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Abstract

Potassium channels have been studied intensively in terms of the relationship between molecular structure and physiological function.

They provide an opportunity to integrate structural and computational studies in order to arrive at an atomic resolution description of

mechanism. We review recent progress in K channel structural studies, focussing on the bacterial channel KcsA. Structural studies can be

extended via use of computational (i.e. molecular simulation) approaches in order to provide a perspective on aspects of channel function

such as permeation, selectivity, block and gating. Results from molecular dynamics simulations are shown to be in good agreement with

recent structural studies of KcsA in terms of the interactions of K+ ions with binding sites within the selectivity filter of the channel, and in

revealing the importance of filter flexibility in channel function. We discuss how the KcsA structure may be used as a template for developing

structural models of other families of K channels. Progress in this area is explored via two examples: inward rectifier (Kir) and voltage-gated

(Kv) potassium channels. A brief account of structural studies of ancillary domains and subunits of K channels is provided.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction to K channels

Ion channels are integral membrane proteins that span

lipid bilayers to form a central pore through which selected

ions can pass at near diffusion-limited rates (ca. 107 ions

channel� 1 s� 1) They govern the electrical properties of the

membranes of excitable cells such as neurones [1]. In

addition, ion channels play a more general role in membrane

physiology and are found in a wide range of organisms from

viruses and bacteria to plants and mammals. Potassium

channels are a large family of ion channels that share a

common property of selectivity for K+ over Na+ ions. As a

result of advances in structural and computational biology,

K channels provide a paradigm for the study of ion channels

(and for membrane transport proteins in general).

It is useful to recall the level at which the molecular

properties of K channels were understood in advance of

determination of an X-ray structure. Analysis of K channel

sequences had enabled design of experiments to explore

relationships between sequence motifs and various aspects

of physiological function [2–5]. In particular, it was shown

that the selectivity of K channels for potassium ions was

associated with a conserved sequence motif TVGYG

located in a re-entrant loop present in between two predicted

transmembrane (TM) a-helices. This sequence motif, con-

served across all K channels, was proposed to correspond to

the selectivity filter of the pore-forming region of the

channel protein. K channels are tetrameric and thus four

copies of the filter motif come together to form the pore

(Fig. 1). More detailed molecular physiological studies

assigned functional roles (e.g. susceptibility to channel

block; control of channel gating) to other regions of volt-

age-gated potassium (Kv) channels. These studies enabled

formulation of some basic questions to be answered by

structural and computational studies. For example, one may

ask what are the atomic resolution events underlying phe-

nomena such as ion permeation, ion selectivity, channel

block, and channel gating?
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There are several families of K channels in animals [6],

including: (i) Kv channels (activated by a change in trans-

membrane voltage); (ii) inward rectifier channels (Kirs),

which have a higher conductance for K+ ions moving into

the cell than outwards and are often regulated by intra-

cellular factors; and (iii) TWIK and related channels, which

contain two copies of the selectivity filter motif in one

polypeptide chain, two chains coming together to form the

intact channel. Our knowledge of K channel structure is

derived mainly from a simple bacterial channel, KcsA from

Streptomyces lividans [7], which resembles the Kirs in its

TM topology. Although (see below) Kv channels have a

more complex TM topology than KcsA, KcsA resembles

Kv channels closely in terms of ion permeation, selectivity

and block [8,9]. The main differences between KcsA and

Kv channels are in their gating mechanisms: KcsA is

opened by a lowering of pH [10,11] in contrast to Kv

channels, which are activated by cell membrane depolarisa-

tion.

In this review, we describe the structure of KcsA, and its

functional implications. In particular, we explore whether or

not our understanding of K channel physiology approaches

atomic resolution, i.e. the extent to which we are able to

explain single channel physiology in terms of atomic

resolution structure. We also explore how insights gained

from studies of KcsA may be extended to other types of K

channels. The overall emphasis of our discussion is on how

integration of experimental and computational structural

approaches may be used to reveal the physical basis of

physiological function. Some other recent reviews have

focussed on either structural [12–14] or computational

[15–17] aspects.

2. The structure of KcsA: from fold to function

There are a number of structures available for KcsA (see

Table 1). The original X-ray structure at 3.2 Å [18] was

solved in the presence of 150 mM K+ ions at pH 7.5. More

recently, structures have been solved using various ionic

concentrations and species and at higher resolution [19,20].

To date, all of the X-ray structures are missing the first 22

amino acids and the C-terminal domain of f 30 amino

acids. A model including the structures of these regions has

been generated on the basis of EPR data [21]. As will be

discussed below, all of these structures correspond to the

closed state of the channel. Both computational and EPR-

based approaches [22,23] have been used to suggest a model

of the open state of KcsA. It is also possible to model an

open state of KcsA [24] by comparison with the X-ray

structure of a prokaryotic calcium-gated K channel crystal-

lised in its open state [25].

The fold of KcsA (as first revealed in the 3.2 Å structure

and confirmed in more recent structures) is shown in Fig.

2A. As predicted by the topological studies, each subunit

contains two transmembrane helices (M1 and M2) in

between which there is a reentrant P-loop containing the

selectivity filter. The P-loop is made up of a descending P-

helix and an ascending filter region containing the TVGYG

sequence motif which adopts an extended conformation.

The filter region is narrow and contains ion-binding sites

(see below) formed by rings of backbone oxygen atoms

Fig. 1. Potassium channel topology. (A) The transmembrane topology of the simple bacterial K channel, KcsA. Each subunit contains two transmembrane

helices (M1 and M2) with an intervening loop made up of a short helix (P) and the selectivity filter that contains the GYG sequence motif. The location of the

lipid bilayer is indicated by the horizontal dotted lines. (B) View down a tetrameric K channel bundle looking from the extracellular mouth into the central pore.

The M1, P and M2 helices are labelled.

Table 1

KcsA structures

PDB code Resolution (Å) M+ Comments

1BL8 3.2 K+

1J95 2.8 K+ and TBA

1JVM 2.8 Rb+ and TBA

1K4D 2.3 Low K+ and Fab

1K4C 2.0 High K+ and Fab

1F6G EPR pH 7.2 Full length

1JQ1 EPR pH 4.0 Open state

TBA= tetrabutylammonium; ‘‘full length’’ is the EPR-derived structure of

the complete KcsA molecule, including the N- and C-terminal regions [21];

‘‘open state’’ is a model of the open conformation of KcsA (M2 helix

bundle Ca atoms only) derived from EPR experiments.
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oriented towards the pore centre. Three key functional

regions of the channel can be visualised via the pore-lining

surface (Fig. 2B). From this, it can be seen that there are

constrictions at both the extracellular and intracellular ends

of the channel, with a wider central cavity. The extracellular

constriction corresponds to the selectivity filter; the intra-

cellular constriction corresponds to the gate (see below).

The water-filled cavity provides an energetically favourable

environment for a K+ ion in the otherwise hydrophobic

interior of a membrane [26].

Fig. 2. KcsA fold and pore. (A) Two of the four subunits of KcsA, viewed down a perpendicular to the pore axis. The helices are shown as ribbons; all

backbone atoms of the selectivity filter are shown in ball-and-stick format. The lipid bilayer is indicated by the horizontal dotted lines. IC = intracellular;

EC= extracellular. (B) The pore-lining surface of KcsA (calculated using HOLE [107,108]) aligned with the fold diagram in (A) and showing the filter (F),

cavity (C) and gate (G) regions. Diagrams generated using VMD [109] and Povray.

Fig. 3. Structure of KcsA in the presence of high [K+] (1k4c; [20]). (A) Two subunits of the four are shown (blue), plus the seven locations of K+ ions revealed

in the X-ray structure. These are (from top to bottom): the external mouth, the five sites (S0–S4) in the filter, and the central cavity. (B) A more detailed view of

the selectivity filter, again showing two of the four subunits. Ions at sites S0 to S4 are shown.
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In the lower (3.2 Å) resolution X-ray structure of KcsA,

four ion binding sites within the filter were identified (sites

S1 to S4; Fig. 3). It was therefore suggested that ion

permeation through the narrow filter region of a K channel

required the K+ ion to be stripped of its hydration shell [18].

Thus, when a K+ ion is within the filter, its hydration shell is

replaced by eight O atoms of the backbone carbonyl groups

or (at site S4) four carbonyl O atoms and four hydroxyl O

atoms of threonine side chains. The 2.0 Å resolution crystal

structure revealed details of both hydration and coordination

within the filter (albeit at a temperature of 100 K). The

coordination of K+ ions within the filter at each of the four

sites S1 to S4 is made up of eight O atoms from the protein

arranged at the corners either of a distorted cube (a square

anti-prism) for sites S1 to S3, or of a cube (at site S4), with a

K+ ion at its centre. The higher resolution structure reveals

two further K+ ion sites not observed in the earlier structure,

namely S0 and SEXT. S0 is formed by four O atoms (from

the carbonyls of G79), with the remaining interactions

provided by water molecules. Thus, the K+ ion’s hydration

shell has been half-replaced by interactions with the protein.

SEXT is on the extracellular side of site S0, and an ion at this

site remains surrounded by eight waters. The higher reso-

lution structure also resolves a single K+ ion within the

central cavity, solvated by eight water molecules in a square

anti-prism arrangement. Thus, the structures support the

suggestion that KcsA (and by extension other K channels)

is a multi-ion pore, with a succession of up to six sites in a

row in capable of binding K+ ions (plus a further binding

site in the central cavity).

The structure of KcsA crystals in the presence of a low

concentration (3 mM) of K+ ions reveals that there is a

degree of flexibility in the selectivity filter. Under such

conditions, there are K+ ions bound mainly at S1 and S4,

with some distortion of the polypeptide backbone, espe-

cially at residue V76 which contributes to site S3. This

conformational change is accompanied by insertion of water

molecules between the selectivity filter and the surrounding

protein. This result is important in demonstrating that the

selectivity filter region is flexible, and that its exact con-

formation is dependent on the nature of its interactions with

bound cations, even within a crystal at low temperatures.

Thus, one might anticipate some degree of flexibility in the

filter conformation of a K channel protein in a membrane at

physiological temperatures.

3. Computational approaches to structure/function

relationships

3.1. Permeation

An atomic resolution understanding of the mechanism of

ion permeation through K+ channels is beginning to emerge

through integration of physiological, structural and compu-

tational results. On the experimental side, by comparing

high resolution X-ray structures at low (3 mM) and high

(200 mM) K+, it can be shown that at high K+ all four sites

are (on average) equally occupied [19]. This is consistent

with a relatively flat permeation energy landscape and hence

with a high permeation rate for K+ ions. The mechanism of

rapid permeation is envisaged in terms of rapid shuttling

between two configurations: one with K+ ions at sites S1

and S3 and another with ions at sites S2 and S4. Approx-

imately equal probabilities of occurrence of these two

configurations results in equal average occupancies of sites

S1 to S4 as observed in the crystal structure. Comparison of

K+ vs. Rb+ occupancies in the crystal structures has pro-

vided further evidence of fine-tuning (via evolution) for K+

selectivity. In particular, the energy landscape is flatter for

K+ than for Rb+, and Rb+ is not seen to occupy site S2

significantly.

These experimental results are mirrored in (and were to

some extent predicted by) computer simulations of ion

permeation. Guidoni et al. [27] used MD simulations to

explore the entry of ions into the filter via the extracellular

mouth and confirmed that this required dehydration of the

ions and was aided by the electrostatic field created by the

protein in that region. Simulations of K+ ions within the

filter [28,29] revealed that two ions plus an intervening

water molecule could move in a concerted fashion along the

filter, such that K+ ions were present at either sites S1 and

sites S3 or S2 and S4. Free energy calculations comparing

different configurations of K+ ions within the filter [30,31]

suggested that the permeation energy landscape is relatively

flat, e.g. that the difference in free energy between a

configuration with K+ ion at sites S1 and S3, and a

configuration with ions at S2 and S4 is quite small. A

number of studies [32,33] have used Brownian dynamics

simulations [34] to bridge the gap between the time scale of

MD simulations (up to ca. 10 ns) and that of physiological

measurements of ion permeation (ca. 1 ms). However, such

studies are dependent upon a model of the open state of the

channel (see below). A number of MD simulations

[29,31,35] have revealed local distortions of the filter in

response to ion movements, particularly in the region of the

valine residue of the TVGYG sequence motif (or the

equivalent isoleucine residue of the TIGFG motif in a Kir

channel model—see below).

More recent simulation and experimental studies have

shown a remarkable convergence. Analysis of a long MD

simulation from our laboratory (Fig. 4) and of extensive MD

simulations from Benoit Roux’s laboratory [31] have

revealed that, in addition to sites S1 to S4 within the filter,

there is a site S0 at the external mouth of the filter (Fig. 5).

This is seen in detail in the high-resolution X-ray structure

in the presence of a high K+ concentration [20], where it can

be seen that when present at this site, a K+ ion interacts with

four carbonyl oxygens plus four water molecules. The X-ray

structure also suggests an additional more extracellular site

(SEXT) at which the ion is surrounded by eight water

molecules. It should be remembered that this is at a temper-
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ature of 100 K; in the simulations (at 300 K), the existence

of SEXT as a distinct site is less clear-cut.

From these experimental and computational studies,

there emerges a model of the mechanism of permeation.

Rapid movement of ions through the filter depends on the

relatively flat permeation energy landscape, such that

switching between alternative ion configurations occurs at

high frequency (see Fig. 6). This is consistent both with the

combined physiological and structural studies [19] and with

the various simulation studies. Both classes of study also

suggest the possibility of states where the filter is occupied

by a single K+ ion, especially at low [K+]. In addition to the

(multiple) ions in the filter, a K+ ion may also reside within

the central cavity. It has been shown that the electrostatic

field due to the dipoles of the P-helices can stabilise a K+

ion in the centre of the cavity [26]. The recent X-ray studies

show this ion to be surrounded by a cage of eight water

molecules at 100 K; at room temperature, simulations

suggest that exact arrangement of the water molecules will

be coupled to the location of the ion [36], and also suggest

the possibility of interaction with the side chains of a ring of

four threonine residues at the far end of the cavity from the

filter [28].

However, in trying to complete the picture of permeation,

it must be remembered that the X-ray structures of KcsA all

correspond to what is almost certainly a closed state of the

channel. While it does not seem likely that major changes in

conformation of the filter region occur during the close-

d! open transition, movements of the M2 helices have to

occur (as suggested by simulations [28,37]) in order for a K+

ion to enter/leave via the intracellular mouth.

3.2. Selectivity

To what extent do we understand the selectivity mech-

anism of K channels for K+ over Na+ ions? From the initial

X-ray structure of KcsA, it was suggested that the main

element of selectivity arises from the geometry of the filter,

which provides a series of cages of eight oxygen ligands that

are optimal placed to interact with a K+ ion (radius 1.33 Å)

and thus compensate fully for the energetic cost of dehy-

dration of K+ on entering the filter. In contrast, the eight

oxygens of each cage cannot interact optimally with the

Fig. 4. Simulated movement of K+ ions through the filter, from a 7 ns MD

simulation of KcsA in a POPC bilayer (Shrivastava and Sansom,

unpublished data). (A) K+ ion trajectories projected onto the pore (z) axis,

showing the z position of each ion as a function of time. The horizontal grey

lines indicate the positions of the centres of sites S0 (dotted line) to S4. The

initial configuration of ions in the filter is 01010. There is also a K+ ion

initially in the cavity; at the time indicated by the left-hand arrow, this exits

from the pore. The right-hand arrow indicates the same K+ ion, after exiting

the simulation box at negative z and reentering (by virtue of periodic

boundary conditions) at positive z. (B) Histogram of K+ ion positions along

the pore (z) axis for the same simulation as in (A). The peaks correspond to

distinct ‘sites’ within the channel, namely S0 to S4, and the cavity (C). ICM

and ECM are the intracellular and extracellular mouth regions, respectively.

Fig. 5. Potassium ions in the selectivity filter as seen in the same simulation

discussed in Fig. 4. Four snapshots from the simulation are superimposed,

showing the filter regions of three of the four subunits, and the K+ ions

(green spheres) that occupy (at different times) sites S0 to S4.
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smaller (radius 0.95 Å) Na+ ion, and thus are unable to fully

compensate for dehydration. This view is in agreement with

energetic calculations based on simulations [30,38,39].

However, as mentioned above, both recent higher resolution

structural studies and longer simulations provide evidence

for a degree of conformational flexibility in the filter. Thus,

one might envisage that the filter could distort to accom-

modate a Na+ ion (at some energetic cost). This is seen in

simulations where Na+ ions are placed within the filter of

KcsA [35]. Some K channels are known to conduct Na+

ions, albeit poorly [40,41]. Thus, the question becomes one

of comparing the energetics of a filter containing K+ ions vs.

one containing Na+ ions, taking into account possibly slow

distortions of the filter, relative to K+ vs. Na+ in bulk

solution. This remains a challenge for the future.

3.3. Block

K channels can be blocked both externally (i.e. via

interactions at the extracellular mouth) and internally via

large positively charged species (blockers). External block-

ers include tetraethylammonium (TEA) and various peptide

toxins; internal blockers include TEA and also the inac-

tivation domain located at the N-terminus of some Kv

channels.

Block of K channels by extracellular TEA depends on

the presence of an aromatic residue (position 449 in the

Shaker potassium channel [42–44]) located near the extrac-

ellular mouth of the channel. KcsA can also be blocked by

extracellular TEA [11,45] and the affinity of block is

influenced by an equivalently positioned residue, Y82.

From the structure of KcsA and the location of this tyrosine,

one may infer a square-shaped binding site nearly 12 Å

across. This is larger than TEA (about 6–8 Å) and therefore

has raised concerns about initial interpretations made with-

out the benefit of a crystallographic structure of a KcsA/

TEA complex.

Two groups have published simulation studies of the

interaction of externally applied TEA with KcsA: Crouzy et

al. [46] used MD simulations, while Luzhkov and Åqvist

[47] used an automated docking procedure in combination

with a method for analyzing binding modes and energies.

Both simulation studies agree qualitatively with the exper-

imental observation that TEA binds more strongly to the

wildtype (Y82) structure than to KcsA mutants with non-

aromatic substitutions at that position. Both groups suggest

that the enhanced wildtype complex stability cannot be

attributed to k-cation interactions as had been previously

postulated. Instead, it is suggested either that the stabiliza-

tion of TEA binding arises from increased hydrophobic

interactions with the aromatic groups forming a cage around

the TEA [47] or that the difference in stability between

wildtype and Y82T mutant TEA complexes arises from

differences in the hydration structure surrounding the TEA

molecule [46].

It has been shown previously that a modified version of

KcsAwith three mutations at its extracellular mouth (Q58A,

T61S and R64D) can bind the scorpion toxin Lq2 [8]. Cui et

al. [48] have performed Brownian dynamics on this system

in order to investigate the nature of the interactions. Their

simulations provide additional support for the suggestion

[49,50] that toxins in this family exert their effect via a

conserved lysine side chain (K27 in Lq2) which acts as a

‘‘plug’’ inserted into the selectivity filter, thereby preventing

ion conduction.

The site of external block may be a potential target for

drug design. In order to exploit this, a more complete

understanding of (long-range) electrostatic interactions

between toxins and the channel mouth is required. Such

interactions will depend on conformational mobility of both

Fig. 6. Schematic diagram of the alternating patterns of occupancy of the selectivity filter by K+ ions (.) and water molecules (o) that are proposed to underlie

rapid permeation of K+ ions through the KcsA channel. The left-hand configuration would be defined as 01010 and the right-hand configuration as 10101.
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the channel entrance and the toxin. Recent simulation

studies (Tate, Biggin and Sansom, unpublished results)

suggest that the electrostatic field surrounding a toxin

molecule (Fig. 7) can exhibit substantial fluctuations on a

nanosecond time scale. It will be of interest to explore the

possible implications of these for the early stages of toxin–

protein recognition.

Nearly all potassium channels are also blocked by tetra-

alkyl ammonium ions (TEA and homologues) on the intra-

cellular side of the channel. A number of studies [51,52]

have suggested that the specificity of these blocking agents

is governed by the hydrophobicity of the blocker. Luzhkov

and Åqvist [47] studied internal block by TEA and found

that the binding energies of internal block were very similar

to those for external block Structural studies have also

provided some insights into internal block [53]. In partic-

ular, it seems that there is a binding site for tetra-alkyl

ammonium ions within the cavity of the (closed) channel.

Further structural and computational studies are needed to

explore the nature of internal block in more detail.

3.4. Gating

Gating has for sometime been a more elusive aspect of K

channel function from a structural perspective. Early phys-

iological studies by Armstrong [51] demonstrated that the

lower (i.e. intracellular) section of a K channel has to be in

an open conformation in order to allow blocking ions access

to their site of interaction. Reinterpreting these data in the

context of the KcsA structure lead to the conclusion that the

X-ray structure corresponds to a closed state. A number of

more recent studies on various K channel [54–56] also

support a conformational change at the inner mouth upon

channel gating. This is reinforced by a number of simulation

studies that indicate an energetic barrier to ion permeation at

the inner mouth of the X-ray structure of KcsA [29,38,57].

This is consistent with the detailed examination of the

structure which reveals that the inner mouth is narrower

than the Pauling radius of a K+ ion and is lined by hydro-

phobic side chains.

This view of channel gating is supported by a series of

studies from Perozo et al. [22,58,59] who have used EPR

measurements to show that the inner (M2) helices of the

potassium channel rotate outwards upon channel opening.

The movement of these inner M2 helices can be described

approximately by three rigid-body components: (i) a f 8j
tilt relative to the z-axis towards the membrane normal; (ii)

a f 8j tilt in the x–y plane away from the permeation path;

and (iii) a twist of f 30j about the helical axis in the

counterclockwise direction when viewed from the extrac-

Fig. 7. Structure of Lq2 toxin (pdb code 1LIR) with electrostatic potential contours superimposed. The structure shown is a snapshot from a 3-ns duration MD

simulation. The electrostatic potential is contoured at F 0.6 kcal/mol (i.e. f 1 kT) and was calculated for 100 mM salt present. The arrow shows the

approximate position of the dipole associated with the toxin molecule, with the K27 residue that is thought to be responsible for binding within the K channel

filter at the bottom of the diagram.
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ellular side. The data also suggest a semirigid movement

involving a slight kinking around residues in the middle of

M2 (residues 107–108) that may act as a pivot point. These

movements result in an expansion of the intracellular mouth

of the channel.

Mashl et al. [33] have modeled an open state by rotating

helices (in particular M2) by f 20j in order to produce a

channel with a wider radius at the intracellular mouth of

the protein. This model has been used in Brownian

dynamics simulations of ion permeation. Allen and Chung

[60] have also performed BD simulations based on an open

state model. In our laboratory, we have attempted to

generate open-state models of potassium channels in by

steered simulations. One approach to this can be visualised

as inflating a van der Waals ‘‘balloon’’ inside the channel

and observing the response of the protein to this perturba-

tion [61]. The balloon is positioned in the gate region, i.e.

the narrow region of the pore at the intracellular mouth.

Changes in protein conformation may then be examined to

explore a possible transition from a closed to an open state.

Structures generated by this procedure show reasonable

agreement with the results from models derived by Liu et

al. [22] from their data (see Fig. 8). Furthermore, some

evidence of hinge-bending of the M2 helices in the vicinity

of the G99 residues is seen. Thus, both a purely computa-

tional approach [61] and modelling based on restraints

from EPR experiments [22,23] lead to a similar picture

of KcsA gating whereby the M2 helices move apart in

order to open that channel by removal of the narrow

hydrophobic barrier at the intracellular mouth. However,

the mechanism whereby a lowering of intracellular pH

[10,11] leads to such a movement remains unknown. It

will also be important to see whether the gates of other

families of K channels are located in the same region (see

below).

Recently, an X-ray structure has been determined for

MthK, a calcium-gated K channel from Methanobacterium

thermoautotrophicum [25]. Although the resolution of the

structure is somewhat limited, especially in the channel

domain, it appears that this K channel has been crystallised

in an open state. The M2 helices are splayed open relative to

those in KcsA. Comparison of the X-ray structures of KcsA

(closed) and MthK (open) suggests a gating model in which

the M2 helices move approximately radially outwards upon

channel activation [24]. The degree of movement of the M2

helices seems to be somewhat greater than that suggested

by, e.g. the EPR data. Interestingly, the M2 helices appear to

show some hinge-bending in the vicinity of a conserved

glycine residue (G99 in KcsA) in the middle of the helix.

Such hinge bending close to G99 was also observed in the

computational studies of KcsA gating [61]. Thus, a unified

model of KcsA gating is starting to emerge.

4. Towards other K channels—homology modelling

Given the sequence similarities (at least in the central

pore-forming region) between different K channels, it is

important to explore the extent to which a bacterial K

channel structure may be used as a template upon which

to model the corresponding region of other (mammalian) K

Fig. 8. Modelling the open state of KcsA. The two upper diagrams show a

superimposition of the M2 helices from the closed structure (dark grey) and

an open state model (light grey) of KcsA. (A) View looking down the pore

axis from the filter towards the intracellular mouth of the channel. (B) View

down a perpendicular to the pore axis, the extracellular (filter) end of the

helices at the top and the intracellular (gate) end of the helices at the bottom.

(C) Pore radius profiles for closed (solid line) and open (broken line) state

models of the KcsA channel. Both profiles are averages derived from

simulations (see Ref. [61] for details).
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channel families. We will explore two aspects of this, with

respect to the Kir and Kv channel families.

4.1. Kir channels

Inwardly rectifying K channels (Kirs) are a family of K

channels that conduct K+ ions from outside to inside the cell

more readily than in the opposite direction (a property

known as inward rectification) [62,63]. They are gated by

either G-proteins or ATP. Kirs contain fewer than 500 amino

acids per subunit and share the simple 2 TM helix topology

with KcsA. However, unlike KcsA, they contain substantial

N- and C-terminal domains that are implicated in biological

regulation of channel gating. Furthermore, they may interact

with other proteins in order to be functionally gated. For

example, each Kir6.2 channel is thought to interact with an

outer ring of four SUR1 subunits (each containing 17 TM

helices) in order to generate a fully functional KATP channel

[6,64].

Although Kirs share a common TM topology with KcsA

(i.e. 2 TM helices plus a P-loop per subunit), they are

otherwise somewhat distantly related with a sequence iden-

tity of only f 15%. Consequently, there has been some

debate over whether Kirs have the same architecture for

their transmembrane domain as that in KcsA [65,66].

Fundamental to this debate is the problem of obtaining an

optimal alignment of Kirs with KcsA, as any homology

model will be dependent on this alignment. Alternative

alignments of Kir with KcsA (Fig. 9) have been proposed,

drawing on structural information from a variety of techni-

ques, including hydropathy analysis, mutagenesis studies,

accessibility calculations, and computer simulations of iso-

lated helices (as discussed in Ref. [67]).

On the basis of the different sequence alignments, differ-

ent various homology models of Kirs have been generated.

For example, Thompson et al. [68] constructed models of

Kir2.1 using alternative alignments in an attempt to explain

the role of three residues that contribute to channel block by

Rb+ and by Cs+ ions. Loussouarn et al. [69] used the align-

ment originally proposed in Ref. [18] to show that a KcsA-

like structure for another Kir, Kir6.2, was consistent with

Cd2 + accessibility data following cysteine scanning muta-

genesis of the second transmembrane domain. More recently,

comparisons [70] of two Kir6.2 models have been performed

using MD simulations. One model was KcsA-like, using the

same alignment [18] for the M2 region used in previous

modelling and simulation studies [67]. In an alternative

model, based on the alignment proposed in Ref. [65], residues

at the intersubunit interfaces in Kir were identified on the

basis of second site suppressor mutation studies and were

aligned with residues at the intersubunit interface in the X-ray

structure of KcsA. In two long (10 ns) MD simulations, the

more KcsA-like model was identified as significantly more

structurally stable. This was interpreted as favouring the

initial alignment [18] and model [67], and thus indicating

that KcsA is indeed a suitable template structure for Kir

channels. It is also noteworthy that the initial alignment

conserves the glycine residue (G99 in KcsA) that is proposed

to play a key role in channel gating (see Section 3.4 above).

The discovery of a family of bacterial homologues of

Kirs has helped to shed light on this problem by reducing

the ambiguity in alignments of Kirs with KcsA [71]. These

bacterial Kir homologue sequences are intermediate in

nature between mammalian Kirs and bacterial KcsA. Fig.

9 shows the two alternative alignments of Kirs with KcsA

used in comparative modelling and simulation studies [70]

along with the alignment of a bacterial Kir with KcsA and

mammalian Kirs proposed in Ref. [71]. This alignment

supports the use of KcsA-like models of Kirs.

Overall, these studies suggest that homology modelling

is a useful way of interpreting experimental information

about a channels function. However, only by taking into

account all structural information and considerations can we

hope to successfully generate a plausible homology model

in a case such as this where the sequence identity is so low.

Another way in which to evaluate whether or not a

homology model of a membrane protein is reasonable is

to examine the transmembrane distribution of residue types

and see whether this is consistent with that seen in mem-

brane proteins of known structure [72]. For example, it has

Fig. 9. Inward rectifier K channels. The sequence alignment compares model A and model B of Kir6.2 with KcsA and with a bacterial Kir homologue

(KirBac). The M1, P and M2 helices plus the selectivity filter (F) are indicated. The box indicates the glycine (G99 in M2 of KcsA) that is thought to act as a

hinge residue in channel gating.
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been demonstrated that aromatic side chains, especially

tryptophan, tend to be located close to the lipid/water

interface [73]. If we examine the locations of aromatic side

chains in KcsA and in the preferred homology model [67] of

Kir6.2 we see similar distributions, corresponding to the

bilayer/water interfacial regions (Fig. 10A,B).

Differences between KcsA and Kir6.2 are seen in the

selectivity filter region (Fig. 10C,D). In particular, the

tyrosine side chain of the TVGYG sequence motif in KcsA

is replaced by a phenylalanine in Kir6.2 (TIGFG). It has

been suggested that an H-bond formed by the tyrosine in

KcsA plays an important role in maintaining the conforma-

tion of the filter at an optimum for K+ interactions [18]. Such

an H-bond is not possible in Kir6.2. In the light of recent

results concerning the flexibility of the selectivity filter (see

above), it will be of interest to use, e.g. simulations of Kir6.2

[67,74] to explore the implications of the loss of this H-bond

in terms of filter flexibility. In particular, it has been

suggested that local fluctuations in filter geometry in Kirs

may be important with respect to ‘fast flicker’ gating of

these channels [75]. Mutations in the filter region have an

effect on Kir channel fast flicker gating [41,76] and simu-

lation studies (Capener and Sansom, unpublished results)

suggest that such changes may correlate with changes in

local structure of the filter, similar to the changes in KcsA

filter conformation seen in the presence of low [K+].

4.2. Kv channels

Voltage-gated (Kv) channels present a more complex

challenge to attempts at modelling. The TM topology of

Kv channels includes 6 TM helices per subunit (Fig. 11)

plus N-terminal domains and ancillary subunits (see below

and Table 2). Here we focus on the core pore-forming

domain (S5-P-S6 in Kv, homologous to M1-P-M2 in KcsA).

There is significant sequence identity (ca. 30%) between

KcsA and Kv in this region, and a number of experimental

studies have demonstrated structural and functional similar-

ities [8,77]. On this basis, it has been possible to generate

homology models of the core pore-forming region of, e.g.

Shaker Kv channels [78] in attempts to understand perme-

ation, block [79] and gating [80] in such channels.

Fig. 10. Comparison of the structures of KcsA and Kir6.2 transmembrane domains. The KcsA (A) and Kir6.2 model (B) tetramers are shown with tryptophan

and tyrosine side chains in space-filling format (red). The broken grey lines indicate the approximate position of the lipid bilayer. The filter regions plus P

helices of KcsA (C) and Kir6.2 (D) are compared, with K+ ions at sites S1 and S3. The tyrosine (Y) and phenylalanine (F) of the selectivity filters of KcsA and

Kir6.2, respectively, are shown in space-filling format and are labelled.
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However, there is a complication in that the S6 helix of

Kv channels (which corresponds to the M2 helix of KcsA)

contains a conserved Pro-Val-Pro motif (Fig. 11). Modelling

and simulation studies on isolated S6 helix models in a

membrane-like environment [81–83] suggest that: (i) the S6

is kinked in the vicinity of the PVP sequence motif; and (ii)

the local distortion of the helix in the vicinity of the PVP

motif may be able to act as a hinge, enabling dynamic

changes in helix conformation (Fig. 12A). Although it is

evident that the flexibility of S6 may be restricted once it is

incorporated in a model of a complete Kv channel (or even

of a tetramer of the S5-P-S6 bundle), it seems likely that

even in the intact channel, S6 remains kinked (Fig. 12B).

The latter is supported by experimental evidence from

Yellen et al. [84,85] who have used cysteine-scanning plus

chemical modification to explore the conformation of S6 in

Shaker Kv channels. Mutations in the vicinity of the Pro-

Val-Pro motif alter the voltage-sensitivity of activation of

Kv channels [86–88], suggesting that local changes in

conformation about the dynamic hinge may be involved in

the gating mechanism of the channel.

Concerning the remainder of the protein (e.g. the outer

‘rings’ of S1 to S4 helices), there is relatively little unam-

biguous structural information. NMR studies on isolated

TM segments have established that, e.g. S4 is a-helical in

membrane-like environments [89]. Systematic fluorescence

scanning studies have been used to probe the structural

dynamics of Kv channels, with an overall aim of character-

ising the local rearrangements in the vicinity of the S4

voltage sensor that accompany channel activation [90,91]. A

low (25 Å) resolution structure of the intact Shaker Kv

tetramer has been determined [92]. This should provide

useful constraints on attempts to model [93] how the various

structural elements (including, e.g. T1; see below) in Kv

channels are packed together.

Table 2

Ancillary domains and subunits

Domain Location Fold Function PDB code

Inactivation

domain

(‘‘ball’’)

peptide

N-terminus – Blocks of

intracellular

ion conduction

pathway

1ZTN, 1ZTO

T1 (NTD) N-terminus Novel

fold

Heterotetra-

merization

and assembly of

channels

1A68

Kv h Separate chain a/h fold Regulation 1ID1

CaMBD C-terminus Helix–

loop–

helix

Regulation

via Ca2 +
1G4Y

MthK RCK C-terminus a/h fold Regulation

via Ca2 +
1LNQ

Fig. 12. (A) S6 helix structure taken from a simulation of the isolated helix

in a membrane mimetic octane slab [110]. The N-terminus of the helix is at

the top of the diagram. The definitions of helix kink and swivel angles are

indicated. (B) Schematic model of the inner helix bundle of Kv channel

pore as formed by four kinked S6 helices.

Fig. 11. Transmembrane topology of a Kv channel subunit. The S6 helix

(dark grey) is shown as kinked in the vicinity of its PVP ‘hinge’ (circled).
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5. Structures of ancillary domains/proteins

The architecture of the core pore-forming transmem-

brane domain is likely to be conserved across all families

of K-channels. However, different potassium channels

have different physiological roles in cells, and their proper-

ties are often regulated by interaction with extramem-

braneous domains and/or subunits. There have been

significant efforts recently in determining the structures

of such components. It is perhaps proving a little more

difficult to establish their modes of interaction with the

transmembrane domain.

Some of the first ancillary domains to have their struc-

tures elucidated (e.g. the inactivation domain [94,95], the T1

domain [96–98] and the Kvâ protein [99–101]) have been

reviewed in detail recently [13,55,102]. More recent struc-

tures include RCK [103] and calcium-sensing [104]

domains (see below). A summary of structures is provided

in Table 2.

5.1. The RCK domain

In calcium-sensitive large conductance K-channels, there

is a regulatory domain C-terminal to the pore-forming TM

domain. This domain is known as an RCK domain (regu-

lates conductance of K+) and exhibits a Rossman fold. Its

position in the sequence (i.e. just after the inner helices of

the pore) means that it is ideally positioned to exert control

over the conduction of ions through the pore. RCK domains

are found not only in eukaryotic BK channels, but also in

many prokaryotic K channels and in prokaryotic transport

system subunits such as TrkA [105]. A number of these

domains include a glycine motif (GXGXXG. . .D) that may

indicate a role for NAD binding. It remains to be seen how

such domains are organized with respect to the bilayer and

how they are coupled to conformational transitions of the

pore domain. However, a clue is provided by the X-ray

structure of a bacterial Ca-gated K channel MtkH (see

above) [25]. This has revealed the structure of an octameric

assembly of a Ca-binding RCK domain attached to the

cytoplasmic mouth of the channel via a flexible linker

peptide from the C-terminus of the transmembrane M2

helix. It is suggested that Ca-binding leads to a change in

RCK domain/domain interactions that in turn pulls the M2

helices outwards so as to open the channel, although such

direct mechanism is perhaps difficult to reconcile with the

apparently flexible linker region.

5.2. The calcium-sensing domain

Further ‘‘downstream’’ in the sequence of (eukaryotic)

Ca-gated K channels, calcium-sensing domains are found.

Small conductance Ca2 + activated K+ channels (SK chan-

nels) are gated solely by Ca2 + and are not sensitive to

voltage. These channels bind calmodulin (CaM) via a

calmodulin-binding domain (CaMBD). The CaMBD has

a simple fold consisting of two long a-helices connected

by a loop. The channel opens when Ca2 + binds to the EF

hands in the N-lobe of the CaM. The structure of a

CaMBD/CaM complex has been solved by X-ray crystal-

lography to 1.6 Å resolution [104], revealing CaMBD to

be dimeric with CaM bound to both ends such that one

CaM is bound to both CaMBD subunits. Interestingly, the

CaMBD contains no identifiable CaM interaction motif.

Furthermore, the complex is distinct from any other CaM/

peptide complex so far observed in that the CaM binds

three helices instead of one. Interested readers are referred

to Ref. [106] for a more detailed overview of this domain.

6. What next?

Although there have been considerable advances in

understanding structure and function of K channels, much

remains to be done. From a purely structural perspective,

the major challenge lies in determining high-resolution

structures of a wider range of (mammalian) K channel

families, including those such as Kv channels, with more

complex TM and extramembrane domain organisations.

From a computational perspective, the major challenges

are to improve both fine-grained studies of, e.g. mecha-

nisms of ion selectivity, and also to extend methods to

longer time- and length-scale transitions such as channel

gating. By integrating these two approaches, we should be

able to arrive at a genuinely atomic resolution understand-

ing of how K channels work.
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