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Living cells regulate the activity of their ion channels through a process known as gating. To open the pore, protein conformational
changes must occur within a channel’s membrane-spanning ion pathway. KcsA and MthK, closed and opened K* channels,
respectively, reveal how such gating transitions occur. Pore-lining ‘inner’ helices contain a ‘gating hinge’ that bends by
approximately 30°. In a straight conformation four inner helices form a bundle, closing the pore near its intracellular surface. In a
bent configuration the inner helices splay open creating a wide (12 A) entryway. Amino-acid sequence conservation suggests a
common structural basis for gating in a wide range of K* channels, both ligand- and voltage-gated. The open conformation favours
high conduction by compressing the membrane field to the selectivity filter, and also permits large organic cations and inactivation

peptides to enter the pore from the intracellular solution.

Potassium and other ion channels are allosteric proteins that switch
between closed and opened conformations in response to an
external stimulus in a process known as gating. Depending on the
channel type, the gating stimulus can be the binding of a ligand, the
membrane electric field, or both. A central issue in ion channel
biophysics concerns the nature of the pore conformational changes
that accompany channel gating. What do the opened and closed
structures of the pore look like? In general, little is known about
protein conformational changes in membrane proteins, and yet for
ion channels these changes are crucial to every aspect of their
function: ion conduction, gating and pharmacology. Here, we
address the following questions regarding these three areas of ion
channel function. For the conduction mechanism of K* channels,
when the pore opens, how wide does it become, how does opening
change the electric field across the pore, and how accessible is the K+
selectivity filter to the intracellular solution? For the gating mech-
anism, what are the mechanics of pore opening, are the confor-
mational changes within the membrane large or small? Finally, for
K™ channel pharmacology, which protein surfaces become exposed
when the pore opens, and how might pharmacological agents
interact with the closed versus opened state of the channel?

Mutational experiments from numerous laboratories have placed
important structural constraints on K* channel gating. In particu-
lar, mutational studies of the Shaker voltage-dependent K* chan-
nel>—interpreted in the context of the KcsA K1 channel
structure’—identified what is probably the pore’s gate. In the
KcsA structure four a-helices (inner helices) line the pore’s intra-
cellular half, forming a right-handed bundle (inner helix bundle)
near the intracellular opening (Fig. 1)>*. The inner helix bundle
marks the point at which the Shaker pore becomes inaccessible to
thiol-reactive compounds and metal ions applied to the cytoplasmic
side of the channel when the channel is closed"*. Thus, it would
seem that the extracellular half of the pore, where the selectivity
filter is located, is dedicated to the function of K* selectivity, and
that the intracellular half, where the pore is lined by inner helices, is
dedicated to gating.

In the KcsA structure the pore is very wide (about 12 A diameter)
at the centre of the membrane in what is called the central cavity, but
closer to the intracellular opening, at the level of the inner helix
bundle, the pore diameter narrows to about 4.0 A (the separation
between van der Waals surfaces of protein atoms) (Fig. 1). At this
narrow segment, hydrophobic side chains from the inner helices line
the pore, creating what would seem to be an inhospitable environ-

NATURE | VOL 417 | 30 MAY 2002 | www.nature.com

%4 © 2002 Nature Publishing Group

ment for a K* ion. Is the gate closed in the KcsA crystal structure?
Functional measurements offer the best insight into the probable
conformational state. In membranes, the KcsA K* channel has a
very low open probability even under the acidic pH conditions
known to open the channel®. When the intracellular carboxy-
terminal 35 amino acids are truncated from KcsA, the open
probability is even lower, remaining effectively near zero (C. Miller,
personal communication). The crystal structures (Fig. 1) are of the
truncated KcsA K channel®; if structure matches function, then
the truncated KcsA K channel has a closed gate.

Exactly how do the inner helices move to open the pore? This has
been a difficult question to answer in the absence of direct
measurements of closed and opened channel structures. One
attempt, using electron paramagnetic resonance (EPR) with spin-
labelled KcsA channels, suggested that the inner helices rotate and
translate (relative to the KcsA crystal structure), causing a very
subtle diameter increase at the inner helix bundle (Protein Data

Out

Figure 1 Structural elements of the K™ channel pore. Two subunits of the KcsA K™
channel are shown with the extracellular side on top. The selectivity filter is orange and the
central cavity is marked by a red asterisk. Three helical segments include, from N to C
terminus, the outer helix (M1), pore helix (P) and inner helix (M2). The gate is formed by
the inner helix bundle (Bundle). The figure was prepared using RIBBONS®.
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Bank code 1JQ1)*°. However, a different approach using X-ray
crystallography implied that the pore might open to a much wider
diameter'®. The crystallographic study showed that the K channel
blocker tetrabutylammonium ion (TBA) binds in the central cavity.
In the structure the inner helices remained in their apparently closed
conformation, but they must have opened very wide to allow TBA
(diameter 10-12 10\) to enter.

Mechanics of pore gating

The MthK channel from Methanobacterium thermoautotrophicum
together with the KcsA channel provides valuable insight into the
conformational changes that apparently underlie K channel gat-
ing. The MthK channel structure includes its gating machinery (the
gating ring) and contains a bound ligand (a Ca®" ion) that opens
the channel in membranes'' (PDB code 1LNQ) . Figure 2 shows the
pore structure of the MthK channel alongside the KcsA K channel
(PDB code 1K4C). Comparison between these two structures
revealed first that the structure surrounding the selectivity filter is
quite similar in both channels, aside from differences in the length
of the extracellular ‘turret’ loops. Second, there are very large
structural differences involving the inner helices: in KcsA the
inner helices are nearly straight and form a bundle near the

Figure 2 Opened and closed states of Kt channels. Stereo diagrams show the pore (Cot
traces) of two K™ channels viewed from within the membrane: a, MthK (PDB code 1LNQ)
(residues 19-98) and b, KcsA (PDB code 1K4C) (residues 24—114), with one subunit
removed and oriented with the extracellular surface on top. €, d, The KcsA (red) and MthK
(black) pores are superimposed and viewed from within the membrane (¢, two subunits),
and from the intracellular solution (d, four subunits). Only the selectivity filter and inner
helices are shown in d. Arrows indicate the direction of inner helix displacement in going
from closed (KcsA) to opened (MthK). The figures were prepared using Bobscript?®.
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intracellular solution, whereas in MthK the inner helices are bent
and splayed open (Fig. 2a—c). Third, the bend (approximately 30°)
in the MthK inner helices occurs at a hinge point—a gating hinge—
that is located deep within the membrane, just below the selectivity
filter. The gating hinge corresponds to Gly 83 in MthK and Gly 99 in
KcsA (Fig. 3). Glycine is unique in its ability to adopt a wide range of
main-chain dihedral angles and confers flexibility at specific points
in protein structures. The presence of a glycine at the gating hinge
permits the structural differences observed between the KcsA and
MthK channels. Fourth, to convert the KcsA (closed pore) structure
into the MthK (opened pore) structure, it appears as though one
would simply have to exert a lateral (radial-outward) force on the C-
terminal (intracellular) extent of the inner helices; such a force
would place a torque on the gating hinge (Fig. 2¢, d). In the open
conformation the contact area between the inner and outer helices is
reduced, especially near the intracellular surface. This probably
accounts for the straightening of the outer helices in MthK. Finally,
the open pore is very wide, about 12 A at its narrowest point (Ala 88,
Fig. 3), so that the central cavity becomes essentially continuous
with the intracellular solution. The structure can be viewed in the
Supplementary Information as a movie.

Gating mechanism is conserved
[s it reasonable to compare two different K* channels, KcsA and
MthK, to infer the conformational changes that underlie gating?
Structure-based sequence alignment using a wide range of K"
channels suggests that it is, and that the inferred conformational
changes probably occur in most K channels (Fig. 3a). The K*
channel sequences shown in Fig. 3a cover the broad range found in
nature: prokaryotic, eukaryotic, channels with two and six mem-
brane-spanning segments per subunit, ligand-gated and voltage-
gated. Even cyclic nucleotide-gated (CNG) channels, which are not
K" selective but are related to K channels, apparently exhibit
similar conformational changes'’. The principal observation in the
sequence alignment is strong amino-acid conservation at two
positions in the inner helix (Fig. 3a, b). The first position is the
gating hinge, conserved as glycine (red in Fig. 3a); apparently all of
these channels have a gating hinge. The second position is five
amino acids C-terminal to the gating hinge, conserved as alanine or
glycine (green). The significance of having an amino acid with a
small side chain at this second position is evident on inspection of
the MthK channel structure: this amino acid points its side chain
towards the pore, a large side chain would tend to plug the pore and
interfere with ion conduction. Thus, the MthK structure reveals the
significance of a glycine residue, to allow a flexible gating hinge, and
an alanine residue, to ensure a wide pathway for ions to reach the
selectivity filter. Conservation of these residues implies a conserved
pore conformational change. For this reason we propose that KcsA
and MthK structures represent the closed and opened states of most
K* channels, ligand- and voltage-gated, as well as CNG channels.
The mechanics of pore opening may be conserved in different K*
channels, but very different structures, such as integral membrane
voltage sensors'>'* and intracellular ligand-binding domains', have
to mechanically adapt to the pore so that they can exert a lateral
force on the inner helices. Thus, the C-terminal end of the inner
helices must vary in structure from one channel to the next,
depending on its associated gating domain. In the MthK channel
we are unable to fully resolve the connection between the pore and
its gating domain, but the inner helix points at its attachment site as
if the connection is nearly straight''. When the pore closes, in order
for the inner helices to form a bundle—similar to the structure
observed in KcsA (Fig. 2)—the connection would have to develop a
bend. In this regard, much work has focused on the Pro-Val-Pro
sequence near the inner helix bundle in certain voltage-dependent
K* channels'. The suggestion that this sequence might make a bend
seems reasonable, as a bend would direct the bottom of the inner
helix towards the voltage sensor domain.
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Figure 3 Structure-based sequence analysis suggests conserved gating conformations.
a, Sequences from the inner helices of various K* channels and a CNG channel. The
selectivity filter is coloured orange, the gating hinge glycine red, and the amino acid at the
narrowest point of the MthK intracellular pore entryway, green. MthK, M.
thermautotrophicum K™ channel; KcsA, Streptomyces lividans K* channel; Dradio,
Deinococcus radiodurans K* channel; Ecoli, Escherichia coli K* channel; Shaker,

Pharmacology and inactivation gating

The wide diameter of the open gate (12 A) is entirely consistent with
the experiments of Armstrong, showing that large organic cations
block the intracellular entryway of K" channels'®'” (Fig. 4). The
open gate is wide enough so that organic compounds can enter from
the cytoplasm and reach the membrane centre (the cavity) before
lodging just beneath the selectivity filter'’. It is interesting to see that
gate closure (the pinching shut of the inner helix bundle) occurs
while maintaining the size of the cavity (Fig. 2). This structural
feature of K* channel gating is consistent with the phenomenon of
functional ‘trapping’ of organic cations behind the gate, deep within
the pore'®'®. The structure of the open pore builds on our under-
standing of the susceptibility of K" channels to block by organic
cations, including many commonly prescribed pharmacological
agents'. On the intracellular side of the selectivity filter the pore
is hydrophobic?, cation attractive (owing to oriented pore helices)*
and wide (Fig. 4). These properties of K™ channels undoubtedly lie
at the basis of certain drug-induced cardiac conduction abnormal-
ities such as acquired long-QT syndrome".

The structure of the open pore helps us to further understand a
form of K channel gating known as inactivation. A-type K*
channels such as the Shaker K* channel open in response to
membrane depolarization, but a few milliseconds later they stop

Figure 4 The open pore allows entry of large molecules from the intracellular solution.
Molecular surface of the MthK pore (all side chains included) viewed from the intracellular
solution. A K ion in the selectivity filter is shown as a green sphere. Surface models of
tetrabutylammonium (TBA) and the N-terminal inactivation gate (sequence MQVSI) from
KvB1.1 (peptide) are shown'®. The figure was prepared using GRASPC,
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Drosophila melanogaster K channel; hDRK1, Homo sapiens K™ channel; hBK, H.
sapiens BK channel; hSK3, H. sapiens SK channel; hERG2, H. sapiens K™ channel;
hGIRK2, H. sapiens G-protein-activated K* channel 2; hIRK1, H. sapiens K channel;
bCNG1, Bos taurus cyclic nucleotide-gated channel. Protein ID numbers are indicated in
parentheses. b, Three subunits of the MthK pore with colours corresponding to a.

conducting ions because an inactivation gate blocks the pore on the
intracellular side*"**. A ‘ball and chain’ mechanism was proposed
about thirty years ago for a similar process in Na* channels?***, Ten
years ago, the ‘ball and chain’ inactivation gate of A-type K*
channels was shown to be formed by the channel’s own amino
terminus®?%, or the N terminus of an associated $-subunit®.
Recently, on the basis of a mutational study, it was proposed that
an N-terminal inactivation gate blocks ion conduction by entering
into the pore as an extended peptide, reaching to the cavity'. The
mutational data were convincing, but nevertheless, given the narrow
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Figure 5 The membrane electric potential across the pore changes on opening.

a, b, Electrostatic contour plots for KcsA (a) and MthK (b) in a membrane. Electric potential
was calculated as described (see Methods). A slice perpendicular to the membrane
through the channel shows the pore between the intracellular solution (bottom) and
extracellular solution (top). The grey region corresponds to protein or membrane
(dielectric constant 2); white regions to aqueous solution (dielectric constant 80). Potential

runs from 1.0 to 0 with contours every 0.1kTe ™.
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inner pore of KcsA the proposal seemed unbelievable from a
structural perspective. The open channel structure of MthK, how-
ever, gives a different impression, and rationalizes the mutational
results (Fig. 4). The open pore is wide enough so that an extended
peptide can insert its N terminus (cationic) into the cavity.

Membrane potential across the open pore

The open pore conformation has important implications for ion
conduction, in part because the electric field experienced by an ion
in the pore depends on the shape of the pore, among other factors.
To gain a qualitative appreciation for the effect of pore shape, we
calculated the electrostatic potential for the KcsA and MthK pores,
closed and opened K* channels, embedded in a membrane by
solving the finite difference Poisson equation. The dielectric con-
stant for the protein and membrane were set at 2.0, and for water
outside the membrane and in the pore, 80. To focus on the effect of
pore shape on applied membrane potential the protein was
uncharged. The results are shown in the form of electrostatic
contour plots (Fig. 5). In the open conformation the cavity is at
the same membrane potential as the internal solution. This Poisson
calculation gives the potential under equilibrium, when ions are not
moving through the pore. The qualitative result is impressive: an
open K* channel effectively thins the membrane for a diffusing K*
ion to approximately the 12 A length of the selectivity filter. That is,
the access resistance for a K* ion diffusing between the cytoplasm
and the selectivity filter is low. This feature of K channels
undoubtedly contributes to their high conductance.

Discussion

On the basis of the opened MthK channel, the closed KcsA channel,
and amino-acid sequence analysis, we propose a structural basis for
gating transitions in the transmembrane pore of K* channels. The
four inner helices can exist in a straight (apparently relaxed)
conformation in which case they form a bundle that closes the
pore near its intracellular opening. Alternatively the inner helices
can bend, causing the bundle to splay open to a diameter of about
12 A. The principal structural feature of the gating conformational
change is the presence of a gating hinge located deep within the
membrane, conserved as a glycine residue in most K™ channels. The
gating conformational changes within the membrane are very large,
but are mainly confined to the intracellular half of the channel.
Based on amino-acid sequence conservation, we propose that
different K* channels, ligand- and voltage-gated, as well as cyclic
nucleotide-gated channels, undergo similar pore conformational
changes. |

Methods

Electrostatic calculation

Electrostatic potential was calculated by solving the finite difference Poisson equation
using a program written in Fortran 77 implementing a Jacobi relaxation algorithm®®?’.
The KcsA and MthK pores were mapped onto a 70 X 70 X 90 A cubic grid with spacings of
1.0 A. Side chains were added to the MthK pore structure for defining the region of space
bounded by the channel. Channels were placed into a 34 A thick slab of dielectric constant
2.0 used to model the membrane. The protein region was assigned a dielectric constant of
2.0 using the standard Pauling atomic radii; if an atom intersected a grid element then a
dielectric constant of 2.0 was assigned to the element. We did not use protein charges in the
calculation. Solution surrounding the membrane and in the pore was assigned a dielectric
constant of 80. Ionic strength outside the membrane had only a small effect on the
potential within the membrane and therefore was kept at 0 for producing Fig. 5.
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