most interesting result of these four sets of measurements is that at high salt
concentration, lipid charge modulates SARS-CoV E channel conductance in the opposite way it does
in OmpF (as well as in gA and alamethicin): the channel conductance decreases with the amount of
negatively charged lipids, which is the opposite behavior to that observed in the previous examples.
Note that despite the large variability of SARS-CoV E conductance at 1 M KCI in pure DPhPC

>"%% the trend is clearly opposite to that in

membranes, already reported and discussed elsewhere
30 mM KClI. Different protein-lipid conformations in DPhPC and DPhPS, with concomitant changes in
pore size, can hardly be the reason behind that change in conductance because if that were the case,
the ionic current should decrease or increase similarly at low and high salt concentrations. The most
likely explanation of this decrease in channel conductance must be sought in the lipid polar head
involvement in the channel pore structure, as mentioned above. If this is the case, the overall
conductance should reflect a balance between two effects working in opposite directions. The tight
lipid/ion interaction could increase the number of available carriers in the channel but could as well
diminish their effective mobilities.® Actually, in diluted solutions the leading effect is the ion
accumulation induced by lipid charges to preserve local electroneutrality (see Fig 3.6). But, on the
contrary, as concentration increases and Donnan effects become negligible the key factor is probably
the reduction in ion diffusivities that makes the charged pore less conductive than the neutral one.
This reasoning does not categorically exclude the hypothetical existence of different protein-lipid
conformations, but stresses how important is the understanding of charge regulation effects that

otherwise could be mistakenly attributed to changes in pore size.”®

Interestingly, the proteolipidic structure is shared by a large number of pore-forming peptides,
antimicrobial peptides and other pore-forming toxins.®® Actually, a similar decrease of channel
conductance with lipid charge was found in experiments with Colicin E1 polypeptides by Sobko et al.
%2 In two types of channels (differing in size) the conductance in 1 M KCl decreased as the membrane
content in negatively charged DPhPG lipid was increased. Figure 3.8 shows the conductance
dependence on the fraction of charged lipid for the smallest polypeptide (P178). The drop in
conductance from pure DPhPC ([66 pS) to pure DPhPG ([b pS) is even larger than that reported
above for SARS-CoV E (Fig. 3.7B, top plot).

13



Physical Chemistry Chemical Physics

Colicin E1
60 [ %
)
S
(5]
(8]
g 40t ¢
S
g 9
O
20 ¢ o
Q Q
Q
O 1 1 1 1 1 1
0 20 40 60 80 100

DPhPG mol %
Figure 3.8

Single channel conductance of Colicin E1 channel forming
domain (P178) in membranes of varying molar fraction of
neutral (DPhPC) and negatively charged (DPhPG) lipids (1 M
KCI, pH 4.0). Adapted, with permission from ref. 62.

Finally, we would like to focus on a completely different system, in which the mere determination of
the channel conductance is a problem in itself. Pulmonary surfactant is a complex mixture of lipids
and specific surfactant proteins, including the hydrophobic proteins SP-B and SP-C, in charge of
stabilizing the respiratory surface of mammalian lungs. SP-C has been described to be a monomer
that forms an extremely hydrophobic a-helix with a transmembrane orientation. In contrast, SP-B
consists of five amphipatic a-helices connected by highly apolar loops and is found parallel to the
surface near the interface.® Having in mind these structural details and the high hydrophobicity of
both proteins, the involvement of lipid molecules in the pore structure seems to be indispensable. It
was recently reported that SP-B and SP-C, both together and also individually, create a huge variety
of channel-like structures in phospholipid membranes, with no characteristic size or conformation
(see Figure 3.9). Indeed, both in zwitterionic and in anionic lipid membranes, a continuous
distribution of conductance jumps amplitude, AG, can be observed ranging from tens of pS to several
nS in experiments performed in physiological salt concentrations. Although no major differences are
found, the histograms reveal that, in agreement with the findings of Figure 3.7 and Figure 3.8, the
most frequent values of the stepwise changes in conductance are slightly larger in neutral DOPC than
in negatively charged DOPC/DOPG membranes.

14
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Normalized histograms representing all the conductance
increments AG recorded during the experiments with the
hydrophobic protein fraction of native surfactant inserted in
DOPC (top panel, blue) or DOPC/DOPG (bottom panel, green)
bilayers for a protein/lipid ratio of 0.01% by weight in 150 mM
KCI. Adapted, with permission from ref. 37.

The high variability of this system, which cannot be compared with other proteolipidic structures
having better defined conductance properties, does not allow any quantitative interpretation but
simply stating the fact that introducing a negatively charged lipid in the protein-lipid mixture
generally reduces the conductance. However, in this particular case it is difficult to exclude other
non-electrostatic effects that may an important role too.

4 Channel selectivity tuned by lipid charge

The measurements shown in the preceding section show that channel conductance can be
modulated by the membrane charge, particularly when lipid molecules become part of the pore
structure and are not simply a passive surrounding medium hosting the transmembrane protein.>’
The channel selectivity, i.e. the ability to discriminate between ions of different charge, is another
channel property that is strongly sensitive to the electrostatic environment the permeating ions find
when crossing the membrane. Therefore, selectivity measurements in charged membranes are also a
powerful tool of characterization of any transmembrane protein or peptide forming channel.

It has been noted that the ionic selectivity cannot be considered as an intrinsic property of the
channel but necessarily includes both the characteristics of protein channel and of the electrolyte
flowing through it.*** However, a number of channel selectivity measurements in neutral membranes
show that it is largely modulated by the density of fixed charges exposed to the permeating ions in
the aqueous pore (i.e. by the amount of charged sites and their spatial distribution in the protein
channel).24’ 46, 52, 65, 66

The channel fixed charge density may be tuned by varying: a) the pH of the solutions (i.e. by changing
the ionization state of the amino acid residues of the channel), b) the fraction of charged lipids of the
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membrane, c) the salt concentration of the solutions (i.e., to screen charges more or less effectively)
and d) the type of permeating ions (from monovalent or multivalent salts, etc.).*® ®” Furthermore, by
means of site directed mutagenesis, channels with different distribution of charged residues can be

obtained.

4.1 Lipid headgroups on the membrane surface

Most biological membranes contain a significant fraction of charged lipids so that the real channel
selective properties are always influenced by the lipid charge no matter its magnitude. Sometimes, to
isolate the channel properties, planar bilayer selectivity experiments are performed in neutral

44,62,68-71

membranes. In other cases experiments seek to mimic the in vivo environment and

membranes containing a mixture of neutral and charged lipids are used.

Then, the first question that arises is to what extent lipid charge may modulate the selectivity of a
wide multiionic protein channel which does not involve lipid molecules in its aqueous pore structure.
To answer this question, the channel selectivity of the bacterial porin OmpF was measured in
solutions of varying acidity (pH 1.5-11) in a ten-fold concentration gradient (1 M cis , the side of
protein addition, and 0.1 M trans). Two series of reversal potential measurements were performed:
in neutral DPhPC membranes and in negatively charged DPhPS membranes. Remarkably, almost no
difference was found between both sets of measurements, as seen in Figure 4.1. Although the DPhPS
negative charges probably modify the ion concentration near the channel entrance in the diluted
solution (0.1 M), the repercussion in the zero current potential is negligible. Overall, the two
superimposed titration curves reflect the effective pKa’s of the most abundant ionizable residues of
the OmpF protein: aspartates and glutamates with model pKa close to 4 and arginines with model
pKa close to 12.* Therefore, it seems that when lipid headgroups are on the membrane surface and
do not face the pore lumen, the channel selectivity is barely influenced by the lipid charge.

OmpF
Or e ® DPhPS
s A A DPhPC
E 20t e
8
% a
g O @
I a
& e
()
¢ 20t A
Q Q
A
x 4 & ) S A
40t é
2 4 6 8 10
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Figure 4.1

OmpF channel selectivity titration. Reversal potential was measured in
neutral DPhPC membranes (triangles) and negatively charged DPhPS
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membranes (circles). Under the conditions of the experiments (KCl, 1 M
cis | 0.1 M trans), negative and positive reversal potential imply cationic
and anionic selectivity, respectively. Each point is the average of
measurements in 10-15 channels.

4.2 Lipid headgroups as pore building blocks

The next question concerns the effect of membrane surface charge on those channels with a

proteolipidic structure like that characteristic of toroidal pores. 2

To examine the lipid charge effect
on channel selectivity, reversal potential measurements were recently performed after
reconstitution of SARS-CoV E channels in DPhPC and DPhPS membranes.”® The experimental
conditions (pH 1.5-7 and 0.5/0.05 M KCIl concentration gradient) were analogous to that of Figure
4.1. Contrary to what was observed in the bacterial porin, in this case channel selectivity was strongly
dependent on the net charge of the host lipid (Figure 4.2). In DPhPC membranes the channel
displayed a very mild cationic selectivity at neutral pH (ratio of the permeability to positive versus
negative ions, P,/P_- =1 + 0.1) and a moderate anionic selectivity in highly acidic (pH 1.5) solutions
(P./P-=0.3 £ 0.1). The protonation of the glutamates in the CoV E protein TM domain is likely to be
the cause of this selectivity reversal. However, when the channels were reconstituted in DPhPS
membranes, the ionic selectivity at neutral pH was completely different and much higher than in
DPhPC: a weakly selective channel like SARS-CoV E appeared as a strongly cation selective pore.
Furthermore, the change in selectivity from pH 7 to pH 1.5 was much more significant and the
titration of charges even reversed the channel selectivity from cationic to anionic. The reversal
potential measurements in DPhPC can be fitted according to the typical one-site titration trend seen

in other channels*® 7*7

with an effective pKa of 4.3 (which is fairly consistent with the model pKa of
glutamate). The measurements in DPhPS can be also fitted to a slightly modified version of the
sigmoidal dose-response curve®® with the two steep transitions being well represented by effective
pKa’s 4.3 and 1.7. The last value can be attributed to the shifted pKa of the carboxyl or phosphate

group of DPhPS lipid polar heads. Both fitting curves are depicted by solid lines in Figure 4.2.
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Figure 4.2

SARS-CoV E protein channel titration. Reversal potential was measured in
neutral DPhPC membranes (triangles) and negatively charged DPhPS
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membranes (circles). Under the conditions of the experiments (500 mM
KCl cis | 50 mM KClI trans), negative and positive reversal potential imply
cationic and anionic selectivity, respectively. Solid lines correspond to the
best fit of the data according the typical one-site sigmoidal titration curve
(top plot) and two-site titration curve (bottom plot). Reprinted, with
permission, from ref. 58.

The two series of reversal potential potential measurements and the values of apparent pKa from
the fittings suggest that lipid molecules intercalate between the alpha helices of the SARS-CoV E TM
domain in such a way that polar head groups take part in the assembling of the pore wall. This
picture is in agreement with the conductance measurements in membranes of variable fraction of
neutral and charged lipid. pH effects other than titration of lipid headgroups and channel ionizable
residues cannot be excluded but the “titration signature” of proteolipidic pores and proteinaceous
pores seems remarkably different.

The dependence of ion selectivity on pH and lipid composition in other proteins and channel-forming
peptides can also be interpreted by the direct participation of lipid molecules in the channel walls, as
in the case of colicin E1, the peptide eumenitin and the lipopeptide antibiotic syringomycin E. In the
case of the colicin E, the selectivity is sensitive to the pH of the solution and the lipid content of the
membrane’® and the anionic selectivity of the colicin E is reduced in membranes containing anionic
lipids.”” An identical behavior is observed in syringomycin E in which the anionic selectivity of the
channel is higher in neutral membranes than in membranes containing negatively charged lipids.** In
the case of the peptide eumenitin, the channel exhibits cationic selectivity which is increased in
membranes formed by negatively charged lipids.”” In summary, selectivity experiments under
variable conditions of pH and membrane lipid composition can provide valuable information about
the pore structure of ion channels whose atomic structure has not been resolved yet.

4.3 Correlation between conductance and selectivity

In section 3.2 we showed that pulmonary surfactant proteins SP-B and SP-C induce the
permeabilization of phospholipid membranes via pore formation. An almost continuous distribution
of conductance values spanning several orders of magnitude was found. In principle, the large values
of conductance could correspond to multiple insertions of small pores or, alternatively, to individual
wider pores. These results show that lipid composition determines the amplitude histograms,
suggesting a direct incorporation of lipid into the pore structure. Selectivity measurements can be
extremely useful to investigate both the pore size distribution and the role of the lipid charge in the
channel function. Thus, reversal potential experiments were carried out for the entire hydrophobic
surfactant protein fraction supplemented to both DOPC and DOPC/DOPG bilayers, as shown in Fig.
4.3.

18



Page 19 of 26 Physical Chemistry Chemical Physics

Pulmonary surfactant

45
A ] [ ] LI B = PF+ DOPC
g 30 | . g g" e PF+ DOPC/DOPG |
= s B n F u
g s s i‘i H . =g -
c r u - an
9] [ L o = [
é -I— I | | dl=-. m m
-_— O _____________________________________________________________
: £ Qﬁé o ®e o °
(] o) o
& ® o ©
g -15 ¢ g s%’ %p o N °
'8' oo c%
-30 T — T T L L L
2 34 6 50 1 2 3
Concentration ratio Conductance (nS)

Figure 4.3

A) Reversal potential versus KCl concentration ratio (50 mM
trans side; 100 mM-2.5 M cis side) for DOPC (squares) or
DOPC/DOPG 85:15 (circles) bilayers supplemented with the
hydrophobic protein fraction at a protein/lipid ratio of 0.01%
by weight. All the measured values have been plotted, and the
black line represents the average of the measurements for
each concentration ratio. B) Reversal potential versus
conductance for all the experiments performed with the same
membranes as in panel A. Reprinted, with permission, from
ref. 37.

In a neutral phospholipid bilayer like DOPC, the pores were selective to anions (upper panel of Fig.
4.3A), what is compatible with the positive net charge of both SP-B and SP-C. The addition of 15% of
DOPG into DOPC bilayers resulted in an inversion of the channel selectivity: all experiments yielded
negative reversal potentials, characteristic of a cation-selective channel (bottom panel of Fig. 4.3A).
Similar results were obtained in DPhPC (zwitterionic) and DPhPC/DPhPS (negatively charged)
bilayers®’, pointing to the lipid charge as responsible for the selectivity inversion. As regards the pore
size distribution, it is important to remember that the reversal potential of a population of identical
channels is independent of the actual number of them and should yield the same selectivity as a
single channel.* Then, the considerable dispersion found in the reversal potential values displayed in
Fig. 4.3A (clearly beyond the experimental error) is consistent with the existence of multiple
independent pore structures as suggested by the data of Fig. 3.9. Interestingly, the correlation
between Reversal potential and conductance (Figure 4.3B) provides additional interesting clues in

this sense. Although the results are visibly scattered, a general trend can be observed particularly in

the case of PF+DOPC (squares in upper panel): higher values of reversal potential correspond to

lower conductances (Fig. 4.3B). Narrow channels display a low conductance and a high discrimination

because of the close contact between the permeating ions and the charges in the pore wall, whereas

wider pores provide an easier permeation pathway at the expense of losing selectivity.*’

19



Physical Chemistry Chemical Physics Page 20 of 26

5 Other specific lipid charge effects

We have focused this perspective on one aspect of the lipid charge regulation of the conductance
and ion selectivity of mesoscopic biological ion channels. However, membrane permeabilization by
means of ion channels involves not only coulombic interactions but also a complex interplay of other
factors like mechanical and hydrophobic/hydrophilic short range interactions.”® Hence, in some
cases a certain degree of lipid charge specificity is found on some channel functional properties. For
instance, certain anionic lipids within the family of phosphoinositides, like phosphatidylinositol 4,5-
bisphosphate (PIP,) regulate a large number of ion channels by specific direct interaction with a
positively charged binding site of the protein channel.’ Even though the charge of the lipid is needed
for the interaction (charge neutralization abolishes the channel regulation), the electrostatic nature
of the lipid regulation is far from a screened coulombic one. The lipid specific interactions include
those who regulate the initial stage of the channel insertion in the membrane. In addition, although
it cannot be considered as lipid regulation of channel function, the binding of membrane-active
proteins or peptides to anionic lipid membranes may facilitate or hinder protein insertion into the
lipid bilayer. In some cases, tuning the surface potential of the membrane has proved crucial for an
efficient toxin import and enhancing channel activity.™

Alternatively, there is another aspect of the lipid functional involvement in the channel: its effect on
the channel opening and closing kinetics. It has been reported for the lipopeptide antibiotic
syringomicin E that transitions from charged to neutral (or screened) lipids are accompanied by
strong changes in the effective gating charge including inversion in the sign of potentials that open
(or close) the channels.** Similarly, it has been reported also that interfacial polar interactions can
affect gramicidin (gA) channel kinetics.”” These experiments demonstrate that the regulation of gA
lifetime involves both nonspecific (hydrophobic mismatch) and specific (headgroup-peptide)
interactions. There are other effects thay might be important in some cases and have been briefly
mentioned here (like the charge induced lateral stress and change in curvature in alamethicin) or
simply overlooked: protein conformational changes, dielectric exclusion, specific ion binding to the
protein or hydrophobic interactions, to mention just some of them. The use of GC theory and
Donnan equilibria may be questionable for attempting a quantitative interpretation of some of the
experiments here reported but they prove to be useful to show that electrostatic effects are enough
in some cases to qualitatively understand the lipid charge effect without resorting to other
interactions.

Conclusions and perspectives

Electrophysiological experiments provide new insights on the involvement of lipids in the structure
and function of protein channels. The examples reviewed here of several channels with some
similarities (e.g. their multiionic character, with the exception of gA) and many other differences in
size, structure, oligomerization, etc., show that the effects of lipid charge on channel transport
properties do not follow a simple pattern. There are key factors like the protein size, the channel
selectivity and, most importantly, the kind of lipid-protein structural arrangements that should be
taken into account to understand qualitatively and quantitatively the lipid charge regulation of
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channel conductance. Conversely, one can take advantage of this fact to analyze lipid properties and
even specific surface interactions of multivalent ions by using a channel as a probe.*® Furthermore,
channel conductance measurements with variable membrane lipid composition emerge as a useful
tool to discriminate between proteinaceous pores and proteolipidic pores, complementary to the
experimental evidence based on the use of membranes with intrinsic lipid curvature. In the case of
pure proteinaceous pores, lipid charged headgroups are located only near the pore entrances,
accumulating counterions as described by the Donnan equilibrium. As expected, those screening
effects are more important in diluted solutions and relatively narrow pores. In proteolipidic pores,
lipid charges directly interact with the ions crossing the channel, changing not only their local
concentrations but also other transport properties such as ion diffusivities in the pore. In this kind of
structures, we show that the experiments can be rationalized paying attention to charge regulation
effects with no need to appeal necessarily to different channel conformations.

Selectivity measurements offer a similar scenario. In wide protein channels like OmpF lipid molecules
do not become part of the pore structure so that the selectivity is barely influenced by the lipid
charge. On the other hand, host lipid determines the ionic selectivity of proteolipidic pores. By
comparing reversal potential measurements in OmpF and a viral protein channel we show how
selectivity experiments can be useful to dissect the separate roles of lipid and protein charges.
Correlations of conductance versus selectivity can help to discriminate between a variety of different
conductance states or multiple insertions of a single unitary conductance. Overall, the
electrophysiological measurements reported here for different protein-lipid conformations underlie
the importance of electrostatic interactions in the ion channel functional properties. Tuning lipid
charge combined with conductance and selectivity measurements is shown to be a complementary
method to evidence lipid involvement in the structure of a biological ion channel. Indirectly, the
influence of lipid charge on channel conductance can also be exploited to achieve rectification

properties that may be used in biomimetic nanofluidic devices for sensing applications.®®
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