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ABSTRACT

The type n voltage-gated potassium channel plays important functional roles in the
development and activation of T lymphocytes. Screening of a rat genomic DNA library at
low stringency with a rat Kv1.1 coding sequence has resulted in the characterization of a rat
Kv1.3 potassium channel clone, RGKS, which was used to generate a human Kv1.3
clone, HGKS, from a human genomic DNA library. Sequence analysis reveals
uninterrupted nucleotide sequences encoding polypeptides of 525 and 523 amino acids in
length, respectively. RNAs transcribed in vitro from these two clones direct expression of
functional voltage-gated potassium currents in Xenopus oocytes. The functional
characteristics of the expressed Kv1.3 channels are strikingly similar to those of the type
channels on murine and human T lymphocytes, respectively. This, together with the
presence of significant levels of Kv1.3 transcripts in both murine and human T
lymphocytes, supports the notion that both Kv1.3 clones encode the type n voltage-gated
potassium channels. Activation of both murine and human T cells with ConA induced a
time-dependent decrease in Kv1.3 mRNA levels, suggesting that previously observed
increases in potassium current density following mitogen activation are not due to increased
transcriptional activity of the type » potassium channel gene.

Several polyclonal antisera against different regions of Kv1.3 have been developed.
A 65-kDa protein is identified by immunoprecipitation with these antisera in both murine
and human T cell lines. The size of the endogenous type # channel protein is larger than
the in vitro translated product of 58-kDa, indicating in vivo posttranslational modification
events. Whole cell labeling studies revealed that the type n channel is phosphorylated by
endogenous kinases in Jurkat cells. Phosphoamino acid analysis of the metabolically
labeled type n channel reveals phosphorylation of serine residues exclusively. In vitro
studies also describe the ability of both PKA and PKC to phosphorylate the Jurkat type n

v



channel. However, PKC phosphorylation requires pre-treatment with phosphatase,
indicating basal phosphorylation on PKC sites in Jurkat cells. Additionally, PKA also
phosphorylates a 40-kDa protein which co-immunoprecipitates with the type » channel.
Thus, phosphorylation of channel-associated proteins may also serve as a means by which
the channel activity is regulated, in addition to phosphorylation of the type n channel itself.

The intracellular S4/5 loop has been suggested to mediate potassium channel gating
and/or potassium permeation. Conservative mutation of 392Ser within this region has been
reported to inhibit the channel conductance of the ShB potassium channel by 40%. The
results presented here reveal that the corresponding serine mutation to alanine produces
similar but more dramatic effects on the channel conductance of two mammalian potassium
channels (rKv1.2 and hKv1.3), with complete elimination of potassium currents. Studies
of gatiﬁg currents and coexpression analysis of hKv1.3 342Ala and 399Tyr further indicate
that the hKv1.3 342Ser mutation does not disrupt gating charge movement or subunit

assembly.



INTRODUCTION

Ions are essential for living cells. The cellular membranes are lipid bilayers which
form an impermeable barrier to ions. Thus, special membrane proteins such as pumps and
channels are required for the exchange of ions between the internal and external
environments. Pumps are energy-driven transporters which are involved in generation and
maintenance of ion concentration gradients; high potassium and chloride, and low sodium
and calcium concentrations within the cytoplasm of eukaryocytes. Ion channels, on the
other hand, form an aqueous pore for ions to passively pass through the lipid bilayer
(Hille, 1984; Rudy, 1988). When compared to ion transporters, the flow rates through ion
channels are remarkably fast, with more than 1 million ions passed per second. The
normal resting membrane potential of many cell types is negative intracellularly, around -60
mYV, contributing to high permeability of potassium ions. The direction of ion flow
through ion channels is, thus, determined by electrochemical gradient. The net influx of
positive charge decreases intracellular negative potential which is called depolarization; the
efflux causes hyperpolarization. The primary functions of ion channels involve the
regulation of intracellular ion concentrations (biochemical signaling) and cell membrane
potentials (electrical signaling). Ion channels are also involved in mediating numerous
cellular functions, including excitation of neuronal cells, contraction of muscle cells,
secretion in endocrine cells, and mitogen induced cell responses (Jan and Jan, 1989).

Ion channels fluctuate between opened and closed states. Various factors
(including membrane potential, chemical messengers, and mechanical stimuli) are known to
affect the opening of ion channels, thus serving as the basis by which to distinguish ion
channels into subfamilies such as ligand-, voltage-, and stretch-gated ion channels. Ion

channels can also be subgrouped based on their ion selectivity. For example, the



potassium channel family consists of voltage-, calcium-, ATP-, and G protein-gated
channe.ls, to name a few.

Voltage-gated ion channels are those that open in response to alteration of
membrane potentials. The principal members among voltage-gated cationic channels are
voltage-gated sodium, potassium, and calcium channels. Each species of ion channel
contains a very selective pore permeable to a restrictive spectrum of ions.

Voltage-gated potassium channels are membrane potential-dependent ion channels
specialized in potassium ion translocation across the membrane. They are also involved in
repolarization and maintenance of the cell membrane. These ion channels are ubiquitously
distributed and have been detected in almost every eukaryotic cell type examined (Rudy,
1988). However, potassium channels are not uniform; a variety of potassium channels
with variant properties in channel dynamics have been described. Furthermore, unique
combinations of different types of potassium channels have been described in cell- and
tissue-specific patterns. Thus, potassium channels play very diverse roles in cell functions.
In neuronal cells, for example, a great diversity of potassium channels are used to control
the timing, frequency, and number of action potentials, which in turn regulate neuronal

excitability and neurotransmitter release.
1. Molecular basis underlying the diversity of voltage-gated potassium channels
Molecular characterization of voltage-gated potassium channels

Molecular cloning -- Sodium and calcium channels exist in large quantities in
specialized neuronal tissues, and were purified to near homogeneity with high affinity
ligands. The availability of purified proteins provided the basis to generate antibodies for
the initial cloning of these channels (Ellis et al., 1988; Noda et al., 1984). However,

isolation of a large amount of purified potassium channels was not successful because of



the relatively low degree of expression of potassium channels in various tissues. With the
availability of genetic mutants in Drosophila, the Shaker potassium channel gene was first
localized to a segment of X chromosome (Tanouye et al., 1981). Subsequent
chromosomal walking, genomic DNA isolation, and cDNA isolation coupled with
nucleotide sequence analysis eventually defined the coding region of the Shaker gene
(Papazian et al., 1987). The coding region spans approximately 130 kb and contains at
least 20 exons. Additionally, multiple potassium channel mRNAs are generated by
alternative splicing at the Shaker locus (Papazian et al., 1987; Pongs et al., 1988; Schwarz,
et al., 1988; Tempel et al., 1987). Potassium channels encoded by these mRNAs share a
core sequence with variation at N- and C-termini. Several Shaker potassium channels
have been functionally expressed in Xenopus oocytes (Iverson et al., 1988; Timpe et al.,
1988a; Timpe et al., 1988b). The expressed currents exhibit properties of the family of A-
type potassium channels, with each manifesting unique electrophysiological and
pharmacological properties. Employing low stringency hybridization screening of
Drosophila genomic DNA libraries, additional potassium channel genes have been
identified, which include the Shab, Shaw, and Shal loci(Butler et al., 1989; Wei et al.,
1990). Additionally, a potential voltage-gated potassium channel gene, the eag locus, has
been identified by genetic cloning in Drosophila (Warmke et al., 1991). Like the Shaker
gene locus, the Shal gene produces at least two different potassium channels by alternative
mRNA splicing. Expression in Xenopus oocytes indicates that the different Shal
transcripts encode functional potassium channels. The Shal channels exhibit features of A-
type potassium channels, similar to those of the Shaker channels. In contrast, both the
Shab and Shaw genes encode delayed rectifier potassium channels. In summary, gene
duplication contributes to the diversity of potassium channels in Drosophila, in addition to
extensive mRNA splicing mechanisms.

Many mammalian potassium channels have been identified by employing

Drosophila potassium channel nucleotide sequences as hybridization probes, as well as by



expression cloning (Christie et al., 1989; Douglass et al., 1990; Frech et al., 1989;
McCormack et al., 1990a; McKinnon, 1989; Pak et al., 1991a, 1991b; Stuhmer et al.,
1989; Swanson et al., 1990; Tempel et al., 1988; Wei et al., 1990; Yokoyama et al.,
1989). These channels all exhibit unique functional properties when expressed in Xenopus
oocytes. Mammalian voltage-gated potassium channels have been subdivided into four
subfamilies based on homology with the four distinct potassium channel encoding loci in
Drosophila, and a nomenclature has since been adopted (Chandy et al., 1991). The Kv1
group corresponds to the Shaker family, while the Kv2, Kv3, and Kv4 groups represent
the Shab, Shaw, and Shal families, respectively. Approximately 40% homology at the
amino acid level is observed between different subfamilies, while 50% to 70% homology
is observed between members of the same family. In contrast to Drosophila, mammalian
Kv1 potassium channels are encoded by distinct genes, with no intron located within
protein coding regions. Although alternative splicing of coding region exons has been
discovered for the Kv3 subfamily (Luneau et al., 1991), it appears to be a relatively rare
event in the mammalian potassium channel genes characterized to date. Therefore,
duplication and divergence of potassium channel genes appears to be the major mechanism
underlying the generation of multiple species of voltage-gated potassium channels in
mammals.

In addition to six membrane domain-spaning potassium channels (the Kv family)
described above, a single membrane domain-spaning voltage-gated potassium channel (the
IsK channel) has been identified in both rat and human (Murai et al., 1989; Takumi et al.,
1988). The amino acid sequence shares little homology with those of the Kv family, and
does not contain a positively charged motif similar to that of the Kv family. The current
from this potassium channel when expressed in Xenopus oocytes is very slow in
activation, and exhibits properties which are quite different from those of the Kv family.
Therefore, IsK represents a distinct family from the Kv family. Nearly all voltage-gated

potassium channels mentioned within this thesis are those belonging to the Kv family,



Membrane orientation -- Voltage-gated ion channels are membrane proteins.
Hydrophobic plot analysis suggests the presence of six putative membrane-spanning
segments (S1 - S6) in Kv potassium channels. There are four homologous repeats of the
six membrane-spaning domain motif in sodium and calcium channels; however, a single
motif is utilized by Kv potassium channels. The C-terminus and the protein loops
connecting the four homologous repeats were first localized intracellularly in the sodium
channel using peptide-specific antibodies as probes for channel orientation; the same
topology was thus proposed for voltage-gated potassium channels, with both N- and C-
termini located intracellularly (reviewed by Catterall, 1988). The intracellular location of
the N-terminus was also determined for the Shaker potassium channel (Zagotta et al.,
1990). Furthermore, TEA can block potassium channel currents when applied from either
side of the membrane, and such binding sites have been identified on the loop between S5
and S6 membrane-spaning regions (MacKinnon et al., 1990; Yellen et al., 1991). Thus,
the loop between S5 and S6 regions must span the lipid bilayer. Fig. 1.1 represents the
best knowledge about the topological structure for voltage-gated potassium channels.

Voltage-gated potassium channels form a tetramer structure -- The
voltage-gated potassium channel pore is created by the close association of four
homologous transmembrane domains, as suggested for sodium and calcium channels.
Thus, functional potassium channels appear to result from the formation of a tetramer
structure through the association of individual potassium channel subunits. Several
approaches have been used to test the theory of tetramer formation. First, co-expression of
two potassium channel subunits with distinct properties in Xenopus oocytes resulted in the
generation of a pool of heterooligomeric potassium channels, with features distinct from the
algebraic summation of those from two homomeric channels (Christie et al., 1990; Isacoff
et al., 1990; McCormack et al., 1990; Ruppersberg et al., 1990). Additionally, expression
of non-functional truncated potassium channels interfered with normal potassium channel

functions in transgenic Drosophila melanogaster (Gisselmann et al., 1989). Thus,



individual subunits must interact with each other in order to form functional potassium
channels. Furthermore, the tetramer structure was deduced from co-expression studies, in
which the interaction of CTX with co-expressed wild-type and toxin-insensitive mutant
Shaker potassium channel subunits was analyzed (MacKinnon, 1991). Taken together,
these studies provide support for the notion that four channel subunits constitute a

functional potassium channel, resembling the structure of sodium and calcium channels.

Structural features of voltage-gated potassium channels

Several structural components have been characterized which are important to
voltage-gated potassium channel function. These include a voltage sensor which is
involved in monitoring membrane potential; an aqueous pore for the selection and passage
of potassium ions; and gates for channel inactivation (Aldrich, 1989; Guy and Conti, 1990;
Jan and Jan, 1992; MacKinnon, 1991).

The voltage sensor -- Voltage dependent activation is a prominent feature of
voltage-gated ion channels. A potential voltage sensor was first described in sodium
channels, and later was found to be conserved in calcium and potassium channels. Tt is a
positively-charged motif with lysine or arginine residues located at every third position in
the S4 region. Conversion of these positively charged residues to neutral or negatively-
charged residues reduces voltage dependence as well as gating charges during activation
(Liman et al., 1991; Logothetis et al., 1992; Papazian et al., 1991; Stuhmer et al.,1989).
The steepness of voltage dependence and the number of gating charges are directly
correlated with the number of basic residues. Thus, this motif represents a voltage sensor
determining voltage-dependent activation. Furthermore, observed differences between time
constants of activation can be attributed to the number of basic residues in this voltage
sensor in different channels. However, basic residues at different positions are not

equivalent in their contributions towards determining voltage-dependence of activation;



mutation of some basic residues in the voltage sensor have been found to exert no effect at
all (Logothetis et al., 1992; Papazian et al., 1991). In contrast, nonpolar residue
substitutions in the S4 region and S4/5 loop of sodium and potassium channels greatly
altered‘voltage dependence of activation (Auld et al., 1990; McCormack et al., 1991; Lopez
etal., 1991). Therefore, the voltage dependence of activation can not be simply attributed
to the positively-charged residues in the S4 region.

The hydrophilic pore -- Potassium channels contain an aqueous pore
selectively permeable to potassium ions. A sequence of approximately 20 amino acids
between S5 and S6 has been suggested to line the wall of the channel pore. It is divided
into two short segments, SS1 and $S2, each of which spans the lipid bilayer. The external
mouth of the channel consists of areas between S5 and $S1 and between SS2 and S6.
Mutational and chimeric studies support this model. Several binding sites for channel
blockers have been identified. Charybdotoxin (CTX) and tetraethylammonia (TEA) bind to
the external mouth and reduce potassium channel currents (MacKinnon and Miller, 1989).
Most iﬁterestingly, TEA also binds to a single amino acid residue between $SS1 and SS2 of
the potassium channel when applied intracellularly (Yellen et al., 1991). Thus, the region
between SS1 and S52 must constitute the internal mouth of the pore. Furthermore,
mutations of several residues within the potassium channel pore region alter ion selectivity,
single channel conductance, and binding affinity for channel blockers (Kirsch et al., 1992;
Yool and Schwarz, 1991). Similarly, single mutations within the SS2 sequence in the
sodium channel alter ion selection from sodium to calcium (Heinemann et al., 1992).
Therefore, residues within SS1 and SS2 determine ion selectivity and ion flow rate for
voltage-gated potassium channels.

Inactivation domains -- Voltage-gated potassium channels open with
membrane depolarization; however, they inactivate afterwards even when the membrane is
still depolarized. Inactivation of Shaker potassium channels is relatively fast and consists

of several biophysical processes. At least two types of inactivation processes have been



described. The so-called N-type process can be prevented by intracellular application of
proteases, indicating that the N-type inactivation gate is located in the cytoplasm (Hoshi et
al., 1990; Zagotta et al., 1989). Such a gate has since been characterized on the N-
terminus of the Shaker potassium channel (Stocker et al., 1990; Zagotta et al., 1990).
This domain interacts with the intracellular mouth of the channel in the region between S4
and S5 to induce fast inactivation (Isacoff et al., 1991). The second classification of
inactivation process is referred to as the C-type inactivation. Different C-termini in Shaker
potassium channels are responsible for the diverse kinetics of C-type inactivation; in
addition, a single amino acid within the S6 region also affects the inactivation process
(Hoshi et al., 1991). Similarly, sodium channels also inactivate very fast. A region
between repeats III and I'V within sodium channels has thus far been identified as the fast
inactivation gate (Stuhmer et al., 1989; Vassilev et al., 1989). Removal of this segment
markedly prolongs the inactivation time.

In summary, voltage-gated potassium channels of the Kv family contain six
transmembrane regions with both N- and C- termini located intracellularly. A functional
potassium channel represents the formation of a complex consisting of four potassium
channel subunits, of either homopolymeric or heteropolymeric composition. A positively-
charged motif in the S4 region acts as a part of the voltage sensor to determine voltage
dependence of channel activation. The SS1 and SS2 regions line the channel pore and
determine ion selectivity and ion flow rate. The regions between S5 and SS1 as well as
SS2 and S6 constitute the extracellular mouth of potassium channels, and the internal
portions of 51 and SS2 plus the regions between S4 and S5 become at least a part of the
internal mouth. The N-terminus of the Shaker potassium channels acts as a ball-and-chain
structure (Armstrong and Bezanilla, 1977) to block the internal mouth of the channel, thus

inactivating channel currents.

2, Voltage-gated potassium channels and T lymphocyte functions



The immune system consists of mainly two types of effector cells; T and B
lymphocytes. B cells are activated to secrete antibodies, while T cells are involved in
diverse functions. A subset of T lymphocytes,T helper cells (Th), are required to assist T
and B cell activation; cytotoxic (Tc) and natural killer cells (NK) to kill infected cells and
tumor cells; and suppressor cells (T's) to regulate and coordinate immune responses.

Similar to other cell types, ion translocation is also important and required for
maintenance of T cell functions. A variety of techniques have been used to study ion flux
across the cytoplasmic membrane of T cells. During the last decade, patch-clamp recording
has revealed a diverse set of ion channels on T lymphocytes (Lewis and Cahalan, 1990).
These ion channels are classified based on ion selectivity and physiological properties.
There are two species of potassium channels activated by depolarization or calcium.
Sodium channels are not usually observed and are apparently present at very low numbers.
Calcium channels are observed only following mitogen-induced T cell activation, and no
voltage-gated calcium channels have been detected to date (Cahalan et al., 1985; Fukushima
et al., 1984). Chloride channels found on T lymphocytes can be divided into three types.
Maxi-chloride channels have a single channel conductance of 300-400 pS and open in
response to calcium binding; midi-chloride channels have a single channel conductance of
40 pS and are activated by phosphorylation by cAMP-dependent protein kinase; and mini-
chloride channels have a single channel conductance of 1-2 pS and appear to open in
response to osmotic alterations. The expression of a species of mRNA encoding a slow
activating potassium channel (HIsK) has recently been detected in human T cells (Attali et
al., 1992). Of all these ion channels, however, only voltage-gated potassium channels are
active in resting T cells. The exact roles these ion channels play are largely unknown;
however, limited information suggests that they are important for proper T cell

development and function.
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Expression of voltage-gated potassium channels in T cells

There are three distinct types of voltage-gated potassium channels found on
mammalian T lymphocytes, referred to as the type n (stands for "normal™), n’ ("n-like"),
and / ("large") channels (Lewis and Cahalan, 1988). These three species of potassium
channels are found on resting lymphocytes, and serve to maintain a resting membrane
potential of approximately -60 mV. The type n potassium channel is the most commonly
observed species of voltage-gated potassium channel, and is found on a variety of T cell
subtypes. It has a single channel conductance of 12-16 pS, and is sensitive to a unique
profile of ion channel blockers. These include classical blockers for voltage-gated
potassium channels such as TEA and 4-aminopyridine (4-AP) (DeCoursey et al., 1984;
Grissmer and Cahalan, 1989); for calcium-activated potassium channels such as CTX and
quinine (DeCoursey et al., 1984; Matteson and Deutsch, 1984; Sands et al., 1989); and
for voltage-gated calcium channels such as verapamil and nifedipine (DeCoursey et al.,
1985).. The type n channel is also blocked by calmodulin antagonists, such as
trifluoperazine and chlorpraomazine (DeCoursey et al., 1985). The type n’ potassium
channel shares many properties with those of the type n channel. However, it does contain
several unique features; it opens at a more positive potential, does not manifest
accumulative inactivation, and is less sensitive to TEA. The type / channel is different from
these two types in many aspects. It has a large single channel conductance (approximately
21-27 pS), inactivates faster, is more sensitive to TEA, and is unaffected by CTX.

The type n potassium channel is expressed in a variety of T cells, including human
and murine thymocytes, peripheral T cells, and many T cell clones. In addition, it has also
been characterized on B lymphocytes, macrophages, and platelets (reviewed by Lewis and
Cahalan, 1990). Conversely, type n’ and / channels are restricted in their expression to
murine thymocytes and peripheral T cells which are of CD4-/CD8 lineage (Lewis and

Cahalan, 1988). They have not been detected in human T cells or human T cell lines.



Interestingly, abnormal expression of the type ! channel is closely associated with
autoimmune diseased mice (Chandy et al., 1986; Grissmer et al., 1988). The type [
channel is present in large quantities on CD4/CD8" T cells of mice with systemic lupus
erythematosus (SLE), non-obese diabetic (NOD), or myelin basic protein-induced

encephalomyelitis (MBP-induced EAE).
Calcium signalling is partially controled by potassium channels during T cell activation

T lymphocytes are activated by occupancy of cell surface receptors with antigens.
They can also be activated in vitro by lectins and antibodies (MacDonald and Nabbolz,
1986). ' Alteration of ion translocation across the membrane is among one of the earliest
events observed following T lymphocyte activation. Both influx of calcium and efflux of
potassium have been observed and are required for T cell activation (Segel et al., 1979;
Weiss and Imboden, 1987). Calcium ions play crucial roles during T cell activation
(Gardner, 1989). In human Jurkat leukemic cells, an initial rise of intracelluar calcium
levels has been recorded immediately following activation (Lewis and Cahalan, 1989).
This increase involves 1,4,5-trisphosphate (IP3) mobilization of calcium from internal
stores (Berridge and Irvine, 1989). IP3-gated calcium channels have been detected on the
endoplasmic reticular membrane in brain cells (Ross et al., 1989), which suggests IP3-
gated calcium channels on the en<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>