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ABSTRACT

This dissertation is concerned with the structure and
functional mechanisms of a cloned rat brain voltage-dependent
potassium channel, RBK1 (Christie, et al., 1989; also called Kv1.1).
When expressed in Xenopus oocytes, this channel gives rise to a
voltage-dependent K+ current which activates rapidly upon
membrane depolarization, and slowly inactivates over prolonged
depolarizations. Potassium currents with these properties are found
in some excitable cells with short action potentials where they
function to keep the action potential brief (Hille, 1992).

The major questions regarding channel structure and function
addressed by this research are as follows. 1. Can specific amino
acid residues be identified which contribute to the external mouth
of the conduction pathway? 2. What is the stoichiometry and
symmetry of the outer channel mouth? 3. Do channel subunits
interact during the voltage-dependent opening of the pore? And 4.
can channels with radical amino acid substitutions in the putative
voltage-sensor respond to membrane potential? To address these
questions, a combination of molecular genetic and
electrophysiological approaches were used. Briefly, mutant forms
of RBK1 were generated and in vitro transcribed RNA was injected
into Xenopus laevis oocytes. Channel function was assayed by
measuring whole cell ionic currents, primarily using the two-
electrode voltage-clamp technique. Some aspects of this research
benefited from the development of a concatenated potassium channel

([4]RBK1) comprised of four linked RBK1 subunits. This construct



allowed for the expression of channels having a defined combination
of different subunits (domains).

The channel blockers o-dendrotoxin (DTX) and
tetraethylammonium (TEA) were used to probe the structure of the
outer channel mouth. Identification of amino acids which influence
the DTX potency helped locate the region of the channel protein
which contributes to the outer pore. Sequential mutations
introduced into [4]RBK1, one into each domain, that decreased TEA
sensitivity provided the most direct evidence that the TEA binding
site, and presumably the outer pore, are made by equal contributions
of four subunits. Concatenated channel constructs were also used to
test aspects of voltage-dependent activation and the putative
voltage sensor (S4). A conservative amino acid substitution which
alters activation voltage-dependence was introduced sequentially
into the S4 segments of [4]RBK1. The activation curves of these
constructs suggest that S4 segments interact cooperatively during
the voltage-dependent opening of the channel pore. [4]RBK1 was also
used to test the effect on activation of more radical mutations (i.e.
a Pro in the putatively a-helical S4 segment) which destroy current

expression when introduced into all four S4 segments.
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INTRODUCTION

lon transport, a brief overview.

lon channels are integral membrane proteins which permit the
passage of small inorganic ions across biological membranes, an
otherwise excellent electrical insulator (Hille, 1992; Levitan and
Kaczmarek, 1991). lon channels can be thought of as enzymes which
catalyze the transmembrane flow of physiological ions. Like
enzymes, ion channels show substrate specificity, i.e. they allow
passage of some ions while excluding others. In addition, ion
channel activity, like that of enzymes, can be modulated by
environmental cues, increasing or decreasing the flux of ions across
the membrane. By regulating transmembrane ion flow, ion channels
participate in diverse physiological process including excitation,
secretion, motility, cell volume regulation, and possibly learning and
memory (Hille, 1992; for review, see Jan and Jan, 1989; Catterall,
1988).

There are six major classes of ion channels: gap junctions,
ligand gated channels, voltage-sensitive cation channels, voltage-
sensitive anion channels, second messenger gated channels, and
stretch-sensitive channels (for review, see Jan and Jan, 1989). This
classification system is largely based on the ion selectivity of the
channel and the cues which modify its activity. The classification
is not absolute and there is considerable overlap. For example, the
activity of ligand-gated and second messenger-gated channels can
also be modulated by membrane potential. In addition, the activity

of many voltage-gated ion channels can be modulated by second



messengers, cyclic nucleotides and G proteins (e.g. Ashcroft, 1988;
Boyle et al., 1987: Levitan, 1988; Meyer et al., 1988; Piomelli et al.,
1987; for review see Jan and Jan, 1989).

The commonalty of all ion channels is an aqueous
transmembrane pore through which ions can diffuse. lon flux
through channels is driven by the electrochemical gradient of the
ion. The electrochemical gradient, described by the Nernst equation
(Nernst, 1888), is a function of the concentration ratio and valence
of the permeant ion. According to this equation the equilibrium
potential, j.e. the potential at which there is no net ionic flux, also
called the reversal potential (Erev), is defined as

RT . [S],

Eioy=E;-E_=-"_1n
rewv 1 o] ZF [S]1

(1)

where Ej - Eq is the potential difference across the membrane (j and
signify inside and outside, respectively), z is the ion's valence, [S] is
the molar concentration of ion S, and R, T, and F have their usual
meaning (see Hille, 1992). As can be seen above, the reversal
potential Eyey varies logarithmically with the ion concentration
ratio.

The electrochemical gradient is generated by the active
transport of ions across the cell membrane. This process is
catalyzed by pumps and transporters in the membrane which either
directly or indirectly consume metabolic energy to move ions
against their electrochemical gradient (Aidley, 1989). The primary

active transport system in neurons, and most other animal cells, is



the Na+-K+ ATPase. Every cycle of this pump, which consumes one
molecule of ATP, internalizes two K+ ions and extrudes three Na+
ions, developing a concentration gradient for both ions (Post and
Jolly, 1957). Active transport systems have been described for
many physiological ions including Ca2+, CI-, H+, and HCO3- (Aidley,
1989). Other cellular roles of active transport systems include the
regulation of cell volume and PH, and metabolite uptake.

lon channels are dynamic molecules which rapidly inter-
convert between conducting and non-conducting states. This
process, called gating, appears to be the opening and closing of the
channel pore (Hille, 1992). The gating behavior of most channels can
be modulated by some stimulus (6.g. membrane potential,
neurotransmitters, second messengers, etc.). When the pore of the
channel is in the conducting or open state, some ion species will
flow across the cell membrane, down the electrochemical gradient,
while other ion species are largely excluded. Gating behavior and ion
selectivity underlie the cellular function of ion channels. Often, it
is the combined efforts of different channel types that control
membrane events related to ion flux. For example, the concerted
regulation of Na+*, K+ Ca2+ and CI- permeability underlie excitation
and electrical signaling in the nervous system (see Hille, 1992;

Levitan and Kaczmarek, 1991: Aidley, 1989).

Potassium channels.
Potassium channels are by far the most ubiquitous of all ion
channel families. They are found in almost every Eukaryotic cell

type (Latorre and Miller, 1983; Hille 1984; Rudy 1988), including



plants (Schroeder et al. 1987; lijima and Hagiwara 1987), fungi
(Saimi et al. 1988) and algae (Bertl and Gradmann, 1987; for review,
see Jan and Jan 1989). This channel family is also the most
diversified. The various members can be distinguished on the basis
of gating behavior, kinetics, pharmacology, single-channel
conductance and other properties (for review, see Rudy, 1988).
Potassium currents play important functional roles in both excitable
and non-excitable cells. Cellular roles of K+ currents include the
regulation of cell volume, neuronal excitability, pace of the heart
beat, and endocrine and exocrine secretion (for review, see
Catterall, 1987).

To function in a biologically useful way, K+ channels must
perform two rather sophisticated tasks. They must rapidly switch
between conducting and non-conducting conformational states in
response to some environmental stimulus, and they must faithfully
discriminate K+ from other physiological ions such as Na+, Mg2+,
Ca2+ and CI- (Miller, 1991). In excitable cells, there are three major
sub-families of potassium channels, distinguished by their gating
behavior: voltage-dependent K+ channels, Ca2+-dependent K+
channels, and inward rectifying K+ channels, all of which are
selective for K+.

The voltage-dependent K+ channels underlie a major source of
K* current in many types of cells (for review, see Rudy, 1988).
Gating of these channels is modulated by the potential difference
across the membrane; conductance increases with depolarization and
decreases with hyperpolarization. In excitable cells, the function of

voltage-dependent K+ channels is electrical in nature. A potassium



ion carries one positive elementary charge (e) or 1.602 x 10-19
Coulombs. Consequently, a net flux of K+ will change the potential
difference across the cell membrane. The rate of K+ flow through
voltage-dependent K+ channels typically ranges between 106 and
108 ions/sec (Yellen, 1987). Potassium flux across most cell
membranes can measurably change the membrane potential quasi-
instantaneously. Potassium, concentrated inside the cell, flows
down its electrochemical gradient to the outside of the cell. This
removes a net positive charge from the cytoplasmic side of the
membrane, drawing it away from the firing threshold and decreases
cell excitability (Hille, 1992). Potential dependent changes in K+
permeability modulate action potential duration, time of the
interspike interval, and terminate periods of intense activity (Hille,
1992).

The voltage-dependent K+ channel family can be subdivided
into two major categories based on kinetic behavior: delayed
rectifiers and A-type channels (Hille, 1992; for review see Rudy,
1988). Delayed rectifiers, first described in 1952 by Hodgkin and
Huxley (1952a), activate upon the depolarization of the membrane
potential, following an initial delay. Delayed rectifiers are not a
unique type of channel but rather a class of functionally related
channels (Hille, 1992). For example, delayed rectifiers found in
excitable cells with short action potentials activate rapidly, within
milliseconds, following membrane depolarization. These channels
are prevalent in unmyelinated axons, motoneurons, and vertebrate

fast skeletal muscle. Other delayed rectifiers, such as those found



in heart and uterus, have activation kinetics that are orders of
magnitudes slower (Hille, 1992).

A-type channels, like the delayed rectifiers, respond to
membrane potential. They activate with membrane depolarization
but not hyperpolarization, and the onset of the current follows an
initial delay. A-type channels differ from delayed rectifiers in that
they inactivate rapidly, in tens of milliseconds, during a maintained
depolarization. These currents, originally described by Conner and
Stevens (1971), are found in encoding membranes such as nerve cell
bodies or sensory terminals where the action potential firing rate
reflects the stimulus intensity. In these membranes, A-type
channels space successive action potentials by acting as a damper in
the interspike interval (Hille, 1892). This activity maintains action
potential firing at a rate so as not to exhaust the nerves, muscles or
glands that follow.

The preceding sections provide only a brief and rather
incomplete description of K+ channel function and diversity. Many
other types of K+ selective channels with unique properties and
functions have been characterized. For example, a voltage-
dependent K+ channel of T lymphocytes is thought to be involved in
mitogen-induced cell proliferation and cytotoxic killing (Cahalan et
al., 1985; DeCoursey et al., 1984; Chandy et al., 1984, Schlichter et
al., 1986). The K+ channel family also includes members which
respond to diverse stimuli, including stretch (Eckert and Brehm,
1979) and light (Gorman et al., 1982). A complete description of K+

channel function and diversity has been covered in several excellent



textbooks and reviews (e.g. Hille, 1992; Aidley, 1989: Levitan and
Kaczmarek, 1991; Rudy, 1988; Jan and Jan, 1989).

Theory and methods for studying ionic currents.

The voltage-clamp technique, developed by Marmont (1949),
Cole (1949), and Hodgkin, Huxley, and Katz (1949,1952), has proven
to be the best means for studying currents passing through ion
channeis. The principal of this technique is to hold constant or
‘clamp" the membrane potential and record the transmembrane
current. In its simplest form, the voltage clamp consists of two
intracellular electrodes; one measures the potential near the
membrane and the other passes current (see Hille, 1992; Levitan and
Kaczmarek, 1991). The membrane potential (Em) is constantly
measured and compared to the command potential (Ecommand) set by
the experimenter. A feedback amplifier injects whatever current is
required to minimize the difference between £, and Ecommang. The
injected current, which passes between the intracellular current
electrode and a ground electrode in the extraceliular solution, is
equal to the net membrane current (Im). Im is comprised of two
components; the ionic current (/j), which results from ions crossing
the membrane, and the capacity current (/c), which results from ions
moving up to the membrane to charge or discharge its capacitance

(Hille, 1992).

Im =1+ I¢ (2)



Except at the moment when the membrane potential is jumped from
one level to another, the change in membrane potential, dE/dt, is
zero and /¢ stops flowing. In this case (i.e. voltage clamp), Iy, is
equal to the ionic component /. Much of what is know about ion
channels and their function comes from voltage-clamp recordings of
1

The amount of current j that will pass through any given single
channel is a function of the channel's conductance (y) and the driving
force (Erey - Em) on the ion, where Em is the potential difference

across the membrane.

f=Y'(Erev - Em) (3)

This equation is simply Ohms law where the conductance y, measured
in Siemens, is the reciprocal of electrical resistance R. The total
current passing across the membrane at any instant in time is the
sum of the current passing through all channels in the membrane
that are open at that moment. Because the process of channel
opening and closing is stochastic (see Colquhoun and Hawkes, 1977,
1981), the number of open channels in a membrane is constantly
changing. Consequently, the time-averaged current passing through
a given channel species is the product of the number of channels in
the membrane (N), the probability that a channel is in a conducting

or open conformation (py), and the unitary current ;.

Im=N-pg-i (4)



Measurements of I, can provide information on the activity of the
channels. For example, by holding the driving force (Eq, - Erev)
constant in voltage-clamp experiments, will remain constant and
channel activity can be assessed under different conditions (e.g. drug
concentration and membrane potential).

Native membranes often express many different channel types
and consequently /y is comprised of several components, one for
each channel type. Overlapping channel expression generally
complicates the study of ion channels. One approach to simplify
these measurements has been to eliminate all but the current of
interest using specific blockers and ionic conditions. This method
has been extremely productive in some preparations but is often a
formidable task. The relatively recent cloning of ion channels has
greatly simplified this process. Cloned ion channels are commonly
expressed in an otherwise electrically silent cell. In this case, Im
results solely from the channel species of interest. Qocytes
isolated from the African clawed frog Xenopus laevis have proven
exceptionally amenable to this procedure. In vitro transcribed RNA
encoding the cloned channel is injected into the oocyte; the message
is translated, and the product is assembled and inserted into the
membrane. The combined high expression of the injected RNA and
the low density of endogenous channels often allow for
measurements of essentially homogenous ionic currents. The
function of most cloned ion channels have been assayed using this or

a similar method.



Topoiogy and functional domains of voltage-dependent
potassium channels.

Functionally, voltage-dependent K+ channels are comprised of
up to five major domains: an aqueous transmembrane pore, a
selectivity filter, a voltage sensor, an activation gate, and in the
case of A-type channels an inactivation domain (Fig. 1). The
relatively low density of K+ channels (mean < 1/um?2; e.g. Rehm and
Lazdunski, 1988; Schmidt and Betz, 1988) combined with their large
size and hydrophobic nature has hindered more traditional
approaches to study protein structure. Essentially all that is known
about the structure and functional domains of K+ channels comes
from the combined approaches of biochemistry, electrical
measurements, and molecular genetic techniques.

Structure and function studies of voltage-dependent K+
channels were initiated by the cloning of the Shaker locus of
Drosophila. Shaker mutants have long been known to demonstrate
general hyperexcitability and shake their legs vigorously while
anesthetized. This phenotype is related to an altered or missing A-
type current in some muscles and neurons (Jan et al.,, 1977; Salkoff
and Wyman, 1981). This mutation was localized on polytene
chromosomes (Tanouye, 1981) and subsequently cloned by
chromosome walking (Papazian et al., 1987; Kamb et al., 1987;
Baumann et al.,, 1987). The single gene encodes at least four
different translatable products via alternative splicing (Tempel et
al., 1987; Schwarz et al,, 1988; Pongs et al., 1988: Kamb et al.,
1988). In vitro transcribed RNA encoding each variant gives rise to

a distinct voltage-dependent K+ current when injected into Xenopus
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oocytes (lverson et al.,, 1988; Timpe et al., 1988a; Timpe et al.,
1988b).

The predicted amino acid sequence of the Shaker gene revealed
two prominent structural features of this channel family (Tempel ei
al., 1987). First, hydropathy plots identified six or seven stretches
of amino acids sufficient in length and hydrophobic moment to span
the membrane. Second, the fourth putative membrane spanning
domain (the S4 segment) contained a repeated motif of basic
residues separated by two hydrophobic residues (- Lys/Arg - Xxx -
XXx -, where Xxx represents a hydrophobic residue) (Tempel et al.,
1987). This is the only segment of amino acids showing sequence
homology to the eel Na+ channel and was postulated to be involved in
the voltage dependence of channel activation (Greenblat et al., 1985;
Guy and Seetharamulu, 1986: Noda et. al., 1986; Catterall, 1986).

Initiated by the cloning of Shaker, a long and growing list of
invertebrate and vertebrate ¢cDNAs encoding voltage-dependent K+
channels have been isolated (Hille, 1992; Levitan and Kazmarek,
1991, for review, see Jan and Jan, 1992). A total of four potassium
channel genes have been identified in Drosophila: Shaker, Shab, Shaw
and Shal. When expressed in oocytes, each gives rise to a kinetically
distinct voltage-dependent K+ current (Wei et al.,, 1990). Mammalian
homologues of each Drosophila K+ channel gene have been identified
and expressed. The extensive repertoire of cloned voltage-dependent
K+ channels has benefited the study of channel structure and
function. Comparisons of the predicted amino acid sequence
between channels with different properties can provide insight to

the location of functional domains (i.e. the region of the channel



protein providing a function). Using this approach, Guy and co-
workers have developed computer models of ion channel structure
(Guy and Seetharamulu, 1986: Guy and Conti, 1990; Durell and Guy,
1992). Models of channel structure and function are constantly
being tested experimentally by the combined efforts of many
different groups using electrophysiological, biochemical, and
molecular genetic approaches. A complete description of these
studies is beyond the scope of this dissertation; the following is
meant only to cover the salient features.

1. Membrane topology. It is now generally believed that
voltage-dependent K+ channel subunits of the Shaker family cross
the membrane six times (S1 through S6), with intracellular amino
and carboxyl termini (Fig. 2.; see Guy and Conti, 1990; Durell and
Guy, 1992, for review, see Pongs, 1992). This topology was first
suggested by hydropathy plots and the observation that the amino
terminus of channel protein lacked a recognizable signal sequence
(Tempel et al., 1987). Experimental evidence consistent with this
topology has been provided along three lines. First, specific amino
acid residues in the loop between the fifth (S5) and sixth (S6)
putative membrane spanning domains have been identified which
influence the potency of the extracellular channel blockers
charybdotoxin (CTX) (MacKinnon and Miller, 1989),
tetraethylammonium (TEA) (Kavanaugh et al., 1991: MacKinnon and
Yellen, 1990) and dendrotoxin (DTX) (Hurst et al., 1991). Together,
these results provide strong evidence that residues between S5 and

S6 reside outside the cell.
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A. Extracellular -- Antibody-binding (Chua et al., 1992).

B. Extracellular -- Point mutations influence potency of CTX (MacKinnon and Miller,

1989), TEA (MacKinnon and Yeller, 1990; Kavanaugh et al., 1991), and DTX (Hu
et al, 1991).

C. Extracellular -- Point mutations influence potency of TEA (MacKinnon and Yeller,
1990; Kavanaugh, 1991) and DTX (Hurst et al, 1991).

D. Intraceliular -- Point mutations influence inactivation kinetics (lsacoff et al.,, 19
E. Intracellular -- Deletions abolish rapid inactivation (Hoshi et al., 1990).

F. Intracellular -- Antibody-binding (see Pongs, 1988).



Second, antibody-binding studies have identified specific
regions as intracellular or extracellular. An antigenic sequence wa.
inserted between the third (S3) and fourth (S4) putative membrane
spanning domains of RCK1 (Chua et al., 1992; also called Kv1.1).
Native oocytes expressing these channels were stained with a
monoclonal antibody against the epitope, localizing this region to
the extracellular surface of the membrane. Similarly, antibody-
binding studies have reportedly localized the carboxyl terminus to
the intracellular surface of the membrane (see Pongs, 1988).

Finally, the amino terminus and the S4-S5 loop have been
localized to the cytoplasmic face of the membrane based on their
involvement in fast inactivation (see below). Mild intracellular
treatment of rapidly inactivating Shaker K+ channels with protease
abolishes inactivation (Hoshi, et al., 1990; see also Demo and Yellen,
1991; Armstrong et al., 1973). Site-directed mutagenesis and
deletion experiments have localized the affected region, called the
inactivation domain (see Fig. 1.), to amino terminus of Shaker B
(ShB), implying it resides intracellularly (Hoshi et al, 1990; Zagotta
et al., 1990). Likewise, specific amino acid substitutions in the loop
between S4 and S5 of ShB alter the kinetics of rapid inactivation
(Isacoff et al., 1991). This region is thought to act as the receptor
site for the inactivation domain, suggesting it also resides on the
cytoplasmic side of the membrane.

2. Permeation pathway. A major goal of molecular studies on
K+ channels is to identify the region of the channel protein which
forms the lining to the conduction pathway. The aqueous pore

through which K+ passes is in fact a highly specialized structure.



When open, this structure must allow K+ to freely pass, at rates
which can approach diffusion limitations (for review, see Yellen,
1987), yet exclude other physiological ions such as Na+, ~ 0.4 A
smaller in radius (Pauling, 1960). lon selectivity is of fundamental
importance for electrical excitability; without it, electromotive
forces could not be generated (Hille, 1992).

A wealth of evidence suggests that the permeation pathway is
comprised of amino acids in the loop between S5 and S6.

Localization of the CTX binding site to the S5-S6 loop initially
suggested this region contributed to the outer channel mouth
(MacKinnon and Miller, 1989). CTX is thought to block K+ conduction
by physically occluding the pore (Anderson et al., 1988); therefore,
residues which influence CTX potency should reside near the pore.
Similarly, residues which interact with the external channel
blocking compounds TEA and DTX, also thought to block conduction by
occluding the permeation pathway, have been identified in the S5-S6
loop (MacKinnon and Yellen, 1990; Kavanaugh et al., 1991; Hurst et
al., 1991). Together, these studies provide good evidence that amino
acids between S5 and S6 contribute to the outer mouth of the
permeation pathway (Fig. 2.). The identified amino acids are located
in two clusters, approximately 21 residues apart.

Three lines of experiments, performed independently, strongly
suggest that the S5-S6 loop spans a major portion of the membrane
and forms the lining of the K+ conducting pore. First, Yellen and co-
workers identified a Thr residue that influenced the ability of
internally applied TEA to block potassium conduction (1991). This

position (Thr441 in Shaker) is centered between the two clusters of



amino acids that influence external TEA, CTX, and DTX binding. This
implies that the 21 amino acid stretch between the external bindincg
sites folds across a significant portion of the membrane such that
Thr441 can be accessed cytoplasmically. Second, Yool and Schwarz
made amino acid substitutions in the S5-56 loop of ShA which
enhanced the conduction of NH4*+ and Rb+ (1991). This suggests that
the targeted residues (Tyr422 Thr441, Thrd42) are likely to reside
within the conduction pathway. Finally, Hartmann and co-workers
removed a 21 amino acid segment from the S5-S6 loop of one
channel (NGK2) and transplanted it into a second channel (DRK1)
having different conduction properties (1991). The chimeric channel
(DRK-NGK) had conduction properties similar to the donor channel
NGK2, suggesting that this 21 amino acid stretch comprises a major
portion of the conduction pathway. Taken together, these results
provide convincing evidence that the pore forming region of voltage-
dependent K+ channels is located between the fifth and sixth
putative membrane spanning domains. This region is now referred to
as the (P) or pore forming region (Stevens, 1991).

3. Voltage-dependent gating. In their original description of
the ionic conductance in the squid giant axon, Hodgkin and Huxley
suggested that the voltage-dependence of ionic conductance was
dependent on the movement of charged particles across the
membrane electric field (1952b). Movement of this charge (i.e. the
voltage sensor, see Fig. 1.) across the membrane field would be
expected to generate current. Successful measurement of such
"gating currents" was first accomplished by Armstrong and Bezanilla

(1973, 1974) and Keynes and Rojas (1974). The S4 segment, found in



all cloned voltage-dependent ion channels, is well suited to play the
role of the voltage-sensor. It contains a series of charged residues
and is predicted to span the membrane. This region has been the
focus of numerous site-directed mutagenesis studies, supporting its
involvement in the voltage-dependent opening of the channel pore.
Amino acid substitutions for both charged (Papazian et al., 1991;
Logothetis, et al., 1992: Liman et al., 1991; Tytgat and Hess, 1992)
and hydrophobic (Lopez, et al., 1991; McCormack et al., 1991; Hurst
et al., 1992) residues alter the voltage-dependence of channel
activation. While it is clear from these experiments that the S4
region is involved in the voltage dependent operation of these
channels, little is known about the precise nature of this
mechanism. For example, Logothetis and co-workers showed that
neutralization of the positive charges at positions 1 and 7 (numbers
indicate the position of charge within the S4 segment of Kv1.1, see
Logothetis et al., 1992) gave rise to channels that required more
positive depolarizations to become activated, but neutralization at
position 2 produced channels that activated at less depolarized
potentials (1992). These resuits suggest that the S4 segment does
not act as a homogenous charged structure, but that individual
residues may have specific roles in channel activation.

The functional domain responsible for the open 2 closed
transition (i.e. the activation gate, see Fig. 1.) has not been
localized; however, biophysical studies have provided some clues. In
a classical study on the interaction of quaternary ammonium (QA)
compounds with K+ channels, Armstrong localized the activation

gate to the cytoplasmic =~ 20% of the membrane electric field (19686,



1969, 1971). TEA and higher affinity long chain derivatives of TEA
were injected into the axoplasm of squid giant axons. Block by high
affinity TEA derivatives lagged behind the current onset following a
step depolarization. The time dependence of current inhibition
suggests that the receptor site for these compounds is only
available when the channel is conducting, i.e. when the activation
gate is in the open conformation. Internally applied QA compounds
block the channel pore by physically occluding the permeation
pathway, and the receptor site is located approximately 20% across
the electric field (for review, see Stanfield, 1983). This implies
that the activation gate is located on the cytoplasmic side of the
channel.

4. Inactivation. Inactivation is the process which closes
voltage-dependent ion channels during a maintained depolarization
(Hille, 1992). Once a channel becomes inactivated, the membrane
must be repolarized or even hyperpolarized before channels are free
to open again. Inactivation of voltage-gated K+ channels can occur
within milliseconds (A-type channels) or only incompletely over
periods of seconds (delayed rectifiers). Long before the cloning of
any voltage-dependent ion channel, Armstrong and Bezanilla
conceptually described the mechanism of fast inactivation as the
"ball and chain" model (1977). This model was based on the
observation that trypsin treatment of the cytoplasmic face of Na+
channels abolished current inactivation (Armstrong, Bezanilla,
Rojas, 1973; Rojas and Rudy, 1976; Stimers, Bezanilla and Taylor,
1985). The "ball-and-chain" model proposed that a cytoplasmic

region of the channel (the "ball", tethered to the rest of the channel



by a “chain") moves into the conduction pathway after the channel
opens, blocking ion conduction. The channel domain responsible for
fast inactivation has been localized to the amino terminus in Shake.
channels (Hoshi et al., 1990: Zagotta et al., 1990). In these
experiments, deletion of amino acids 6 - 46 in ShB completely
abolished rapid inactivation (Hoshi et al., 1990). Inactivation was
restored by the addition of a synthetic peptide encoding those amino
acids to the intracellular solution (Zagotta et al.,, 1990). Together,
these studies provide convincing evidence that the amino terminus
constitutes the blocking component of the fast inactivation
mechanism.

Slow inactivation, observed in both A-type channels and
delayed rectifiers, occurs over hundreds of milliseconds to seconds
and is often incomplete. The mechanism for this type of current
inactivation is not known. Slow inactivation is a distinct process
from fast inactivation. For example, pronase (Rudy, 1978), N-
bromoacetamide (Heggeness and Starkus, 1986), and papain (Quandt,
1987) all reduce the degree of fast inactivation in sodium channels
but leave slow inactivation unaltered. The functional domain
responsible for slow inactivation has not been localized to any
specific region of the channel protein. Deletions of the amino and
carboxyl terminus influence slow inactivation kinetics (Van Dongen
et al., 1990). In addition, point mutations within S6 region (Hoshi et
al., 1991) and the S5-S6 loop (Busch et al., 1991) alter the kinetics
of slow inactivation. Proposed mechanisms for this form of
inactivation include divalent cation binding (DeCoursey et al., 1984;

Grissmer and Cahalan, 1989; Douglass et al, 1990; Busch, et al.,



1991) and slow voltage-dependent conformational changes (Ruben et
al.,, 1992).

5.  Subunit stoichiometry. The similarity in predicted
membrane topology between any one of the four repeated domains in
Na* and Ca2+ channels and the single domain in K+ channels
suggested the possibility that K+ channels existed as multimers
(Tempel et al., 1987). Genetic approaches have provided strong
evidence that functional K+ channels form as multimers. Mutant
alleles of the Shaker gene do not make independent contributions to
the A-type current when combined in heterozygotes (Timpe and Jan,
1987; Haugland and Wu, 1990; for review, see Aldrich, 1990). In
addition, over-expression of a truncated Shaker protein in
Drosophila interferes with the function of native A-type currents
(Gisselmann et al., 1989). These experiments provide evidence that
K+ channels are formed as multimers in Drosophila. Further
evidence for multimeric channels was provided by co-expression
experiments. Briefly, two different K+ channel encoding RNAs were
injected into a single cell (Christie, et al., 1990: Isacoff et al.,
1990; Ruppersberg et al., 1990). The resulting whole cell currents
were assayed for properties that distinguished the two channel
types when expressed individually. In each case the evoked ionic
currents could not be described simply as the sum of the two
different channel populations. These results can only be explained if
novel channels were formed, having properties different from either
channel when expressed alone. This provides strong evidence that

channels can form by the heteropolymerization of different channel



subunits when expressed in the same cell (for review, see Aldrich,
1990).

The subunit stoichiometry of K+ channels was first analyzed
by MacKinnon (1991). Briefly, Shaker K+ channel subunits that were
either sensitive (wild-type) or insensitive (mutant, D431N) to block
by extracellular CTX were Co-expressed in the same cell.

Statistical analysis of CTX dose response measurements indicated
that the functional channels were much more likely to comprised of
four subunits than three or five subunits. The statistical approach
used by MacKinnon was based on two assumptions: 1. subunit
association was random and 2. only channels comprised exclusively
of mutant subunits (D431N) were weakly sensitive to CTX
(MacKinnon, 1991). A more direct approach to test subunit
stoichiometry has been to covalently join K+ channel subunits at the
DNA level aMnmwetaL,1992;HumtetaL,1992) Channel
constructs comprised of 1, 2, 3, or 4 joined TEA sensitive domains
were co-expressed with free TEA insensitive subunits.1 Only the
channel constructs comprised of four linked domains did not
incorporate the free TEA-insensitive subunit.  These experiments
support the notion that channels are formed by the association of

four subunits.

1 External TEA sensitivity can be reduced by a single amino acid substitution (Tyr— Val
or Lys) at the outer mouth of the permeation pathway (MacKinnon and Yellen, 1990;
Kavanaugh et al,, 1991).



Biophysical properties of channel gating.

Like all chemical reactions, voltage-dependent K+ channels
undergo reversible transitions between all possible discrete
chemical states (Colquhoun and Hawks, 1981). It is of interest to
understand the properties of each transition because their aggregate
describes the likelihood that a channel will be conducting at any
given moment in time. The fundamenta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>