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The control of electrical potential and ionic fluxes
across a cell-surface membrane is an essential clement
in governing numerous properties of all cell types.
Potassium channels comprise a group of functionally
heterogeneous polypeptides expressed in the surface
membrane of almost all eukaryotic cells. They appear
to be involved in a variety of cellular functions, includ-
ing the regulation of membrane potential, secretion,
and cell motility (for review, see Jan and Jan 1989;
Ashcroft and Asheroft 1990; Hille 1991). Voltage-gated
potassium channels characteristically open in response
to membrane depolarization and are selectively per-
meant to potassium ions. On the basis of their kinetic
properties, these channels have been divided into the
A-type potassium channels that inactivate rapidly after
opening and the class of delayed rectifiers that show
little inactivation.

In the nervous system, voltage-gated potassium
channels have been implicated in regulating neuronal
excitability and the strength of signaling between neu-
rons (Kandel and Schwartz 1982). Potassium currents
showing a wide range of voltage-dependent and kinetic
properties have been characterized in neurons (Latorre
et al. 1984; Rogawski 1985; Rudy 1988). Many varied
combinations of these currents are found in different
neurons and probably contribute to determining the
excitability characteristics of individual cells.

The cloning of the Shaker gene in Drosophila and its
homologs in various species (for review, see Jan and
Jan 1990; Salkoff et al. 1992) provides defined mo-
lecular probes to elucidate the biophysical and bio-
logical properties of voltage-gated potassium channels.
In addition to Shaker, three other subfamilies of vol-
tage-gated potassium channels (Shab, Shal, and Shaw)
have been defined based on amino acid sequence iden-
tity. Different members of the same subfamily share
about 70% amino acid identity in the hydrophobic core
domain, whereas members from different subfamilies
share only about 40% amino acid identity.

We summarize here our studies on the structure-
function relationship of potassium channels, using the
electrophysiological characterization of mutant chan-
nels in Xenopus oocytes. In addition, we present the
initial characterization of the regulation of expression
of potassium channel genes and proteins in the adult rat
brain.

EXPERIMENTAL PROCEDURES

The structure-function studies involved elec-
trophysiological analysis of channels expressed in
Xenopus oocytes. The methods for site-directed muta-
genesis, heterologous expression, and voltage-clamp
and patch-clamp recordings have been described previ-
ously (Isacoff et al. 1991; Lopez et al. 1991; Papazian et
al. 1991). The initial characterization of regulation of
expression of potassium channels in the brain includes
cloning of potassium channel genes (Baldwin et al.
1991) and localizations of their mRNA and protein
products in the adult rat brain (Sheng et al. 1992; Tsaur
et al. 1992).

RESULTS

Involvement of the S4 Sequence in Sensing
Voltage Changes

The intrinsic voltage dependence of voltage-gated
potassium channels, similar to that of voltage-gated
sodium channels and calcium channels, implies that the
channel molecule contains charges or dipoles in the
hydrophobic interior of the membrane (Hille 1991).
The presence of a charged $4 sequence in each voltage-
gated potassium channel polypeptide, and in each of
the four internal repeats of the voltage-gated sodium or
calcium channel o subunit, has led to the hypothesis
that the S4 sequence spans the membrane and functions
as the voltage sensor (Fig. 1) (Greenblatt et al. 1985;
Kosower et al. 1985; Catterall 1986; Guy and Seeth-
aramulu 1986; Noda et al. 1986). To test this S4 hy-
pothesis, the seven basic residues of the S4 sequence of
the Shaker B (ShB) potassium channel polypeptide,
one of the alternative splice products of the Shaker
gene, were replaced individually with either the neutral
residue glutamine or a different basic residue (Papazian
et al. 1991). These mutations alter specifically the vol-
tage-dependent properties without affecting the vol-
tage-independent kinetic properties or ion selectivity of
the K* channel. The effects on the voltage dependence
of activation, however, vary with the specific mutation
and cannot be explained solely by considerations of the
electrostatic interaction between the membrane poten-
tial and the S4 basic residues alone. These mutagenesis
experiments suggest that structural considerations in
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Figure 1. The intrinsic voltage sensitivity of a voltage-gated potassium channel is hypothesized to be contributed partly by the S4
sequence, which contains a basic residue at every third position. (Righr) Model of the voltage-gated potassium channel
polypeptide; (lefr) diagram indicating that much of the electric field generated by the membrane potential is in the hydrophobic

interior of the membrane.

addition to electrostatic interactions are important in
the involvement of the S4 sequence in sensing changes
in membrane potential.

To test for structural constraints on the $4 sequence
involving short-range hydrophobic interactions be-
tween the S4 sequence and its immediate surrounding,
a further series of S4 mutants were generated, each
with a highly conserved leucine residue replaced with
alanine (Lopez et al. 1991). Each of these mutations in
the S4 sequence causes a large shift of the voltage
dependence curve of channel activation along the vol-
tage axis (Fig. 2) but does not alter the voltage-inde-
pendent properties. Since similar mutations in the
other proposed membrane spanning segments do not
cause such shifts of the voltage dependence curve
(Lopez et al. 1991), the S4 sequence appears to be
unique with respect to its close involvement in the
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voltage dependence of channel activation. The effects
of the leucine to alanine mutations in $4 are unusually
large; the free-energy difference (AG) between the
closed and the open (activated) state is altered in in-
dividual mutants by 4-20 kcal/mole, i.e., these S4
mutations cause a change in the AG of 1-5 kcal/mole
per subunit, assuming that a potassium channel is a
tetramer (Fig. 3) (Tempel et al. 1987; MacKinnon
1991a). In comparison, leucine to alanine mutations in
other proteins destabilize the protein by only 0-3 kcal/
mole by creating a cavity within the protein; the great-
est destabilizing effect results when no adjustment of
structures surrounding the cavity is found in the mutant
(Eriksson et al. 1992). The leucine to alanine mutations
also have an additional destabilizing effect of 2 kcal/
mole, so that the mutant protein denatures more easily
due to the difference in hydrophobicity between
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Figure 2. Mutations of highly conserved leucine residues in the S4 sequence (B) but not in the other putative membrane spanning
segments (A) specifically alter the voltage-dependent properties of the ShB potassium channel, such as the normalized conduct-
ance-voltage curves shown in this figure. (Adapted from Lopez et al. 1991.)
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A Simple Two-State Model for Voltage-Dependent Channel Gating
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Figure 3. Voltage dependence of channel activation as illustrated by a simple two-state model. The fraction of channels that open
(flopen]) at membrane potential Vi = AV depends on the charge of the intrinsic gating particle (z) and the difference in free
energy between the open and the closed state (AG). A change in AG by a mutation, such as those shown in Fig. 2B, will shift the

normalized conductance-voltage curve along the voltage axis.

leucine and alanine (Eriksson et al. 1992). This latter
component due to the hydrophobicity difference would
not alter AG between the closed and open state of a
channel, since the channel in either state is not expect-
ed to approach a denatured state and to expose a
buried leucine. Thus, a difference in the free energy of
the channel between the closed and the open state may
be altered by the leucine to alanine mutations if such
mutations have differential effects on the packing and
stability of the channel! in the closed and open states. If
the only effects of these mutations were to destabilize
the channel protein by creating a cavity, the maximum
alteration of AG should be no more than 3 kcal/mole;
the voltage dependence curve would shift to the right if
a larger cavity is created in the channel at the open
state, and it would shift to the left if a larger cavity is
created in the channel at the closed state. The observed
largest shift of the voltage dependence curve to the
right corresponds to an alteration of AG between the
closed state and the open state by 5 kcal/mole. This
implies that substitution of alanine for leucine at posi-
tion 375 (and, to a lesser extent, at position 361) re-

leases some strain and thereby stabilizes the closed
state; the unusually large alteration of AG could be
accounted for by the sum of the effects of stabilizing the
closed state and the effects of destabilizing the open
state by creating a cavity. Thus, these results indicate
that the wild-type Shaker channel protein appears to be
structurally constrained in a way that facilitates channel
activation by depolarization.

Characterization of the Inactivation Gate
and Its Receptor

Activation of the voltage-gated A-type potassium
channel is followed by an inactivation process that is
likely to be mediated via the “ball-and-chain” mecha-
nism initially proposed for the inactivation of the sodi-
um channel (Fig. 4) (Bezanilla and Armstrong 1977).
The cytoplasmic inactivation gate for the ShB potas-
sium channel has been associated with the amino ter-
minus of the ShB polypeptide because deletions in the
amino-terminal region remove fast inactivation, and
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Figure 4. Ball-and-chain model of fast inactivation. After channel activation due to a change of membrane potential, presumably
caused by movement of the charged gating particle, the channel opens allowing K" ions to flow through. The open channel
becomes inactivated when the positively charged cytoplasmic inactivation gate interacts with a receptor at the cytoplasmic mouth

of the pore, thereby blocking ion permeation.

cytoplasmic application of the ShB peptide correspond-
ing to the first 20 amino acids of ShB restores inactiva-
tion (Hoshi et al. 1990; Zagotta et al. 1990). Similar
observations have been made for the rat shal 1 (or

Kv4.2) potassium channel, an A-type channel of the
Shal subfamily (Baldwin et al. 1991; T.J. Baldwin and
G.A. Lopez, unpubl.), suggesting that the involvement
of the amino terminus as the cytoplasmic inactivation

Figure 5. Hypothetical helical arrangement of the S4-S5(H4) loop which places all five residues affecting inactivation on one face
of the helix. Mutations of any of these five residues (identified by the single letter code and the position in ShB) alter the affinity
between the inactivation gate and its receptor. These mutations also reduce both inward and outward K* ion fluxes through a
single channel. Thus, these five residues are near the permeation pathway and probably form part of the receptor for the

inactivation gate.
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gate may be a general mechanism across the super-
families of voltage-gated potassium channels.

A search for components of the receptor for the
cytoplasmic inactivation gate led to the identification of
five amino acid residues in the sequence immediately
following $4, i.e., the $4-S5 loop (Isacoff et al. 1991).
Mutations of these residues either increase or decrease
the affinity between the inactivation gate and the re-
ceptor. In particular, replacement of Leu-385 in ShB
with residues of smaller side chain (valine or alanine)
increases the affinity for the inactivation gate, indicat-
ing that the leucine residue in the wild-type channel
destabilizes the interaction between the inactivation
gate and its receptor. Mutations of these five residues
also reduce the inward and outward potassium fluxes
through a single channel, suggesting that these residues
are in or near the permeation pathway. If the S4-S5
loop were folded into an « helix, then these five res-
idues would be one face of this helix (Fig. 5). One
possible scenario is that the cytoplasmic mouth of the
potassium channel pore is lined with four such helices,
which interact with both the permeant ion and the
inactivation gate (Isacoff et al. 1991).

These five residues in ShB, which appear to interact
with the cytoplasmic inactivation gate as well as potas-
sium ions, are highly conserved among the four sub-
families of potassium channel polypeptides. Does this
sequence conservation imply that these residues serve
similar functions in different potassium channels? Cyto-
plasmic application of the ShB peptide to the mam-
malian DRK1 (or Kv2.1) channel, which shows little

inactivation over hundreds of milliseconds and is con-
sidered a delayed rectifier potassium channel, causes
fast inactivation (Isacoff et al. 1991). Moreover, when
the corresponding leucine to alanine mutation that in-
creases the affinity between the receptor and the in-
activation gate of ShB is introduced into DRK1, it also
enhances the inactivation induced by the ShB peptide
(Fig. 6) (Isacoff et al. 1991). Thus, the DRK1 potas-
sium channel not only contains a receptor that can
interact with the ShB peptide, but this DRK1 receptor
is likely to be similar to the receptor in ShB as well.
Finally, even in the absence of the ShB peptide, the
mutant DRK1 channel inactivates (Fig. 6), suggesting
that DRK1 contains not only a receptor, but also a
latent inactivation gate. Thus, a delayed rectifier that
shows little inactivation may be structurally rather simi-
lar to an A-type potassium channel that inactivates;
except in the former case, the affinity between the
receptor and the inactivation gate is too weak to pro-
duce any significant inactivation.

Seeking Meaning for Potassium Channel
Diversity Encountered In Vivo

A surprisingly large number of cDNAs encoding vol-
tage-gated potassium channels have been isolated; at
least 14 different potassium channel genes are reported
to be expressed in the adult rat brain (Tempel et al.
1988; Frech et al. 1989; McKinnon 1989; Stiihmer et al.
1989; Yokoyama et al. 1989; Chandy et al. 1990; Doug-
lass et al. 1990; Grissmer et al. 1990; Grupe et al. 1990;
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Figure 6. Conservation of the putative receptor for the inactivation gate in the ShB K" channel of the Shaker subfamily and the
DRKI K" channel of the Shab subfamily. Substitution of alanine for a leucine residue at equivalent positions of the two K*
channel polypeptides (L385 of ShB and L316 of DRK 1) increases the affinity between the inactivation gate and its receptor.
(Lefr) The L385A mutation of ShB hastens fast inactivation, so that the channel enters the inactivated state shortly after it opens
and does not recover from inactivation over the duration of the voltage pulse. (Right) The DRK1 K™ channels normally do not
show fast inactivation, except in the presence of cytoplasmically applied ShB peptide that corresponds to the first 20 amino acids of
ShB (arrow). The L316A mutation of DRK1 hastens the fast inactivation caused by the ShB peptide. Moreover, this mutant
channel inactivates even in the absence of ShB peptide. Thus, the DRK1 channel appears to contain an intrinsic inactivation gate,
except that its affinity for the receptor is too weak to cause any noticeable inactivation of the wild-type channel. (Adapted from
Isacoff et al. 1991.)






