MEMBRANE CONDUCTANCE
The movement of charged ions
across biological membranes
gives rise to an electrical current.
Conductance is a measure of
how readily these currents flow
across the membrane.
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TOWARDS ASTRUCTURAL VIEW OF
GATING IN POTASSIUM CHANNELS

Kenton J. Swartz

Abstract | Voltage-activated cation channels have pores that are selective for K*, Na* or Ca?*.
Neurons use these channels to generate and propagate action potentials, release
neurotransmitters at synaptic terminals and integrate incoming signals in dendrites. Recent X-ray
and electron microscopy studies of an archaebacterial voltage-activated K* (Kv) channel have
provided the first atomic resolution images of the voltage-sensing domains in Kv channels.
Although these structures are consistent with previous biophysical analyses of eukaryotic
channels, they also contain surprises, which have provoked new ideas about the structure and
movements of these proteins during gating. This review summarizes our current understanding
of these intriguing membrane proteins and highlights the open questions.

Excitable cells use a bewildering array of membrane
proteins to generate electrical and chemical signals. In
the early 1950s, Hodgkin and Huxley established the
presence of memerane conpucTances for K+ and Na* that
underlie the action potential in the squid giant axon,
commencing the past half-century of investigation into
the physical mechanisms underlying these conduc-
tances. Interestingly, these ion conductances switch on
and off with changes in membrane voltage. It is now
appreciated that these gated conductances arise from a
family of membrane proteins that have three crucial
functional elements: an ion conduction pore that can
distinguish between K*, Na* and Ca?*; a gate that mini-
mizes the flow of ions in the closed state; and voltage
sensors that detect changes in membrane voltage and
trigger opening and closing of the gate. For the classical
voltage-activated channels that were studied by Hodgkin
and Huxley, the probability that the gate is open is low at
HYPERPOLARIZED Membrane voltages, but increases signi
ficantly in response to membrane bepoLARIZATION.
Contemporary experiments on the Shaker Kv channel, a
particularly well-studied voltage-activated channel from
Drosophila melanogaster 5, show that the open proba-
bility varies over a broad range, from values of perhaps
1079 at negative voltages to positive voltages of close to 1
(REFS 7-14), indicating that these channels can respond to
changes in membrane voltage with extraordinarily high

precision. This review focuses on the mechanisms that
underlie voltage-dependent activation in Kv channels,
with occasional reference to their Na*- or Ca?*-selective
counterparts (Nav or Cav channels, respectively). The
recent success in solving the atomic resolution struc-
tures of prokaryotic K* (Rers 15-20) and CI- channels?*,
when combined with the recent identification of
prokaryotic Na* channels???, provides grounds for
optimism about unravelling the structures of other
types of voltage-activated cation channel.

Architecture of Kv channels

Kv channels belong to a diverse family of cation channels
that includes Nav and Cav channels®-2¢, cyclic
nucleotide-activated channels?, hyperpolarization-
activated cation channels®, Ca?+-activated K* channels®,
inward rectifier K* channels®-%2, two-pore K* chan-
nels®*3 and glutamate-activated channels® (F1G.1). The
functional Kv channel is a tetramer®=" with four identi-
cal (or similar) subunits. The conventional topology of
the S1 to S6 transmembrane segments in each subunit
is based on evidence for positioning specific regions
on either the intracellular or extracellular side of the
membrane (FIG. 1). For example, the region on the amino
(N)-terminal side of S1 in the Shaker Kv channel is
thought to function as a tethered intracellular blocker of
the pore'”®3° which underlies fast inactivation and
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Figure 1 | Membrane folding model for Kv and related cation channels. The models are
oriented with their extracellular sides up. The light blue transmembrane regions form the ion
conduction pores in a tetrameric arrangement.

HYPERPOLARIZATION/
DEPOLARIZATION

In most electrically polarized cell
membranes the intracellular side
is more negatively charged
relative to the extracellular side,
and the voltage across the
membrane is said to be negative.
Depolarization signifies a
change in membrane voltage
whereby the inside becomes
more positive; hyperpolarization
a change whereby the inside
becomes more negative.

indicates that the N terminus is intracellular. The linker
between S1 and S2 is glycosylated“’ and must, therefore,
be extracellular. A native cysteine residue between S2 and
S3 can be modified by internally applied methanethio-
sulphonate (MTS) reagents*, which indicates an intra-
cellular location. Studies on protein toxins that bind to
the carboxy (C) terminus of S3 in the Kv2.1 channel
indicate that this region of the channel is near the extra-
cellular solution*>*, Finally, the N terminus of S4 is
accessible to extracellular MTS reagents, whereas both the
C terminus of S4 and the S4-S5 linker are accessible to
these reagents when they are applied to the intracellular

side*#>#7, The topology and structure of the S5-S6
region is the best defined because it is well conserved
across K* channels, and four K* channel structures have
now been solved!>1&-2:

The gate region in K* channels

The gate region in K* channels controls whether ions
can traverse the ion conduction pore. In Kv channels,
the pore domain is formed by S5 through S6, with S6
and the S5-S6 linker lining the ion conduction path-
way. Initial support for this model was provided
by studies with pore-blocking toxins that bind to the
extracellular region between S5 and S64¢“°. More
recently, the x-rav strucTure Of the KcsA K* channel*>16
(FIG.2a) — a relatively simple prokaryotic channel with
two transmembrane segments that are similar to S5 and
S6 in Kv channels — established the pore-forming nature
of this region and showed how K* ions are coordinated
by backbone carbonyl atoms near the extracellular end
of the pore. Although the pathway that K* ions use to
cross the membrane is now clear, how the flow of ions
is regulated is less well understood. In the late 1960s,
Armstrong found that quaternary ammonium (QA)
compounds could block the squid giant axon Kv
channel when applied from the intracellular side of
the membrane, but only after the gate had been opened
by membrane depolarization®*-%2, In addition, if the gate
is rapidly closed by strong hyperpolarization of the
membrane, QA blockers can be trapped in the channel.
Armstrong proposed that a gate was located on the
intracellular side of the membrane and that there must
be a cavity on the extracellular side of the gate in which
QAs could reside®?.

In the Shaker Kv channel, the intracellular gate cannot
close when QAs are bound within the pore unless a point
mutation in the S6 transmembrane segment is intro-
duced that converts the isoleucine residue at position
470 to Cys™. This bolsters Armstrong’s interpretation and
further implicates the intracellular region of S6 in
forming the gate. Moreover, the reactions between water-
soluble MTS reagents and Cys residues show a region in
the intracellular end of S6 where reaction rates abruptly
change from having little state dependence to having a
striking (up to 10°5-fold) preference for the open state®.
Similar experiments have also shown gated access of
Ag*, asmall thiol-reactive ion with dimensions and
diffusion properties similar to K* (Rer.55). A Cd?* bridge
between Cys and histidine residues in intracellular
regions of adjacent S6 segments can lock the gate
open®®, and mutations in the intracellular end of S6 can
cause either constitutive activation® or prevent the gate
from opening®, Taken together, these data are consistent
with the location of a gate at the intracellular entrance to
the ion conduction pore in Kv channels.

The X-ray structure of the KcsA K* channel shows
that the helices of the second transmembrane segment
(corresponding to S6 in Kv channels) adopt an inverted
teepee-like architecture at the intracellular end of the
pore, which leaves a large aqueous cavity that could
accommodate QA blockers just above a bundle crossing
that seems to be in a closed conformation>% (riG. 2).
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Figure 2 | X-ray structures of KcsA and MthK potassium channels. a | Side view of the two
channels with the front and back subunits removed for clarity. The red residue in both channels
(G99 in KecsA and G83 in MthK) is a glycine residue that has been proposed to serve as a gating
hinge. The white molecule in the cavity of KcsA (closed) is a quaternary ammonium blocker.

b | View of the tetrameric channels from an intracellular vantage point. The difference in aperture
of the intracellular entrance to the pore in the two channels is outlined with a yellow ring. Protein
database accession codes are 1J95 for KcsA and 1LNQ for MthK. Structures were generated
using DS Viewer Pro (Accelrys).

X-RAY STRUCTURE

In X-ray crystallography of
proteins, a crystallized protein is
bombarded with X-rays and the
diffraction pattern is used to
develop a three dimensional
model of the protein’s atomic
structure. This model is often
termed the X-ray structure of
the protein.

ELECTRON PARAMAGNETIC
RESONANCE

(EPR). A spectroscopic
technique based on the magnetic
moment of an unpaired free
electron. Although proteins
typically have little EPR signal,
spin-labels with unpaired
electrons can be attached to the
protein and EPR used to provide
information about the mobility
and solvent accessibility of the
spin-label. EPR can also be used
to obtain distances between spin
labels and another paramagnetic
atom.

The structure of a KcsA—-QA complex showed that
QAs (the white molecule in FiG. 2a) bind in the cavity*.
The structure of the MthK channel, a prokaryotic
Ca?*-activated K* channel, refined the picture of the
gate further because this channel was caught in what
appears to be an open state'®% (riG. 2). The aperture of
the internal pore (~12 A) in the open MthK structure is
much larger than that of the KcsA structure, which
is consistent with the idea that gating involves changes in
the dimensions of the internal pore, from a KcsA-like
structure when closed to an MthK-like structure when
open. In this view, the second transmembrane segment
helices would undergo a large splaying motion at
the position of a conserved glycine residue above the
occluding region® (red residue in FiG.2). These structural
features, combined with ELECTRON PARAMAGNETIC RESONANCE
(EPR)®%82, accessibility % and mutagenesis® studies of
KcsA and the data from Kv channels, all support the
presence of a gate at the intracellular bundle crossing.

Diversity in gate structure and motions

Although there is strong support for a gate at the intra-
cellular side of the pore in K* channels, there is mounting
evidence for variations in the structure of the gate region
and in the movements that occur during opening.
First, the intracellular end of S6 in many Kv channels

(for example, Shaker) has a unique proline-valine—
proline (PVP) motif that is absent from KcsA and
MthK. The propensity of Pro to bend or kink helices®
indicates that this region of Shaker might adopt a differ-
ent structure. Second, the pattern of blocker-mediated
protection of introduced Cys residues from reactions
with MTS reagents®, as well as the accessibility of large
MTS reagents®, point to an abrupt enlargement of the
pore just below the PVVP motif, which is consistent with
a bent S6 helix (F1G.3). Third, an inter-subunit meTaL
BrIDGE between a mutated residue, V476C, and His at
position 486 in Shaker locks the channel in an open con-
formation (F1G.3), but the corresponding residues are too
far apart to coordinate metals in the structure of either
the closed KcsA channel or the open MthK channel>66¢7,
These discrepancies support a bent S6 model for the
intracellular gate region in the Shaker Kv channel®’
(F1G.3), indicating that the structure of the gate in Kv
channels is significantly different from the observed
X-ray structures of KcsA and MthK (FIG. 2).

The coordination of Cd?* by Cys residues sub-
stituted for Val in the PVP motif of Shaker raises the
possibility that the motions of the gate in this Kv channel
also differ from suggestions made from comparisons
between KcsA and MthK. Yellen and colleagues have
shown that a Cd?* ion can be simultaneously coordinated
by at least three Cys residues substituted at V474 (FIG.3), a
region that corresponds to the bundle crossing in
KcsA%, When the voltage-dependence of Cd?* release
from VV474C is investigated using dimercaptopropane-
sulphonate (DMPS) — a di-thiol compound that
displaces the thiol groups of the protein involved in
coordinating Cd?*" — the voltage-dependence of release
parallels the voltage-dependence of channel opening®&'.
Although this result indicates that a gate below residue
474 regulates the access of DMPS, it also implies that the
open—closed equilibrium is not significantly altered
when Cd?* is bound at 474. This, combined with other
evidence against bridge-induced distortions of gate struc-
ture®, indicates that V474 moves little between the open
and closed states, which is inconsistent with the idea that
the gate moves between a KcsA-like structure when
closed and an MthK-like structure when open. These
studies indicate that the structure and motions of the
gate region in Kv channels might differ substantially
from that proposed for KcsA and MthK®,

The voltage-sensors in the Kv channels

Hodgkin and Huxley were first to suggest that the voltage
sensitivity of the K* and Na* conductances in the squid
giant axon arises from the movement of charged parti-
cles within the membrane electric field*. That there are
charge movements associated with the voltage-sensitivity
of voltage-activated ion channels was subsequently
shown by Armstrong and Bezanilla®® and Keynes and
Rojas™ working on the squid giant axon, and by
Schneider and Chandler™ 72 working on skeletal muscle.
Under conditions where voltage-activated channels are
present at high density and ion conduction has been
effectively eliminated, depolarization of the membrane
elicits a transient outward current (upward current
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Figure 3 | lllustration of the bent S6 model in an open Kv channel and two types of Cd?*
bridges. a | Side view of the S6 (transmembrane subunit) helices, corresponding to the second
transmembrane segment inner helices (S2) in KcsA or MthK. In the first type of bridge, Cd?* (light
green) bridges cysteine at position 476 (red) and histidine at 486 (dark green) between adjacent
subunits (only one of four possible bridges is shown), which locks the channel open. In the
second type, at least three Cys residues introduced at valine 474 coordinate Cd?* at the central
axis of the pore. b | Intracellular view of the bent S6 helices and the two bridges.

deflection) that corresponds to the movement of positive
charge from inside to outside, known as an On gating
current” (FIG. 4a). After subsequent repolarization, a
transient inward current (downward current deflec-
tion), known as the Off gating current, is observed. The
integrals of both On- and Off-current components
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Figure 4 | Charge movement in Kv channels. a | Gating currents recorded from a cell expressing
the Shaker Kv channel. The membrane voltage was initially held at -90 mV and the On gating
current (upward deflection) was elicited by depolarizing to a test voltage of ~30 mV. The Off gating
current (downward deflection) was elicited by repolarization from -30 mV back to the holding voltage
of =90 mV. The area under the current trace (grey shading) corresponds to the amount of charge
moved. A ‘P/-4’ protocol” was used to subtract leak and linear capacitive currents and a
phenylalanine substitution for tryptophan at position 434 (REF. 142) was introduced to make the
channel nonconducting. The graph on the right shows the relationship between normalized charge
(Q/Q,,,,) and test voltage (V). b | Schematic diagram of the membrane translocation model for
charge movement, where charges in the voltage-sensor move from one side of the membrane to
the other. ¢ | Schematic diagram of the focused field model, in which charges move a short distance
between water filled crevices in the protein that serve to focus the membrane electric field.

(grey shading in FIG. 4a) are equal to the quantity of
charge (Q) that has moved; they have the same values
but opposite signs because they correspond to the move-
ment of the same charges from a resting to an activated
position and back. The energetics of charge movement
can be described by plotting Q as a function of voltage
(FIG. 4a), which shows the saturation of charge movement
and its association with movements of the protein
between distinct conformations. How much charge is
translocated when a voltage-activated channel is acti-
vated? In the case of the Shaker Kv channel, direct
measurements indicate that the equivalent of between 12
and 14 electronic charges move across the entire mem-
brane electric field when a single channel is activated™",
or about 3 to 3.5 charges per subunit. Similar estimates of
charge per channel have been obtained for Cav (Rer. 77)
and Nav (Rer. 78) channels.

Which region of the protein detects the changes in
membrane voltage and what is the structural basis of the
underlying charge movement? When the first voltage-
activated channels were cloned, the S4 segment, which is
rich in positively charged basic residues, was recognized as
a potential voltage-sensor>62+-2, Mutations that neutralize
the charges of these residues in S4 alter both the voltage-
activation’%* and the relationship between gating charge
and voltage®, and decrease the amount of charge that is
moved on activation of the channel™%, Movements of
S4 from internal to external have been inferred from the
state-dependence of MTS reactivity with Cys residues
that are substituted at a number of positions in this seg-
ment*#"8" and from proton transport by introduced His
residues®®, In addition, fluorescent probes attached near
S4 show voltage-dependent changes in FLuorescence that
have the time and voltage-dependence expected of the
voltage-sensor®-%, These results indicate that S4 is impor-
tant in voltage sensing. Mutations of negatively charged
acidic residues in S2 and S3 also perturb the voltage-
activation relationship, the voltage-dependence of gating
currents and the amount of charge translocated per chan-
nel, which is consistent with a role for these segments in
voltage-sensing®%-%,

Conceptual views of voltage-sensing

Although it is agreed that S4 is involved in voltage-
sensing, the conceptual and structural basis for gating
charge movement is the subject of intense controversy.
The debate can be captured by considering two models
for the movement of gating charge. The ‘membrane
translocation model’ proposes that the gating charges
completely translocate from one side of the hydrophaobic
phase of the membrane to the other, which corresponds
to a movement of more than 20 A (FiG. 4b). In the sim-
plest form of this model, the gating charges in the protein
can be regarded as tethered hydrophobic cations that
move through the hydrophobic phase of the membrane.
By contrast, the ‘focused field model’ proposes that
charges move shorter distances between water-filled
crevices in the protein that serve to focus the electric field
of the membrane (FIG. 4c). An important distinction is
that the charges directly sense the voltage drop across the
lipid membrane in the membrane translocation model,
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Figure 5 | X-ray structures of the KvAP channel and the isolated S1-S4 domain. Ribbon
diagrams for the structure of a single subunit (a) and tetrameric (b) KvAP channel, or the isolated
S1-S4 domain (c). The structures that comprise the intact KVvAP channel are oriented with the
extracelluar side of the protein facing up. Dashed lines demarcate the approximate boundaries of
the membrane. Protein database accession codes are 10RQ for the intact channel structures in
aand b, and 10RS for the isolated S1-S4 domain in c. Structures were generated using DS

Viewer Pro (Accelrys).

METAL BRIDGE

A bridge formed by the
coordination of a metal ion by
two or more amino acid side
chains. The most common
bridges use the metals Cd?* and
Zn?*, and involve coordination
by cysteine and histidine
residues.

FLUORESCENCE

The process by which light is
emitted from a substance,
typically an aromatic molecule,
when an electron in an excited
singlet state returns to the
ground state. Fluorescence
emissions tend to be sensitive to
the environment surrounding
the fluorophore.

FAB FRAGMENTS

Cleavage of an immunoglobulin
with papain releases two Fab
fragments, each capable of
recognizing antigen, and a single
Fc fragment. Fab fragments that
recognize motifs in membrane
proteins facilitate the production
of well-ordered crystals because
they can provide additional
protein contacts within the
crystal and can preclude the
protein—detergent micelle from
participating in crystal contacts.

whereas the charges sense the voltage drop across the
protein in the focused field model. Although these
models are conceptual, they incite different structural
expectations. For example, the membrane translocation
model would be in line with an X-ray structure where
important parts of the voltage-sensor are on one side of
the membrane or the other. (Recall that the protein
must adopt a particular uniform conformation for
ordered crystals to be grown and its structure solved by
X-ray crystallography.) Conversely, the focused field
model conjures up images of a structure where impor-
tant parts of the voltage-sensor take on a transmembrane
orientation, with water-filled crevices projecting from
aqueous phases. In addition, S4 might be shrouded by
the S1-S3 transmembrane segments, thereby protecting
the charges from the bilayer and providing a convenient
way of constructing crevices. Although a number of
distinct theories of voltage-sensing have been proposed,
most are closely aligned with the focused field
mMode|#546.76.868889,9496.98-110 | the late spring of 2003 the
X-ray structure of the KvAP channel was reported® and
the pot was given a brisk stir.

X-ray structure of the KvAP channel

The KvAP channel is a prokaryotic K*-selective channel
from the hyperthermophilic archaebacterium Aeropyrum
pernix!t, When incorporated into lipid bilayers, KvAP
supports voltage-activated K* currents with a voltage-
activation relationship similar to that of the Shaker Kv
channel!, KVvAP is inhibited by charybdotoxin!!t, a
classical pore-blocking toxin that recognizes the exter-
nal entrance to the ion conduction pore in various
types of K* channel*?, and by VsTx*, a toxin that is
related to those that interact with voltage-sensors in Kv

channels*>-#4113114 The X-ray structure of the intact
KvAP protein was solved to 3.2 A resolution with ras
rracMenTs Of monoclonal antibodies bound to the
voltage-sensors?; these have been removed for clarity
from the ribbon diagrams in FiG.s. The pore forming
region of KVAP consists of the S5 and S6 transmem-
brane helices, with a short pore helix and selectivity
filter in the S5-S6 linker, which is consistent with the
structures of KcsA, MthK and K, Bac. The seconpary
strucTure Of the voltage-sensing domain in S1-S4 is also
consistent with previous studies*®915116 as jllustrated
by a comparison between the a-helical periodicity profile
obtained from scanning mutageneis in Kv2.1 and the
position of helices within the X-ray structures of KvAP
(FIG.6b). The unexpected aspects of the KVAP X-ray struc-
ture concern the Termiary sTrucTure Of the S1-S4 domain.
Instead of adopting a transmembrane orientation, S4 lies
parallel to the intracellular side of the membrane plane;
S1and S2 meander through the depths of the membrane;
and only the S4 and S3b helices are tightly packed,
forming a helix-turn—helix motif known as the voltage-
sensor paddle. On first sight, if you are in the membrane
translocation camp you can’t help but like the structure,
but if you are in the focused field camp you are proba-
bly gasping for air! A higher resolution (1.9 A) structure
of the isolated S1-S4 domain shows similar secondary
structural elements, whereas the tertiary structure is
different® (F1G.5¢). There are many side chains buried in
the isolated domain, which indicates more extensive
packing, and the orientation of the domain relative to
the membrane is unknown.

Distortions of the KvAP X-ray structure
MacKinnon and colleagues pointed out several reasons
for suggesting that there could be distortions in the X-ray
structure of KVAP (REF.20). First, the position of the S6
helices in KVAP is consistent with an open conformation,
but the voltage-sensor paddles are positioned towards the
intracellular edge of the membrane where they might
approximate a resting conformation. A comparison
between this region in two closed channels, KcsA and
K. Bac, and the open MthK channel (FiG. 7b) indicates that
the S6 gate is open in KVAP. This apparent contradiction
isaclear indication of distortion, considering how effec-
tive the voltage-sensors are at controlling the conforma-
tion of the gates in the native environment. In the Shaker
Kv channel, for example, the open probability for the gate
is below 10-° at negative voltages where the voltage-
sensors are resting*®. To see voltage-sensors in a posi-
tion that approximates a resting conformation, with a
gate that is open, would be improbable if the protein
were adopting a native-like structure. Second, some
eukaryotic Kv channels have glycosylation sites in the
$1-82 linkers*17, which indicates that the C terminus of
S1and the N terminus of S2 should be near the extra-
cellular surface, but in the KVvAP structure these regions
are buried in the middle of the membrane. Third, the
pore-blocking properties of the N-terminal inactivation
domain indicate that the N terminus of S1 could have
a cytoplasmic location (RerFs 17,38,39), but in the KvAP
structure this region is in the middle of the membrane.
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SECONDARY STRUCTURE

The local conformation of the
polypeptide backbone of a
protein can adopt two types of
secondary structure that are
stabilized by regular hydrogen-
bonding interactions between
backbone carbonyl and amide
groups. The most common
secondary structure is the right-
handed a-helix, which contains
3.6 residues per turn. The other
secondary structure is the
[-sheet, which is stabilized by
hydrogen bonds between
carbonyl and amide groups on
two separate [3-strands.

TERTIARY STRUCTURE
Tertiary structure refers to the
higher order arrangement of
secondary protein structures,
including loops and linkers, to
form the three dimensional
structure of the protein.
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Figure 6 | Sequence alignment for Kv channels and comparison of helical assignments. a | Sequence alignments of

Kv channels indicating the position of helices in the structures of the intact KvAP channel (red bars) and isolated S1-S4 domain
(purple bars). Grey shading indicates similarity in sequence among the potassium channels. Basic residues in S4 are shown in
bold text. b | Windowed a-periodicity index analysis from scanning mutagenesis of S1-S4 (REF. 99) using a sliding 13-residue
window (dark blue line) superimposed with windowed hydrophobicity index analysis (light blue line)**%. There is good agreement
between the helical assignments from mutagenesis (corresponding to peaks in the a-periodicity index) and the position of helices

from the X-ray structures (red and purple bars).

Despite these discrepancies, MacKinnon and col-
leagues concluded that the crystallized full-length channel
is not very far from a membrane-bound conformation?.
At present, the extent to which the structure of KVAP is
distorted remains a central issue in the debate. The fol-
lowing are reasons to be concerned that the distortions
are extensive.

Dearth of packing in the S1-54 helices. There is a remark-
able agreement between the secondary structure of S1-54
from scanning mutagenesis studies in eukaryotic Kv
channels*%115116 and the KvAP X-ray structures (FiG.).
The premise behind scanning approaches is that they can
detect underlying helical periodicity if the presumptive
helix resides in a bimodal environment, where one face
of the helix tolerates substitution because it is exposed to
solvent (either lipid or water) and the other does not
because it is involved in packing with other parts of the
proteint81°, However, in the X-ray structure of KVAP,
there is a marked absence of regular packing between the

5 helices in the S1-S4 domain, some of which are com-
pletely surrounded by lipids or water. This arrangement
would not be expected to yield interpretable patterns in
scanning mutagenesis studies, which indicates that either
the agreement in the secondary structure is a coinci-
dence, or that the tertiary structure and packing in the
KVAP X-ray structure does not represent the membrane-
embedded channel.

MTS accessibility of residues in the voltage-sensor. Studies
of S4 in both a Nav channel and the Shaker Kv channel
show that Cys introduced along the length of S4 can react
with water soluble MTS reagents from one side of the
membrane or the other*®47#, For the external end of $4,
the rates of reaction for external MTS reagents differed by
as little as 2-fold between resting and activated conforma-
tions of the voltage-sensor. The high degree of accessibil-
ity can be explained either by membrane-translocating
movements of S4 or by crevices in the protein that pro-
vide a pathway for MTTS reagents to access residues within
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Figure 7 | X-ray structure of KVAP indicating the positions of important residues and a
Fab fragment, and comparison of the intracellular pore aperture. a | X-ray structure of
KvAP with a Fab fragment (green) and residues that are shown to crosslink in the Shaker Kv
channel (dark blue). The residue number for KVAP is shown along with the numbering for Shaker
in parentheses. The residues in S4 and S5 are shown in the same subunit, but the crosslinks and
metal bridges are intersubunit'®®, which places them further apart than is shown in the single
subunit. b | The inner pore helices from the X-ray structures of four K* channels, viewed from an
intracellular vantage point. The distances given are between 3-carbons on opposite subunits for
equivalent residues in a narrow region of the gate (alanine 111 for KcsA, phenylalanine 146 in
K,Bac, lysine 95 in MthK and serine 232 in KvAP).

the membrane-spanning portion of the protein.
However, the small differences in accessibility are difficult
to reconcile with the KVvAP structure and membrane
translocation models, in which the resting S4 segment
should be submerged in the membrane and inaccessible
to extracellular M TS reagents. (The hydrophaobic enviro-
nment of the membrane should limit access of the
hydrophilic MTS reagents, as well as suppress the forma-
tion of the thiolate anion that is the MTS-reactive species
of the Cys sulphydryl moiety*?%12') Furthermore, recent
studies that investigated the reaction between MTS
reagents and Cys residues introduced to the C terminus
of S3— which has been proposed to move as a unit with
S4 (ReF. 122) — show similar small changes in reaction
rates for resting and activated states'®123124, These
results indicate that the C-terminal end of S3 and the
N-terminal end of S4 are positioned near the extracellular
side of the membrane, both when the voltage-sensor is
resting and activated.

Protein toxins binding to the voltage-sensor paddle.
Hanatoxin, a protein toxin from tarantula venom,
inhibits Kv channel gating when added to the extracellu-
lar solution!*3, Both scanning mutagenesis and gating
current studies indicate that the toxin binds to the S3b
helix in the voltage-sensor paddle motif4243114 and stabi-
lizes a resting conformation of the voltage-sensors*.

Although the toxin could reach into the membrane to
interact with buried voltage-sensor paddles'?, its
amphipathic character'?® makes it more likely that the
interaction between the toxin and membrane occurs
near the interface between polar head groups and
hydrocarbon tails*. As the interface between the toxin
and the channel involves both strong hydrophobic and
polar side chain interactions*>'?’, the S3b helix is prob-
ably positioned close to the extracellular edge of the
membrane when in a resting conformation. This idea is
not consistent with the X-ray structure of KVvAP.

Bridges between S4 and S5. Two pairs of residues in the
Shaker Kv channel have been shown to form disulphide
bonds and metal bridges between the N terminus of S4
and the C terminus of S5 (Rer. 105). Intersubunit bridges
between Cys or His residues that are substituted for the
firstarginine in S4 (362) and the alanine at 419 in S5
(FIG. 7) result in channels that are much more easily
opened by membrane depolarization (that is, the P -V
relation is shifted to negative voltages). In contrast,
metal bridges between the same position in S4 and 416
in S5 (one helical turn below 419) result in channels that
require stronger depolarization to open. Crosslinking
between other pairs of residues between S4 and S5 has
been inferred from functional studies®’ %128, |nter-
estingly, the affinity of metal bridges between 362 and
419 is quite high (=100 nM)*%, suggesting that these
residues are in close proximity when the voltage-sensors
are in both resting and activated conformations.
Although metal bridges between 362 and 416 are
weaker'®, the simplest interpretation of this bridge is
that these residues are most optimally positioned for
bridging when the voltage-sensor is in a resting con-
formation. Therefore, the bridges between 362 in S4
and both 416 and 419 in S5 indicate that these residues
are not far apart in either resting or activated conforma-
tions of the voltage-sensor, which is difficult to reconcile
with the X-ray structure of KvAP where the distance
between these residues in adjacent subunits is between
60-80 A.

Electron microscopy reconstruction of the KvAP channel.
The structure of KvAP was recently analysed using
electron microscopy and single particle reconstruction to
produce a map of the protein with Fab fragments bound
at 10.5 A resolution’?. The conditions for these exp-
eriments are similar to those used to solve the X-ray
structure of the channel, except that the protein solution
is diluted to yield single particles. Earlier electrophysio-
logical experiments show that the Fab fragments only
bind to the paddle on the extracellular side of the mem-
brane, and apparently require activation of the voltage-
sensors'?, In the electron microscopy maps of KvAP
(at 0 mV), the Fab fragments are located on the extra-
cellular side of the channel, indicating that the recon-
struction represents the activated channel. The S6 gate is
in the open conformation, which is also consistent with
this hypothesis. Although the resolution of these maps is
too low to reveal the position of individual side chains,
there are two possible orientations of the paddle motif
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Figure 8 | Electron microscopy reconstruction of the KvAP channel with two possible
orientations of the paddle relative to the pore. a,b | Two orientations of the paddle (red) are
shown beside the pore (yellow). Arginine residues on S4 are shown in blue. c,d | Cross sections
of the map (blue mesh) at the extracellular surface with the paddle and the pore in position. The
extra density (highlighted by red dashed ovals) could be accounted for by S1, S2 and S3a for
each possible orientation of the paddle. Reprinted, with permission, from REF. 129 © (2004)

Macmillan Magazines Ltd.

AVIDIN

A 57 kDa tetrameric protein
from egg white that binds the
vitamin biotin with extremely
high affinity (K,~10* M).
Biotin derivatives are available
that can be tethered to proteins
using various reactions,
including malemide chemistry
for attachment to cysteine
residues.

(FIG.8). In both cases, the S4 and S3b helices are posi-
tioned perpendicular to the membrane plane, with the
tip of the paddle near the extracellular solution and the
remaining helices in the voltage-sensing domain (S1, S2
and S3a) displaced to one side so that S4 would directly
contact the lipid if the protein were in a native mem-
brane (FiG.8). This arrangement of the S1-S4 helices in
the electron microscopy structure differs markedly
when compared to the X-ray structures of KVvAP and the
isolated S1-S4 domain (FIG.5).

The common thread running through most of the
evidence for distortions in the X-ray structure of KvAP
is that the N terminus of S4 and the S3b helix are proba-
bly positioned much closer to the extracellular edge of
the membrane in both resting and activated conforma-
tions. The main source of distortion is likely to be the
Fab fragment, which binds the paddle motif and is used
to stabilize the protein for crystallization. The distorting
influence of the Fab fragments might be related to their
involvement in packing within the crystal, but may also
involve a repositioning of the paddle that is intrinsic to
the Fab-paddle interaction.

Evidence for the membrane translocation model
The original paddle model for gating charge movement
isa membrane translocation model that is supported by
an intuitive interpretation of how and why the KvAP
structure is distorted, and by functional experiments?12,
In this model, the distortion of KVAP is viewed as rela-
tively minor, mainly arising from a paddle motif (S3b
and S4) that is connected to the remaining protein
through flexible S3 loops and $4-S5 linkers. The paddle
position is distorted by crystal packing forces that are
imposed by the Fab fragments bound to the tip of the

paddle. The helix-turn—helix paddle motif is intrinsically
stable owing to tight packing at the helix-helix interface,
but is flexile in its movement as a unit because of its
flexible connections to the rest of the protein.

Guided by the apparent flexibility of the paddle, Jiang
and colleagues'? asked whether the paddle translocates
across the membrane by investigating whether avioin
(added to external or internal solutions) could bind to
biotinylated residues in the paddle motif — an approach
that has been used to study membrane translocating
events associated with diphtheria toxins and colicinst**-1%,
The expected distance between the introduced Cys
residues and the surface of avidin (with the biotin moiety
bound inside) is about 10 A. Biotin incorporated at thir-
teen positions in the paddle reacts with avidin from the
extracellular side of the membrane but not the intra-
cellular side (FIG.9ab red residues), and at two positions
the reaction can be detected with intracellular but not
extracellular avidin (F1G. 9a,b dark blue residues). Biotin
attached at two other positions in S4 can react with
avidin applied to either side (FIG.9a,b yellow residues).
This pattern of accessibility to avidin is consistent with a
large membrane translocating event. The electron
microscopy reconstruction is roughly consistent with the
paddle model in that the paddle motif is located near the
extracellular solution in the activated conformation and
is extensively exposed to lipids. It will be interesting to
address whether residues that are accessible to internal
avidin at negative membrane voltages become inaccessi-
ble at depolarized voltages, and vice versa for external
accessibility, by examining the state dependence for
reactions between biotin and avidin. Although some
qualitative experiments of this type have been reported'?,
a quantitative assessment of the state dependence could
address whether avidin traps a rare conformation of the
voltage-sensor. Furthermore, it will be important to test
whether the interaction between S3b and S4 remains
stable as the channel gates, which is an assumption in the
interpretation of these experiments.

A controversial element of the paddle model is that
charged residues in S4 might be able to traverse the
hydrophobic phase of the membrane. (Note, however,
that the interaction of basic residues with counter-charges
in other parts of the protein is discussed*?.) Although the
presence of naked basic residues in the hydrophaobic core
of the membrane is energetically unfavorable (see below),
the MscS channel*®*3 a prokaryotic stretch-activated
cation channel, has two Arg residues that might be
exposed to the hydrophobic phase of the membrane, so
perhaps KVAP is not alone.

Evidence for the focused field model

Early evidence for the focused field model comes from
studies of the reactivity between MTS reagents and Cys
residues that are substituted in S4 (see above)*54687100.123124,
The hanatoxin® and bridging'® experiments discussed
above also support a focused field model to the extent
that they point to an extracellular location of S3b and
the N terminus of S4. Unlike the X-ray structure of KVAP,
the electron microscopy reconstruction of KvAP*? is
compatible with the focused field model because the
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Figure 9 | A model showing the positions, in the membrane, of the voltage-sensor
paddles during closed (resting) and opened (activated) conformations, and a
hypothesis for coupling to pore opening. a,b | Closed (a) and opened (b) positions of the
paddles derived from tethered biotin—avidin measurements, and structural and functional
measurements with Fab fragments. A voltage-sensor paddle is shown as a cyan ribbon with
red side chains indicating positions where attached biotin is accessible to external avidin,

dark blue side chains where biotin is accessible to internal avidin, and yellow side chains where
biotin is accessible to avidin on both sides of the membrane. Grey side chains show four
arginine residues (R117, R120, R123 and R126) on the paddle, and the green ribbon in (b)
shows part of a bound Fab fragment from the crystal structures. Solid horizontal lines show the
external and internal membrane surfaces, and dashed lines indicate the 10-A distance from the
surfaces that are set by biotin and its linker. ¢ | The closed KVAP structure is based on the
paddle depth and orientation in a (red), and on adjusting the S5 and S6 helices of KVvAP to the
positions in KcsA, a K* channel. d | The opened KvAP structure is based on the paddle depth
and orientation in b (red), and the pore of KVAP. Reprinted, with permission, from REF. 122 ©

(2003) Macmillan Magazines Ltd.

FLUORESCENCE RESONANCE
ENERGY TRANSFER

(FRET). The process by which
an excited fluorophore (the
donor) transfers energy to
another molecule (the acceptor)
when the emissions spectrum of
the donor overlaps the
absorption spectrum of the
acceptor. The distance over
which energy transfer is 50%
efficient, the Forster distance, is
typically in the range of 20-60 A,
making FRET useful asa
spectroscopic ruler for distance
measurements in proteins.

S3and S4 segments have transmembrane orientations.
The discussion below focuses on results that support the
focused field model without specifically addressing
the tertiary structure of the voltage-sensing domain.

In the focused field model, the charges in S4 do not
interact with the hydrophobic phase of the membrane,
but move between water-filled crevices and counter-
charges in S1-S3. The partitioning of amino-acid
analogues between water and organic solvents indicate
that moving basic residues (Arg and lysine) into the
hydrophobic phase of the membrane is energetically
costly?®, In principle, fluorescence experiments
where fluorophores are attached to S4 can address
whether S4 moves between aqueous and hydrophobic

environments because a shift in the emissions spectrum
of the fluorophore should occur with partitioning
between hydrophobic and aqueous environments*®.
Interestingly, the emissions spectrum for tetramethyl-
rhodamine maleimide (TMRM) is independent of
whether the fluorophore is dissolved in water or attached
to the N-terminal end of S4, but it undergoes a marked
blue-shift when dissolved in hydrophobic solvents®,
indicating that the N terminus of S4 is exposed to an
aqueous environment. In addition, although the quan-
tum yield for TMRM that is attached to S4 decreases in
response to membrane depolarization (paralleling the
Q-V relation), there is no shift in the emission spec-
tra®2, a result that conflicts with the type of partitioning
that is proposed in the paddle model.

The distance that charges need to move to cross the
electric field is minimized in the focused field model.
FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET) has been
used to estimate distances between donor and accep-
tor molecules attached to the end of the S4 segment in
the Shaker Kv channel®3%4102137 The results indicate
that S4 undergoes small movements (<5 A) during
activation, and are consistent with a rotation or tilting
of the helix rather than a large transmembrane
motion. Although these studies do not provide a con-
sensus on the motion of S4, they agree on the small
magnitude of movements — an observation that is
easier to reconcile with the focused field model than
with the membrane translocation model.

A remarkable phenomenon that has been observed
in Kv channels is that the introduction of a His residue
at the first Arg in the S4 segment of Shaker creates a
proton conduction pathway when the voltage-sensor
is in the resting conformation?®*. In the membrane
translocation model, S4 should be completely buried
in the membrane at rest, so invoking a coincidental
and convoluted proton wire through the membrane-
spanning portions of the protein would be required to
explain this. In contrast, the small movements of
charged residues between aqueous crevices in the
focused field model could account for the shuttling of
protons by an introduced His.

The notion that the first four Arg residues in S4
carry most of the gating charge in the Shaker Kv chan-
nel is based on experiments in which basic residues
were neutralized and the effects on total charge per
channel were assessed by measuring total gating charge
and channel number?7. Ahern and Horn® carried out
an elegant version of this experiment by introducing
Cys residues, reacting them with charged MTS reagents
and then assessing the effects of the added moiety on
total charge per channel in the same cell. As well as con-
firming the importance of the first four Arg residues,
they found that only the native Arg positions could
carry charge. Adding charged adducts at positions that
are neutral in the native channel (but interspersed
between crucial Arg residues) does not increase the
amount of charge that is moved when the channel is
activated. This remarkable specificity is consistent
with the focused field model but not the membrane
translocation model.
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Towards a structural model of voltage-sensing
Although the membrane translocation and focused
field models are useful for considering the mecha-
nisms underlying voltage-sensing, neither model has a
solid structural framework. As distorted as the KvAP
X-ray structure might be, there is little evidence
to support the type of shrouding of S4 by the S1-S3
segments that is indicated by many focused field
models?>1061% The good news is that a consensus
seems to be developing on several points, despite the
uncertainties surrounding the structure of the voltage-
sensor. For example, the close apposition of S4 and the
pore domain (S5-S6) in the activated state is sup-
ported by distance measurements between sites
labelled in the N terminus of S4 (REFs 93,94,139), the
bridging between S4 and S5 (REFS 105,107,108), as well as
the electron microscopy structure of KVAP (REF. 129). In
addition, perhaps the most consistent message from
the X-ray and electron microscopy studies is that S4
would be significantly exposed to lipids if embedded
in the membrane. This idea is supported by recent
EPR experiments!*° that show extensive exposure of
S4 to lipid soluble reagents. Although most residues in
the S4 helix seem to be exposed to lipids in the EPR
study, most of the charged Arg residues are not, indi-
cating that they are protected from the membrane and
interacting with other parts of the protein. The posi-
tioning of S4 at the lipid-protein interface might be
easier to accept once it is divorced from any specific
model of voltage-sensing. Indeed, the exposure of S4
to lipids is not inconsistent with the focused field
model because the Arg residues in S4 could move
through crevices between this segment and the
remaining protein.

Although a consensus may be developing on certain
aspects of voltage-sensor structure, the tertiary structure
in this region is poorly constrained and many apparent
contradictions remain to be resolved. The three structures
of KVAP, for example, give different views on the structure
of the voltage-sensor (FIGs5,8). The EPR studies support-
ing lipid exposure of S4 also point to a lack of such expo-
sure for S1 (Rer. 140), which stands in contrast to scanning
mutagenesis studies on two eukaryotic Kv channels®15
where a lipid-exposed face for S1 was consistently identi-
fied. This situation might be rectified by new structures
of KVAP in defined conformations or of other 6 trans-
membrane segment ion channels (especially that of a
prokaryotic Nav channel?2%), It will also be important to
carefully investigate the spatial proximity of specific
residues within well defined secondary structural ele-
ments of the voltage-sensors. Our present understanding
of bridges and crosslinks between S4 and S5 could be
extended by examining the state-dependence of bridging,
as has so elegantly been done in the gate region of the
channel®%%7, [t would also be advantageous to apply
the various experimental approaches to the same protein.
Indeed, most of the evidence for the membrane trans-
location model is from studies on KvAP, whereas that for
the focused field model comes mainly from studies on
Shaker. It really wouldn't be much fun if the present con-
troversy were the result of diversity in the underlying
structures and mechanisms, as seems to be the case for the
gate region of the channel. The evidence to date for lipid
exposure of $4 is interesting and should provoke new
studies on the interaction between just about everything
and membrane lipids*t. This has not been a fashionable
aspect of ion channel biology, but the provocative new
structural models of Kv channels may soon change that.
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