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Abstract The atomic structures of K* channels have added a
new dimension to our understanding of K* channel function. I
will briefly review how structures have influenced our views on
ion conduction, gating of the pore, and voltage sensing.
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1. Introduction

Potassium channels conduct K* ions across the cell mem-
brane, down the electrochemical gradient for K*. Potassium
conduction underlies many different cellular processes includ-
ing cell volume regulation, hormone secretion, and electrical
impulse formation in electrically excitable cells [1].

All known K* channels are related members of a single
protein family. They are found in bacterial, archeal, and eu-
karyotic cells — both plant and animal — and their amino acid
sequences are very easy to recognize because potassium chan-
nels contain a highly conserved segment called the K channel
signature sequence [2]. This sequence forms a structural ele-
ment known as the selectivity filter, which prevents the pas-
sage of Na't ions but allows K* ions to conduct across the
membrane at rates approaching the diffusion limit. This is the
hallmark of K" channels: nearly perfect selectivity for K
ions over Na™ ions in the setting of very high K* conduction
rates.

Diversity among different members of the K™ channel fam-
ily is related mainly to the various ways in which K* channels
are gated open. Some K' channels are ligand gated, which
means that pore opening is energetically coupled to the bind-
ing of an ion [3], a small organic molecule, or even in some
cases a protein [4]. Other Kt channels are voltage gated, in
which case pore opening is energetically coupled to the move-
ment of a charged voltage sensor within the membrane electric
field [5,6]. Therefore, the different kinds of K* channels open
in response to different stimuli: a change in the intracellular
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Ca”" concentration, the level of certain G-protein subunits in
the cell, or the value of the membrane voltage. Underneath
this diversity in gating function, K+ channels have diverse
structural domains attached in a modular fashion to the con-
served pore unit. Ligand-gated K" channels typically have
cytoplasmic or extracellular domains for binding ligands. Vol-
tage-gated K channels have integral membrane domains for
sensing voltage differences.

Over the past five years X-ray crystallographic studies have
revealed the first atomic structures of several different K+
channels. These structures have answered many questions
about basic mechanisms of KT channel function, and at the
same time they have stimulated new questions to be answered
in the future. I will briefly describe three aspects of K+ chan-
nels where the structures have shed new light and stimulated
new ideas. These aspects concern selective ion conduction,
gating, and voltage sensing.

2. Selective ion conduction

The fundamental catalytic role of all K* channels is to
conduct K* ions across the cell membrane. The atomic radius
of K* is 1.33 A and that of Na*t is 0.95 A. With only this
difference in ionic radius to work with, K* channels manage
to select for the K* ion over the Na't ion by a factor of more
than 1000. Moreover, this strong selectivity for K is achieved
without compromising the rates of conduction, which ap-
proach the diffusion limit. Atomic structures have given us a
deep understanding of K™ selectivity and the ion conduction
process.

The K* channel pore is comprised of four usually identical
subunits that encircle with four-fold symmetry a central ion
conduction pathway [7,8]. Two of the four subunits are shown
for the KcsA K* channel in Fig. la. Each subunit contains
two fully transmembrane o-helices termed inner (nearest the
ion pathway) and outer (nearest the membrane) helices, and a
tilted pore helix (red, Fig. 1a) that runs half way through the
membrane, pointing its C-terminal negative end-charge to-
ward the ion pathway. Near the midpoint of the membrane
the ion pathway is nearly 10 A in diameter, forming a central
water-filled cavity. A hydrated K™ ion remains suspended
at the center of the cavity in the crystal structure [8]. The
presence of a water-filled cavity and oriented o-helices helps
to explain a very important property of the K* channel: in
order to catalyze high conduction rates the channel must
overcome the electrostatic repulsion that a K* ion would
normally experience when moving from bulk water into the
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Fig. 1. The ion conduction pore of K* channels. a: Two of the
four subunits from the KcsA pore are shown with the extracellular
side on top [8]. Each subunit contains an outer helix close to the
membrane, an inner helix close to the pore, a pore helix (red) and a
selectivity filter (gold). Blue mesh shows electron density for K*
ions and water along the pore. b: Close-up view of the selectivity
filter with dehydrated K" ions at positions 1 through 4 (external to
internal) inside the filter and a hydrated K ion in the central cavity
below the filter. c: Electron density in the filter corresponds to two
configurations of K™ ions (green) alternating with water molecules
(red): 1,3 contains K* at positions 1 and 3, 2,4 contains K* at po-
sitions 2 and 4. d: Through-put cycle for K* conduction invoking
1,3 and 2,4 configurations [10].

low dielectric membrane environment. By allowing the K* ion
to remain hydrated at the membrane center, and by directing
the C-terminal negative end-charge of o-helices toward the
ion pathway, a K ion is stabilized at the membrane center
[9].

Potassium selectivity occurs in the selectivity filter, located
in the extracellular third of the ion pathway in between the
central cavity and the extracellular solution (Fig. la, gold).
The K* channel signature sequence amino acids, conserved
in KT channels throughout the tree of life, form the selectivity
filter. Here, conducting K* ions encounter four evenly spaced
layers of carbonyl oxygen atoms and a single layer of threo-
nine hydroxyl oxygen atoms, which create four K* ion bind-
ing sites numbered 1 to 4 from the extracellular to the intra-
cellular side (Fig. 1b). At these sites K ions bind in an
essentially dehydrated state, surrounded by eight oxygen
atoms from the protein, four ‘above’ and four ‘below’ each
ion in Fig. 1b. The arrangement of protein oxygen atoms
surrounding each binding site in the selectivity filter is very
similar to the arrangement of water molecules around the
hydrated K* ion observed in the central cavity. Thus, the
crystal structure provides an explicit and beautiful demonstra-
tion of the selectivity filter’s role, to create a queue of K+
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binding sites that mimic the waters of hydration surrounding
a K* ion. Potassium ions are therefore able to diffuse from
water into the selectivity filter where the energetic cost of
dehydration is compensated. Sodium ions, on the other
hand, do not seem to enter the selectivity filter in crystal
structures even when Na' is present in vast excess [8,11]. In
fact, reduction of K* to 3 mM in the presence of 150 mM
Na' causes the selectivity filter to undergo a conformational
change to a ‘collapsed’ state.

High selectivity and high conduction rates present an ap-
parent paradox: why does the precise ion coordination re-
quired for high selectivity not cause the ions to bind too
tightly and prevent their rapid diffusion through the pore?
We understand two reasons for high conduction rates in the
setting of high selectivity. First, the selectivity filter contains
more than one ion in it so that repulsion between closely
spaced ions will help to overcome the intrinsic affinity that
each ion has for its binding site [8,10,11]. Across the four
positions of the selectivity filter there are, on average, two
K™ ions present at a given time and they reside predominantly
in two configurations shown in Fig. 1c. In each configuration,
1,3 and 2,4, two K" ions are separated by one water mole-
cule; the crystal structure is an average of these configura-
tions. The deduction of two specific ion configurations is
based on comparing the distribution of K+ versus Rb* ions
in the selectivity filter [10], specific features of the electron
density at the selectivity filter entry way [8], determination
of the absolute occupancy for ions inside the selectivity filter
using TI* [11] and the effects of mutations on the distribution
of ions (unpublished). The 1,3 and 2,4 configurations form the
endpoints of a simple conduction cycle shown in Fig. 1d. The
cycle corresponds to an ion crossing the filter: an ion enters
the queue from one side of the filter while a different ion exits
from the opposite side. The direction of flow is of course
determined by the electrochemical gradient for K*. This pic-
ture, based on crystallographic studies, is in good agreement
with the experiments of Hodgkin and Keynes, which led them
to propose in 1955 that the K™ conduction mechanism in-
volves the single file movement of two to three ions across
the membrane [12].

The second reason for high conduction rates in the setting
of high selectivity is that the selectivity filter’s structure de-
pends on the presence of K* ions [8]. Specifically, when in a
crystallographic experiment the K* concentration is lowered
far below normal intracellular levels, the filter’s occupancy
drops from two to one K* ions and a very specific conforma-
tional change occurs [11]. The conductive conformation of the
filter shown in Fig. 1 requires the presence of two K* ions,
and it is the entry of the second K* ion that induces the
conformational change. This observation has a simple ther-
modynamic consequence: some fraction of the ion binding
energy is used to change the filter’s structure, and as a result
the ions bind less tightly than if a conformational change did
not occur. Weak binding is a prerequisite for high conduction
rates.

In summary, K* channels conduct K ions specifically be-
cause the selectivity filter contains multiple binding sites that
mimic a hydrated K ion’s hydration shell. Potassium chan-
nels achieve high conduction rates by exploiting electrostatic
repulsion between closely spaced ions and by coupling the
conformation of the selectivity filter to ion binding within
the filter.
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3. Gating

What are the conformational changes that underlie pore
opening in K* channels? Structural comparison of KcsA
with a second K* channel, MthK, begins to answer this ques-
tion [13]. KcsA was crystallized under conditions that favor its
closed conformation in membranes [7,8,14]. MthK, a Ca%*-
gated K+t channel, was crystallized in the presence of Ca’*
concentrations that open its pore in membranes [15]. In the
crystal structure, calcium is bound to RCK domains located
at the intracellular membrane surface. These domains are re-
sponsible for opening the pore when Ca’* ions bind. Here 1
will focus only on the transmembrane pore component of the
MthK K* channel.

The pores of KcsA and MthK are shown in Fig. 2. Aside
from the obvious difference in the length of the extracellular
‘turret’ loops connecting the outer and pore helices, the major
structural difference between these two channels is the posi-
tion of their inner helices on the intracellular side of the se-
lectivity filter. In KcsA the inner helices are straight and form
a helix bundle near the intracellular membrane surface. At the
bundle crossing in KcsA the pore narrows to about 3.5 A in
diameter and is lined with hydrophobic amino acids, creating
a barrier to the flow of K ions. In contrast, the MthK inner
helices are bent at a hinge point and splayed open so that the
central cavity becomes confluent with the cytoplasm, leaving
free access for ion flow between the cytoplasm and the selec-
tivity filter. From measurements of gating activity in mem-
branes, the conditions under which the KcsA and MthK
channels were crystallized are expected to yield closed and
opened K* channels, respectively [14,15]. The crystal struc-
tures are in very good agreement with this expectation.

The KcsA and MthK structures are probably representative
of the closed and opened pore conformations of many differ-
ent K* channels, irrespective of the stimulus that causes the
pore to open [13]. This conclusion is suggested by the con-
servation of a glycine residue at the inner helix hinge point in
most K* channels (Fig. 2, red). A glycine gating hinge would
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Fig. 2. Closed and opened conformations of the pore. Sequences of
ligand- and voltage-gated K* channels are from [13]. The selectivity
filter sequence is highlighted orange and the glycine gating hinge
red. Three subunits of the closed pore conformation of KcsA (left)
and the opened pore conformation of MthK (right) are shown with
the selectivity filter and gating hinge colored to match the sequence
highlights.
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Fig. 3. The voltage-gated K* channel KvAP. a: A tetramer from
the crystal viewed down the four-fold axis from the cytoplasm [24].
The channel is a-helical with four subunits shown in different col-
ors. Monoclonal Fab fragments (green) used to crystallize KvAP
are attached to the voltage sensors. b: A single subunit of KvAP is
shown with the extracellular side on top. Helical elements S3b and
S4 form a hydrophobic ‘voltage sensor paddle’ with gating charge
arginine residues. In the crystal, the Fab is attached to the voltage
sensor paddle and has extended it toward the cytoplasm. ¢: CPK
model of the voltage sensor paddle shown in approximate closed
(left) and opened (right) depths relative to the 30 A hydrophobic
core. Tethered biotin (red and yellow) attached to position 121 is
accessible to internal avidin when the channel is closed and to exter-
nal avidin when the channel is opened. Avidin engulfs the red seg-
ment when it binds to biotin. a and b are from [24].

allow the inner helices to switch between a closed KcsA-like
conformation and an opened MthK-like conformation. The
conclusion is also supported by pharmacological and muta-
tional studies of voltage-gated [16,17] and G-protein-gated
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[18] K* channels, which are consistent with the closed and
opened pore conformations shown in Fig. 2.

In summary, large conformational changes within the mem-
brane underlie pore opening in K* channels. Inner helices
obstruct the pore in the closed state and expand its intracel-
lular diameter in the opened state. Different gating domains —
ligand binding and voltage sensing — appear to bring about a
similar conformational change in the pore of K* channels.

4. Voltage sensing

Ion channels determine the membrane voltage by control-
ling the membrane’s permeability to ions. For voltage-gated
channels the membrane voltage determines whether they are
open, and therefore they provide a way for the membrane
voltage to feed back onto itself — a key property for generat-
ing electrical impulses [19]. The principle of how membrane
voltage can regulate channel opening is simple: when a vol-
tage-gated channel opens, charged amino acids called gating
charges move through the membrane electric field, coupling
electrical work to the opening process [5,6,20]. The gating
charge of a voltage-gated K channel has been measured
and is equivalent to almost 14 electrons moving all the way
across the transmembrane voltage difference [21-23]. Most of
this gating charge is attributable to four arginine residues per
subunit, 16 total; each arginine accounts for approximately
one electron charge [22,23].

The crystal structure of the voltage-gated K* channel
KVAP contains the typical pore of K* channels surrounded
by o-helical voltage sensors (Fig. 3a) [24]. In the crystal the
voltage sensors are held by monoclonal Fab fragments, which
in the absence of membrane forces extend the sensors into a
non-native conformation (Fig. 3b). Nevertheless, the structure
offers a simple possibility for how the voltage sensors might
transfer gating charges through the membrane electric field:
the gating charge arginine residues are located on hydropho-
bic helix-turn-helix structures — voltage sensor paddles — that
appear as if they could move within the membrane at the
protein-lipid interface when the channel opens.

The movement of voltage sensor paddles was tested in lipid
membranes by tethering biotin to various positions and as-
sessing whether avidin can access the biotin from either side of
the membrane [25]. At certain positions on one face of the
paddle tethered biotin is actually dragged all the way across
the membrane from the intracellular side in the closed con-
formation to the extracellular side in the opened conformation
(Fig. 3c). That is, biotin is accessible to avidin from the intra-
cellular side when the channel is closed and from the extra-
cellular side when it is opened. Given the length of the tether
to which biotin is attached, and constraints for avidin binding,
this finding requires that the paddles move a large distance.
The overall pattern of accessibility of biotin attached to many
positions point to the same conclusion: motions large enough
to transfer the four arginine gating charges most of the way
across the membrane [25].
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Additional structures will be necessary to clarify how the
voltage sensors pack against the pore in the membrane in the
closed and opened conformations, but KvAP suggests a very
simple mechanism: the electric field pulls on a charged helix-
turn-helix structure on the channel’s perimeter to bring about
a conformation change. Another channel with voltage-depen-
dent gating properties, MscS, features a similar helix-turn-he-
lix with arginine residues on its perimeter [26]. KvAP and
MscS require us to re-evaluate the long-held assumption
that charged amino acids have to be always shielded from
the lipid membrane. The structures and functional studies
imply that hydrophobic and electrostatic forces can balance
each other so that the delocalized charge on an arginine res-
idue can be drawn into the membrane at the protein-lipid
interface.

In summary, conformational changes underlying voltage
sensing in KvAP are large and involve movements of arginine
residues through the membrane, near the protein lipid inter-
face.
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