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Abstract The energetic profile of an ion translated along
the axis of an ion channel should reveal whether the struc-
ture corresponds to a functionally open or closed state of
the channel. In this study, we explore the combined use of
Poisson—Boltzmann electrostatic calculations and evalua-
tion of van der Waals interactions between ion and pore to
provide an initial appraisal of the gating state of a channel.
This approach is exemplified by its application to the bacte-
rial inward rectifier potassium channel KirBac3.1, where it
reveals the closed gate to be formed by a ring of leucine
(L124) side chains. We have extended this analysis to a
comparative survey of gating profiles, including model
hydrophobic nanopores, the nicotinic acetylcholine recep-
tor, and a number of potassium channel structures and mod-
els. This enables us to identify three gating regimes, and to
show the limitation of this computationally inexpensive
method. For a (closed) gate radius of 0.4 nm < R < 0.8 nm,
a hydrophobic gate may be present. For a gate radius of
0.2 nm < R < 0.4 nm, both electrostatic and van der Waals
interactions will contribute to the barrier height. Below
R =0.2 nm, repulsive van der Waals interactions are likely
to dominate, resulting in a sterically occluded gate. In
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general, the method is more useful when the channel is
wider; for narrower channels, the flexibility of the protein
may allow otherwise-unsurmountable energetic barriers to
be overcome.
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Abbreviations

MscL.  Large-conductance mechanosensitive channel
MscS Small-conductance mechanosensitive channel
nAChR Nicotinic acetylcholine receptor

PB Poisson—Boltzmann

PMF Potential of mean force

Introduction

Ion channels form a major class of integral membrane pro-
teins. They perform key functions in cell behaviour, such as
electrical excitability, regulation of cell volume, regulation
of cytoplasmic ion concentration and pH, hormone and
neurotransmitter secretion (Hille 2001). The malfunction of
ion channels leads to a wide range of diseases named chan-
nelopathies (Ashcroft 2000). Because of this, ion channels
are important drug targets (Hopkins and Groom 2002) and
hence are of biomedical interest. For example, the voltage-
gated ion channel superfamily has 143 members in seven
groups of channel families, as summarized in the IUPHAR
compendium of voltage-gated ion channels (Yu etal.
2005).

Ion channels are generally gated, i.e., they switch
between functionally open and closed conformations in
response to various environmental stimuli, such as changes
in transmembrane voltage and/or binding of ligands.

@ Springer



348

Eur Biophys J (2009) 38:347-354

Channels are also selective, i.e., only certain ions are able
to pass through the open state channel. Advances in the
structural biology of ion channels (Doyle 2004; Hilf and
Dutzler 2008; MacKinnon 2003; Maguire 2006) offer the
possibility of understanding the biophysical function of ion
channels in terms of their molecular structures. One way in
which we may arrive at such an understanding is via com-
putational studies (Roux and Schulten 2004). In particular,
the gating and selectivity of channels depends on the struc-
ture of the pore and on the energetics of interactions
between the ion and the protein and water microenviron-
ment as it traverses the channel (Roux et al. 2004; Tieleman
et al. 2001), both of which may be addressed computa-
tionally.

Ion selectivity is currently the subject of intense scrutiny
from a combined structural (Cordero-Morales et al. 2006b;
Gouaux and MacKinnon 2005) and computational (Boda
et al. 2007; Bostick and Brooks 2007; Buchera et al. 2006;
Noskov et al. 2004; Noskov and Roux 2006) perspective. It
is therefore likely for that general rules will begin to
emerge as these approaches are used for a wider range of
channels.

Computational studies of energetic barriers and gating
are perhaps less well advanced (Anishkin and Sukharev
2004; Kong et al. 2002; Shen et al. 2002; Shrivastava and
Bahar 2006; Woolf et al. 2004), but again there is the hope
that comparative studies may help us to understand general
‘rules’ of channel gating. This may enable, in the longer
term, more rapid screening of experimental channel struc-
tures as to their open/closed state prior to conducting more
accurate, but more computationally expensive, potential of
mean force (PMF) calculations (Beckstein and Sansom
2006; Ivanov et al. 2007). In a previous study, we explored
the relationship between the energy barrier at the channel’s
pore and the shape of the pore, and compared full PMF
evaluation with continuum electrostatics calculations, using
a series of calculations on model hydrophobic nanopores
(Beckstein et al. 2004). In the present work, we apply the
same method to several K* channels for which we have
crystallographic structures and/or homology models. Thus,
the current study is an extension to more biologically realis-
tic protein channels, evaluating more fully the earlier pro-
posal which was based on simple model nanopores.

In K* channels, the pore is formed by four subunits,
assembled symmetrically around the central axis (Doyle
et al. 1998; MacKinnon 2003; MacKinnon et al. 1998). In
each subunit, the pore-lining domain consists of two
transmembrane o-helices (M1 and M2, or S5 and S6 in Kv
channels). Between these is a pore loop containing a short
a-helical segment (the P-helix), and an extended segment of
polypeptide chain which forms the selectivity filter contain-
ing the signature sequence TVGYG. From the filter (which
itself may be considered a ‘gate’ (Cordero-Morales et al.
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2006a) the pore extends towards the intracellular mouth, a
hydrophobic constriction which forms a gating structure
responsible for switching between open and closed confor-
mations. These are the basic characteristics of K* channels.

Whilst understanding ion selectivity may require atomis-
tic MD simulations (Noskov and Roux 2006) and QM/MM
calculations (Buchera et al. 2006), the nature of the ener-
getic barrier forming the gate in ion channels may also be
approached via continuum electrostatic calculations, at
least as a first approximation. For example, recent work by
Jogini and Roux used a continuum electrostatic approach to
compare KcsA, MthK, KirBac and Kv channels, analyzing
per-residue contributions to the energy of interaction with
the ion in the central cavity of the channel (Jogini and Roux
2005). Similarly, Corry (2004) has used a continuum elec-
trostatics approach to modeling the nAChR gate. Other
studies of model nanopores (Beckstein et al. 2001, 2004;
Beckstein and Sansom 2003), the nAChR pore (Beckstein
and Sansom 2006), and the small-conductance mechano-
sensitive channel (MscS) (Anishkin and Sukharev 2004)
suggest that the continuum approximation may not reveal
functionally important aspects of gating. Further, in the
works of Jogini et al. and Corry, the pores were not particu-
larly narrow. Therefore, one should proceed with caution
and note the limitations of such methods, especially for
pores narrower than one Debye length (Allen et al. 2004;
Edwards et al. 2002).

On the basis of this, in this study we wish to explore
further the applicability of a continuum electrostatics descrip-
tion of channel gating. We initially apply this approach to a
range of K* channels. This is done by exploration of a
KirBac structure, KirBac3.1 (1XL4), focussing on the
proposed activation gate. We extend this to a more general
consideration of K* channels, including the NaK structure
(Shi et al. 2006). We attempt to generalize this approach,
aided by previous results from nanopores and the nAChR
(Amiri et al. 2005; Beckstein and Sansom 2006; Beckstein
et al. 2004), and extended to other pores such as the large-
conductance mechanosensitive channel (MscL) (Chang
et al. 1998), and the Mg>* channel CorA (Maguire 2006), to
relate the shape of the pore and the height of the energy bar-
rier. Building on such a survey, we summarize the regimes
of validity for electrostatics estimation of pore energy barri-
ers, compared against the results of high-quality (but more
expensive) molecular dynamics calculations.

Materials and methods

Channel structures and models

Coordinates of K* channels were taken from the Protein
Data Bank (http://www.rcsb.org/) (Berman etal. 2003):
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KirBacl.1 (1P7B), KirBac3.1 (1XL4), chimeric KirBac1.3/
Kir3.1 (2QKS), and NaK (2AHY). Other K* channel struc-
tures were generated by homology modeling using Model-
ler v6.2 (Fiser et al. 2000; Sali and Blundell 1993). All
sequences were aligned using ClustalX (Jeanmougin et al.
1998). For Kir homology models, details are provided else-
where (Haider et al. 2007). Homology models of the pore
domain of the voltage-gated Shaker channel (Kv1 family)
(Archer and Rusch 2001) were based on the crystal struc-
tures of KscA (closed) and MthK (open; PDB code 1LNQ).
The methodology of model building has been described in
(Holyoake et al. 2003). The nAChR pore domain structure
was from 10ED; see Beckstein and Sansom 2006 for fur-
ther details. Models of hydrophobic nanopores with radii
from 0.15 to 0.4 nm were as described in Beckstein et al.
2004.

Energy profile calculations

Poisson—-Boltzmann (PB) calculations were carried out,
using the software package APBS (Baker et al. 2001), to
estimate the electrostatic contribution to the energy barrier
for a potassium ion placed at successive points along the
pore axis. The pore axis was defined via the HOLE program
(Smart et al. 1996), which was also used to obtain pore
radius profiles. This methodology has previously been
applied to model hydrophobic nanopores (Beckstein et al.
2004) and nicotinic acetylcholine receptors (Amiri et al.
2005), and the parameters were the same except for the fol-
lowing specifications. The channel was contained in a
coarse grid of dimensions 13.5 nm x 13.5 nm x 18.0 nm.
Radii and charges were assigned using the web service
PDB2PQR (Dolinsky et al. 2004) (http://pdb2pqr.source-
forge.net/) before applying APBS. For focusing, a fine grid
was used with dimension (1 nm)>. Each of these was dis-
cretized into 97 x 97 x 193 grid points. A concentration of
mobile ions NaCl at 0.15 M was used. The dielectric coeffi-
cient for water (modelled as a continuum throughout) was
78.5, and that for protein 2.0 (Baker et al. 2001). PB calcu-
lations for nicotinic acetylcholine receptor with a mem-
brane-mimetic slab (Amiri et al. 2005) and without were
calculated to confirm that the presence of the slab does not
affect the energy profile (data not shown). The test ion used
to probe the energetic profile, a univalent point charge emu-
lating a potassium ion, had a radius of 0.22 nm (Rashin and
Honig 1985).

To obtain van der Waals energy profiles a corresponding
potassium ion-placement framework was used. An ion was
placed at a sample position along the pore axis; then a sin-
gle-point energy evaluation was carried out. We then repeat
this for another sample position along the pore axis. In this
procedure, we used GROMACS (van der Spoel et al. 2005)
(http://www.gromacs.org/) to perform single-point van der

Waals energy evaluations, with the GROMOS96 (43bl)
forcefield. Visualization of structures used VMD (Humphrey
et al. 1996).

Results
KirBac3.1

Our investigation was in part prompted by structural studies
of the bacterial channel KirBac3.1, observed (in projection)
in a closed and an open state by electron microscopy (Kuo
et al. 2005). The interpretation of the EM images was aided
by having an X-ray structure (PDB entry 1XL4) of a closed
state of the KirBac3.1 channel. It has been suggested (Kuo
et al. 2005) that a ring of aromatic side chains (Y 132) at the
intracellular mouth of the channel forms the ‘activation
gate’. Interestingly, two turns above in the M2 (inner) helix
there is a ring of leucine side chains (L124 in KirBac3.1)
which visual inspection also suggested being a possible
gate. We wished to evaluate the relative heights of the bar-
riers formed by the L124 ring and the Y132 ring.

We therefore evaluated the PB and van der Waals energy
profiles contributions along the pore profile of KirBac3.1
(1XL4) (see Fig. 1). Focusing on possible gating struc-
ture(s) beyond the selectivity filter, the PB calculation alone
failed to reveal an energy barrier in the vicinity of either
putative gate, even though the pore radius profile showed
the radius (R) to fall to R < 0.1 nm at the L124 ring, and to
R <0.15 nm at the Y132 ring. This was surprising as sim-
ple model calculations suggested a substantial PB barrier
(>100 kJ/mol) for a purely hydrophobic pore (Beckstein
etal. 2004) of comparable dimensions. However, further
visual inspection suggested this apparent discrepancy may
be due to Coulombic interactions of the probe ion (a point
charge) with (1) the side chain oxygens of Y132 and (2) the
backbone carbonyl oxygen atoms of L124.

These subtleties highlight possible differences in electro-
static properties between hydrophobic nanopores and real
channel proteins. We therefore decided to compare a num-
ber of different K* channels, especially as a comparative
approach has proved useful in studies of ion/channel inter-
actions (Jogini and Roux 2005) and of possible conforma-
tional changes underlying channel gating (Shrivastava and
Bahar 20006).

If one examines the van der Waals contribution (using a
K* ion probe) to the potential energy profile then it is evi-
dent that despite the ‘flat’ PB profile for KirBac3.1 there is
a clear energetic barrier. However, contrary to expectations
the barrier is formed by the L124 (R ~ 0.05 nm) rather than
Y132 (R ~ 0.12 nm). Interestingly, the barrier in a recently
described chimeric KirBacl.3/Kir3.1 structure (Nishida
et al. 2007) (which contains the transmembrane domain of
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Fig. 1 a Pore radius profile for KirBac3.1. b Electrostatic (solid
line PB) and van der Waals (broken line vdW) energy profiles for
KirBac3.1. ¢ The structure and pore lining surface of KirBac3.1

KirBacl.3 and the intracellular domain of mouse Kir3.1)
shows a pronounced van der Waals barrier in a location
intermediate between L124 and Y132 (at F128 of the chi-
meric protein) suggesting that there may be multiple possi-
ble gate locations along the narrow hydrophobic region at
the intracellular mouth of the closed KirBac pore, or that
the whole length of the intracellular domain may be identi-
fied as a gate.

Nanopores
As discussed in an earlier paper (Beckstein et al. 2004), we

can gain some more general insights into channel gates and
their associated energetic barriers via examination of
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simple model ‘nanopores’. In particular, in the earlier study
we compared PB estimates and explicit solvent molecular
dynamics estimates of barrier heights for hydrophobic
nanopores (Beckstein et al. 2004). For narrow (R < 0.4 nm)
hydrophobic pores, the PB method seems to overestimate
the ‘true’ barrier height (as judged by atomistic PMF simu-
lations) by a factor of ~3. This may be due to the inflexibil-
ity of the atoms in the static PB calculations, a point which
we discuss in more detail below, in the context of proteins.
For wide pores (R > 0.5 nm) the PB method fails to esti-
mate a barrier, while the atomistic simulations suggest a
residual ‘hydrophobic’ barrier dependent on the pore
radius, until R ~ 0.8 nm.

Thus, we have a premonition of the various factors chal-
lenging the validity of this approach in the case of real
channels, including the arrangement of water molecules
and molecular motion on the part of the channel itself
(Beckstein and Sansom 2004). In addition to flexibility, the
two most important features of real channels are the hydro-
philicity of the pore-lining residues, and van der Waals
repulsions due to close contacts. These are both accentuated
especially when the pore radius is small, as is indeed the
case in e.g., KirBac3.1 and other K* channels.

To calculate the van der Waals contribution to energy bar-
riers, we performed single-point evaluations with a similar
potassium ion-placement framework using GROMACS (see
above). As van der Waals interactions are short-range, it was
not surprising that their contribution was typically nil until
the pore was as narrow as in the K channel gates
(R < 0.2 nm). As expected, the barrier height was not sensi-
tive to the length of the model nanopores. Thus, for example,
the PB contribution is 70 kJ/mol at for a hydrophobic nano-
pore with a radius of 0.3 nm (Beckstein et al. 2004), but the
van der Waals component is only 1.8 kJ/mol even when the
pore radius is as small as R=0.2 nm. For the narrowest
model pore (R=0.15nm) the van der Waals contribution
increases to 9.8 kJ/mol and the PB component is 163 kJ/mol.

K* channels

We now return to an examination of the PB profiles of
selected K* channels, focusing on possible electrostatic
barriers associated with their gates (Fig.2). We have
selected two simple models of an open and closed K* chan-
nel pore (models of the pore domain of a Kv channel);
some more diverse Kir channels (both models of mamma-
lian Kirs (Haider et al. 2007) and two X-ray structures of
KirBac channels (Kuo et al. 2003, 2005); and the NaK
channel structure (Shi et al. 2006). Note that, other than the
open Kv model, these are all presumed to be in a closed
conformation.

As for the KirBac3.1 channel discussed earlier, the gen-
eral form of the Poisson—-Boltzmann energy profiles is an
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Fig. 2 a Pore radius (upper panels) and electrostatic (i.e., ‘Born’ sol-
vation energy; lower panels) profiles for selected K* channel struc-
tures: Kv Shaker (closed) in red, Shaker (open) in black; Kir black, Kir
1.1, red, Kir 3.1, green, Kir 6.2, blue, Kir 4.1/5.1; KirBac black,
KirBac 1.1, and red, KirBac 3.1; NaK black, NaK (permeant ion K*);

electrostatically attractive (for a cation) region at the filter
vestibule (and in the filter—i.e., for z ~ 0), combined with
an energy barrier near the gate region (i.e., for z ~—3 nm).
As we have seen for KirBac3.1 (above), the energetics in
gate region can be complicated by the van der Waals com-
ponent. Given this, we wished to test whether there was a
clear correlation between the pore radius and the PB barrier
in the gate region of these K* channels.

The largest pore radius is in the open form of Shaker
(R =0.44 nm). While noting that this is close to the region
where PB calculation alone, for model hydrophobic nanop-
ores, gives an underestimation of the energy barrier (Beckstein
et al. 2004), we see no barrier at all in the open Kv model,
in contrast with a significant (~80 kJ/mol) and broad
electrostatic barrier for closed Kv model (based on KcsA).

In the case of the Kir channels although they are all quite
narrow (R < 0.1 nm) in the gate region, there is no clear
correlation of the radius with the PB electrostatic barrier
height in this region. For the NaK channel, the pore is com-
pletely occluded by the side chains of Q103 which also
present a high electrostatic barrier.

Thus, for K channels as a whole there is no clear corre-
lation between the pore radius at the gate, and the height of
the PB barrier. This is different from the situations with the
model nanopores. However, as we explained above, it is
not reasonable to assume that the potassium channel pores
share this hydrophobicity. Indeed, it is not electrostatics
that dominate the energy barrier, but the substantial van der

N
Pore Axis (nm)

3 -2 1 0
Pore Axis (nm)

red, NaK (permeant ion Na*). b Pore lining surfaces (generated using
HOLE) for Kv [Shaker (closed) (top) and Shaker (open) (bottom)], Kir
[Kir 3.1 (top) and Kir 1.1 (bottom)], KirBac [KirBac 3.1 (top) and
KirBac 1.1 (bottom)] and NaK

Waals contribution (Jogini and Roux 2005), especially
when the pore radius is narrower than R ~ 0.2 nm.

Discussion
A comparative survey

In an attempt to generalize these arguments we have sur-
veyed a range of K* channels in their closed conformation,
along with simple model nanopores, and other channels
believed to be in a closed state including the nicotinic ace-
tylcholine receptor (nAChR), the large conductance mecha-
nosensitive channel (MscL) (Chang et al. 1998), and the
Mg2+ channel CorA (Maguire 2006) (Fig. 3). The recent
prokaryotic homologue of the nAchR (Hilf and Dutzler
2008) appears also to be in a closed state with a minimum
pore radius of <0.1 nm.

For the closed conformation K* channels discussed
above, the highest van der Waals energy contributions in
the gate region was typically higher than the PB contribu-
tion, and was as high as 5.4 x 10’ kJ/mol in the case of a
model of Kir3.1. Two of the other closed state pores (CorA
and MscL) are completely occluded, i.e., R ~ 0, by rings of
leucine side chains and have even high van der Waals barri-
ers (3.7 x 10° and ~2 x 10° kJ/mol, respectively; these
two points are not included in Fig. 3). The figure also
shows some of the values for the model hydrophobic
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Fig. 3 Poisson—-Boltzmann (black, solid line) and van der Waals
(black, broken line) contributions to the overall barrier height (grey,
solid line) for potassium channels [this paper; Kv(cl) is the closed
conformation], model hydrophobic nanopores (Beckstein et al. 2004),
and the nicotinic acetylcholine receptor as reported earlier (nAChR;
Poisson—-Boltzmann only) (Amiri et al. 2005)

nanopores, and that for the nicotinic acetylcholine receptor
reported earlier, with its narrowest radius at 0.2 nm. As
expected, the PB value for the latter is lower than that of the
hydrophobic nanopore at the same radius.

In the PB calculation, a narrow pore gave a barrier due to
the secondary effects of descreening in the constrained space,
where the ‘halo’ of charge-screening solvent molecules and
counterions are stripped from the probe ion. Although the PB
ion-placement routine would scan such a position without dis-
tinction, the much higher energy barrier due to the van der
Waals spatial exclusion would prohibit the ion to be present
here. Here another limitation of continuum PB calculations
needs to be borne in mind. The continuum approximation
would not apply well for discrete ions in a narrow pore.

From the comparative results, it seems that there are two
clear-cut gating regimes: (1) steric (i.e., van der Waals
dominated) gates (in K* channels, MscL, CorA); and (2)
hydrophobic gates (nAChR) (also sometimes referred to as
‘bubble’ gates (Roth et al. 2008). There is also an interme-
diate zone of possible relevance (e.g., to MscS channels
(Anishkin and Sukharev 2004) at the hydrophobic constric-
tion, 0.35 nm < R < 0.45 nm, in the crystal structure PDB
code IMXM) when both van der Waals, PB, and possibly
solvent exclusion effects play a role.

Conclusions

In this study, we have calculated the PB electrostatics and
van der Waals energy barriers the gates of a series of ion
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channels, focussing on K* channels. In this way, we estab-
lished the regimes (i.e., gate radii) for which electrostatics
or van der Waals contributions dominate the barrier. These
calculations provide a computationally inexpensive triage
tool in evaluating the openness of a channel structure or
model. Of course, such results are approximations of those
from molecular dynamics methods to obtain potentials of
mean force, which are 10>~10° times more computationally
expensive.

In Fig. 3, we show that there are three regimes in the cal-
ibration of electrostatics estimates for energetic barriers of
channels. First, when the pore is wider than 0.4 nm in
radius, continuum electrostatics calculations underestimate
the barrier when compared to that calculated using molecu-
lar dynamics (Beckstein et al. 2004). However, since the
energy barrier for such gate dimensions is low, the differ-
ence in absolute value is also small.

The other two regimes occur when the pore is narrower
than 0.4 nm in radius. In such cases, the barrier is sensitive
to the hydrophobicity and the van der Waals repulsion due
to the pore-lining residues. Further, the energetic picture
can also be altered if the protein is flexible: the present
methodology does not allow such consideration. On this
note, those pore-lining residues flexible enough, upon
encountering the ion and the consequent energetic barrier
of the order of 10? kJ/mol or more, may choose to give way
and pay the lesser energetic penalty of conformational
change instead (Allen et al. 2004; Mamonov et al. 2003).

As the pore gets narrower than 0.4 nm, the PB term con-
tinues to dominate the energy barrier (and may overesti-
mate it compared to the molecular dynamics result). This
second regime prevails until van der Waals start to take
over when pore radius is smaller than 0.2 nm. Here, high-
quality estimates require molecular dynamics methods. To
distinguish the last two regimes of validity, it is instructive
to understand the hydrophilicity of the pore-lining residues,
and to inspect for steric clashes along the pore radius pro-
file. Most important, one should consider the implications
of protein flexibility on the energetic picture, and whether a
purely static method is adequate.

The switch in behaviour at radii ~0.4 nm is of interest
given that many crystallographic structures of potassium
channels, thought to be in an open state, have the radius of
the intracellular gate ~0.4 nm (e.g., Kvl.2, PDB code
2A79: 0.41 nm; Kv1.2/Kv2.1 chimera, PDB code 2R9R:
0.42 nm). Thus, these channels are functionally open, but
the magnitude of ion currents through these channels will
depend critically on the exact radius (Chung et al. 2002)
and the presence or absence of charged moieties on the pro-
tein wall. This caveat is particularly important with respect
to homology models of channels for which, especially of
there is relatively low sequence identity between template
and target, a wrongly modelled side chain in the gate region
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of the pore could result in a misleading conclusion as to the
functional state of the channel.

Given these results, we can summarize the relationship
between the radius of the gate region of a channel with its
openness as follows: (1) for wide pores, R > 0.8 nm, the
channel is very likely open; (2) for pores with a gate region
whose radius is in the range 0.4 nm < R < 0.8 nm, there
may be a closed hydrophobic gate (Anishkin and Sukharev
2004; Beckstein et al. 2003, 2001; Ivanov et al. 2007), but
molecular dynamics methods will be needed to be certain
of the barrier height; (3) for narrow pores, with a constric-
tion of dimensions 0.2 nm < R < 0.4 nm, the channel is
likely to be closed with the electrostatics dominating; and
finally (4) for very narrow pores with R < 0.2 nm, the chan-
nel is closed by a dominating steric (i.e., van der Waals)
occlusion.
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