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Abstract. The Poisson-Boltzmann equation was solved
numerically for models of the pore regions of the Shaker
K™ channel and of two glycoporins (LamB and ScrY) to
yield electrostatic potential profiles along the pore axes.
From these potential profiles, single-channel current-
voltage (I-V) relations were calculated. The importance
of a proper treatment of the ionisation state of two rings
of aspartate sidechains at the mouth of the K™ channel
pore emerged from such calculations. The calculated
most likely state, in which only two of the eight aspartate
sidechains were deprotonated, yielded better agreement
with experimental conductance data. An approximate
calculation of single-channel conductances based simply
on pore geometry yielded very similar conductance
values for the two glycoporins. This differed from
an experimentally determined conductance ratio of
ScrY:LamB=10:1. Preliminary electrostatics calcula-
tions appeared to reproduce the observed difference in
conductance between the two glycoporins, confirming
that single-channel conductance is determined by elec-
trostatic as well as geometric considerations.
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1 Introduction

Channels are integral membrane proteins which permit
the passive movement of selected inorganic ions across
lipid bilayer membranes [1]. They are central to the
electrical activity of excitable cells (e.g. neurons, mus-
cle), but are also found in membranes of a wide range of
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organisms and cells, from viruses to plants. Patch clamp
recording techniques [2] allow ionic currents flowing
through single-channel molecules to be measured as a
function of the voltage across the membrane, thus
yielding current-voltage (I-V) relationships, from which
single-channel conductances may be derived. In princi-
ple it should be possible to calculate such I~V relation-
ships from structural models of channels. However, this
process is impeded by our lack of knowledge of three-
dimensional structures for ion channels (although the
recent publication of an X-ray structure for a bacterial
K" channel [3] indicates that this may improve in the
near future) and by our imperfect understanding of the
theory relating ion channel structure to function [4]. In
particular, it remains to be established what is the
appropriate level of detail at which to describe ion
permeation in order to obtain an accurate prediction of
a single channel conductance. One approach, suggested
by Hille [1] and explored in more detail by Smart et al.
[5], stresses the importance of channel geometry, as
embodied in the pore radius profile of a channel, in
determining single-channel conductance. However, such
an approach masks the possible importance of electro-
static interactions between channel and permeating ion.
In particular, an ion passing through a channel of
molecular dimensions is likely to interact strongly with
ionised sidechains lining the channel. “Rings” of such
sidechains have been suggested to play an important
role in ion permeation and selectivity of, for example,
the nicotinic acetylcholine receptor [6]. However, as
noted by a number of authors [6-8], one may not
assume that ionisable sidechains within a channel
environment will adopt their “normal” bulk solution
ionisation state. Thus, even an approximate theory of
ion permeation must take into account pore geometry,
the presence of ionisable sidechains within and at the
mouths of the pore, and the ionisation state of such
sidechains. In this paper we explore such considerations
for two types of channel: (1) a model of the pore domain
of the Shaker voltage-gated K channel; and (2) the
glycoporins LamB (maltoporin) and ScrY (sucrose
porin), for which high-resolution X-ray structures are
available [9, 10].
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2 Methods

The program HOLE [11] was used to characterise the geometry of the
structures, yielding a profile of the radius along the pore axis. This
may then be used to give a first approximation to the channel’s Ohmic
conductance by assuming that the resistance of the channel may be
obtained from the sum of the resistances of a series of cylinders with
the same resistivity (p) as that of bulk electrolyte in solution:
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_ X pAL
Gl = E —, 1
upper A 7'EVZZ ( )
where Gypper 1s the upper limit to the channel conductance, r. is the

radius of each cylinder, AL is its length, and where z lies along the
length of the pore. The resulting value embodies the assumptions
that conductance can be determined purely by channel geometry
and that water and ions within the channel have bulk-like behav-
iour. To correct for the difference between the resistivity of an
electrolyte in its bulk state and within a channel, we employ the
approximation described in [5]:

Gpred =5 Gupper (2)

where G4 is the predicted conductance and §=0.2 is an em-
pirical scale factor based on fitting to known channel structures and
conductances.

It is also possible to calculate a channel’s conductance by a
more detailed consideration of its electrostatic characteristics. We
use the program UHBD [12] to calculate values for the electrostatic
potential by solving the linear Poisson-Boltzmann equation using a
finite-difference method:

V- ((r)V(r) — x> ()b(x) + dmp(r) = 0 (3)

where ¢ is the electrostatic potential, ¢ is the dielectric constant,
and k is the modified Debye-Huckel parameter. The protein is
embedded in a low dielectric (¢ = 4) slab and the solvent, both
inside and outside of the pore, is modelled with a dielectric of 78.
On the basis of such calculations one may determine the following
characteristics of the channel: (1) the ionisation states of titratable
groups; (2) the electrostatic profile along the pore axis; and (3) the
single-channel /- relationship.

The standard pK for anionisable amino acid sidechain is for that
sidechain when in an isolated amino acid in dilute aqueous solution.
The intrinsic pKa for the same sidechain is for when it is within a
protein environment, assuming all other sidechains in the protein are
in their uncharged state. The difference between the standard and
intrinsic pK values may be obtained via calculation (using UHBD)
of the solvation energies of the sidechain in the two states. By con-
sidering the interaction of a residue with all other ionisable groups in
the protein in all their possible ionisation states, a titration curve for
that residue may be calculated from which the absolute pKs may be
obtained. Using the absolute pKa, the ionisation state of that residue
at physiological pH (i.e. 7) may be obtained. A more detailed
description of the general methodology of calculating the pK of an
ionisable group may be found in [13] and [14].

Once the ionisation state of all residues in a pore model has
been calculated, one may use the Poisson-Boltzmann equation to
calculate the resultant electrostatic potential profile ¢ as a function
of position along the pore (z) axis.

This electrostatic profile may be used to calculate the single-
channel I~V relationship. The Nernst-Planck equation describes the
flux of a charged species across a barrier to diffusion in a net
transbilayer electrochemical gradient. The electrochemical gradient
may be expressed as a function of the electrostatic potential to yield
the Poisson-Nernst-Planck equation. Reducing the problem to one
dimension (along the pore axis), the Poisson-Nernst-Planck equa-
tion becomes:

ot = FDRICA ((7 exp(zcFp./RT) — 1 ) N < exp(zaF ¢, /RT) - 1 >> @
Jolexp(zeF . /RT)dZ]) — \ Jy[exp(zcF .. /RT)dz] ) )

where /is the total current, Fis the Faraday constant, D is the diffusion
coefficient for ion, f§ is the partition coefficient for ion from bulk so-
lution to channel, [C] is the salt activity (equal on both sides), A4 is the

cross-sectionalarea of thechannel, z., is the cation/anion valence, ¢/,
is the applied potential for cation/anion, ¢,/, is the potential at po-
sition z in the membrane for cation/anion, and / is the effective length
ofthechannel. Thismay be solved to calculate the current per unitarea
through the channel as a function of transbilayer potential difference,
leading to a characteristic I~V relation for the channel.

3 Results
3.1 Shaker K" channel model

Voltage-gated potassium channels open in response to
the depolarisation of the cell membrane to selectively

Fig. 1. A C-o backbone trace of Shaker K™ channel pore model
from side view. The H5 f-barrel is coloured orange, the S5 helices
blue, and the S6 helices magenta. B Same model as viewed from the
extracellular end of the pore. The Asp rings are represented in
atomic detail and coloured red
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enable passive diffusion of potassium ions through them.
Their physiological role is to return the membrane
potential back to its resting value, thus terminating an
action potential.

A model of the pore-lining region of the Shaker K *
channel (see Fig. 1) was derived from a large body of
mutagenesis data using a restrained molecular dynamics
procedure as described previously [15]. In this model
(which is not uniquely defined by the experimental data)
the pore is formed by a double-bulged f-barrel (con-
taining the P-region, or HS5 loop, of the channel se-
quence) flanked by eight helices, S5 and S6 (see Fig. 1).
A salient feature of our model is the presence of two
rings of Asp residues (residues Asp2 and Aspl18 from the
Shaker sequence) near the extracellular mouth of the
pore (see Fig. 1B). Also, a Tyr ring (from the GYG
potassium channel sequence motif) constricts the nar-
rowest region of the pore. Recently, an X-ray structure
of a bacterial potassium channel, from Streptomyces
lividans, has been solved to 3.2 A [3]. Whilst our model

differs from the X-ray structure in the secondary struc-
ture of the P-domain, both the model and the experi-
mental structure would suggest that the “rings” of Asp
sidechains are present at the mouth of the channel.

pKa calculations on the two Asp rings show that, in
general, only two (one from each ring) of the eight Asp
sidechains are ionised. This calculation was repeated on
four snapshot structures taken at 50 ps intervals through
a 250 ps molecular dynamics (MD) simulation. Exactly
which of the eight residues are ionised changes with re-
spect to time, suggesting that the ionisation state may
undergo dynamic transitions. It should be noted that we
have not yet investigated how such transitions might
change in the presence of a permeant K™ ion.

On the basis of the pKa calculations, electrostatic
profiles (see Fig. 2A) were compared for the model with
all eight Asp sidechains in their default ionisation state,
with all the Asps ionised, and the most likely state in
which two Asp sidechains were charged and the rest
were protonated (and hence neutral). There is a marked
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difference between the profiles, particularly in the region
of the Asp rings at z ca. +12 to +20 A. There is a well
of a depth of just over 40 kcal/mol (i.e. —=70RT) if one
assumes all the Asp residues to be ionised. A cation
within such a well would find it energetically very diffi-
cult to escape and so such a profile would not be ex-
pected to correlate with the known conductance for the
channel (ca. 19 pS at 100 mM KCI [16]). With only two
of the Asp residues ionised, the profile is much flatter.
This difference mirrors that seen in a previous study
which employed MD simulations to determine potential
energy profiles for a K ion moved along the pore axis
of a similar channel model [8].

I-V curves (see Fig. 2B) were calculated on the basis
of both of the electrostatic potential profiles. The curve
for the default ionisation state is asymmetric i.e. the
channel was predicted to show rectification [1]. Such
rectification arises from the asymmetrical nature and
large extent of the well in the electrostatic profile. In the
more physically realistic case where only two of the Asps
were negatively charged, the relation is linear, yielding a
slope conductance of from around 20 to 25 pS. This
correlates well with the experimental data [16] which
indicate a linear /-V relationship with a single-channel
conductance of 19 pS. Furthermore, for both models
almost all of the current was predicted to be carried by
cations, again as is the case experimentally. Thus, al-
though clearly an approximation, and unable to describe
selectivity between different cations, a simple theoretical
treatment of a physically realistic model of that state of
ionisation of sidechains at the mouth of a K™ channel
predicts a current-voltage relationship which is in good
agreement with that obtained experimentally. This en-
courages one to continue to develop this theoretical
approach and to apply it to other channel systems, e.g.
bacterial porins.

3.2 Glycoporins

The outer membrane of Gram-negative bacteria con-
tains two classes of porin, which facilitate the move-
ment of hydrophilic substances across it. The general
diffusion porins (five of which have X-ray crystallo-
graphically determined structures [17-20]) allow the
passage of molecules and ions of less than ca. 500 Da
molecular weight. Rather more specific porins are
expressed under growth-limiting conditions. These
contain binding sites for specific classes of solute (e.g.
sugars), which are thus able diffuse at high rates for
low concentrations of solute [21-23]. Two well-studied
specific porins are maltoporin (also known as LamB)
and sucrose porin (ScrY). Maltoporin forms a channel
for the permeation of maltose and higher maltodextrins
whilst sucrose porin is specific for sucrose and malto-
oligosaccharides. Both also form cation selective chan-
nels.

The Escherichia coli structures of LamB and ScrY
have been determined by X-ray crystallographic tech-
niques to 3.1 and 2.4 A, respectively [9, 10], revealing
some striking structural similarities. ScrY has a further

N-terminal, non-pore 72 amino acids, but the electron
density was too poor to solve this region. Each gly-
coporin monomer is an 18-stranded pf-barrel (see
Fig. 3A,B). The third external loop in each monomer
folds along the inside of the barrel, constricting the pore
lumen. At the constriction site there are six aromatic
residues that form a “‘greasy slide”” opposite a number of
ionisable residues (‘“‘the ionic track’) which serve to fa-
cilitate sugar diffusion. However, despite their overall
structural similarity, the single-channel conductance of
maltoporin (0.15 nSin 1 M KCI[21]) is ca. 10-fold lower
than that of ScrY (1.4 nS in 1 M KCI [23]). This dif-

Fig. 3. A Side - on view of ScrY monomer. B View down the ScrY
trimer. The f-strands are shown as orange arrows, and the inter-
strand loops are yellow



Fig. 4A-C. Results for LamB
and ScrY. Solid line = LamB;
broken line = ScrY. A Pore
radius versus position along 25 -
pore axis. B Electrostatic po-
tential energy profile for a cat-
ion passing down the pore
versus position along the pore
axis. C -V relation, at an ionic
concentration of 1 M KCl
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ference in channel conductance, despite pronounced
structural similarities, provides us with a valuable test of
theoretical treatments of single-channel conductances.
Pore radius profiles of the two glycoporin monomers
(see Fig. 4A) reveals little difference between the pore
geometries other than a slightly wider external (extra-

cellular) mouth for ScrY. Conductance calculations
based on these profiles yield a conductance ratio of 1.3:1
(ScrY:LamB) compared to the 10:1 determined experi-
mentally. Thus, the difference in conductance between
LamB and ScrY does not appear to be due to differences
in the geometry of the channels.
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Electrostatic potential profiles (see Fig. 4B) are
markedly different for the two glycoporins. The LamB
profile is flatter with wells at —10 A and 15 A of mag-
nitude between —1 and —2 kcal/mol and a slight barrier
(ca. +0.5 kcal/mol) close to the middle of the pore. In
contrast, the ScrY profile shows a much deeper well (ca.
—5 kcal/mol) near the middle of the pore. Thus, al-
though both pores would be anticipated to be somewhat
cation selective, different single channel conductances
and -V relations are anticipated.

The I-V relations (see Fig. 4C) derived from the
electrostatic profiles are different for the two channels.
In the positive quadrant the ScrY conductance (ca.
0.35nS in 1 M KCI) is markedly greater than that of
LamB (ca. 0.1 nS in 1 M KCI), whilst at negative po-
tentials the two channels have about the same conduc-
tance. Whilst these calculations are preliminary, having
not yet taken into account the absolute pK, values of
the pore-lining sidechains, they do suggest that differ-
ences in electrostatic potential energy profiles, rather
than pore geometry, underlie the large differences in
conductance of LamB and ScrY.

4 Discussion

We have presented applications of two methods for
calculating single-channel conductances. They work at
different levels. The geometry-based conductance pre-
diction assumes that solvent and ions within a channel
behave as in bulk solution. Many MD studies [24-27] of
channels, including an earlier model of the H5 region of
the potassium channel [8], show that water within a
channel exhibits restricted motion. More recently, this
has also been observed for ions within channels [28].
Moreover, pore water aligns itself to local E-fields and
shows some ordering and hydrogen-bonding. These
effects will reduce the dielectric constant within a pore
and alter the resistivity [29]. The use of an empirical scale
factor in the prediction of conduction at the moment
provides only a first-order approximation to such
considerations.

The electrostatic-based conductance prediction works
at a mesoscopic level. It relies on a picture of the elec-
trostatic field within a pore that emerges from Poisson-
Boltzmann calculations and so suffers from such sources
of error as all such calculations on proteins. The deter-
mination of the sidechain ionisation state is dependent
on the exact sidechain conformations within a structure,
as revealed by calculations of successive snapshots from
a MD simulation show differing pictures. In calculating
an electrostatic potential along the axis of a pore and the
resultant I~V curves we are reducing the problem to
a one-dimensional approximation. The -V calculation
utilises bulk values for the diffusion constant of ions.
However, despite such approximations, the results pre-
sented here are encouraging, correctly predicting cation
selectivity and approximate conductances.

The work on the model potassium channel clearly
shows the need to consider the ionisation state of tit-
ratable groups. These have marked effects on channel

function. This suggests that the ionisation state of such
sidechains deserve consideration when probing the
structure-function relation on the basis of experimental
X-ray structures of channels. The glycoporin analyses
highlight the importance of electrostatic calculations in
addressing experimentally observed differences in con-
ductance where geometric considerations alone are
insufficient.
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