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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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