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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 endoplasmic reticular membrane in T cells are responsible for
the initial rise of intracellular calcium levels. However, sustained increases in calcium
levels are also required for cell activation, which requires influx of calcium across the cell
membrane (Weiss et al., 1984; Oettgen et al., 1985). IP3-gated calcium channels have also
been discovered on the T cell membrane (Kuno et al., 1986; Kuno and Gardner, 1987).
Thus, IP3-gated calcium channels are involved in mobilization of calcium from both the
endoplasmic reticula and extracellular medium; however, IP3-independent mitogen-induced

calcium channels may also be required for calcium influx (Cahalan and Lewis, 1990).
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Additionally, potassium channels are required for maintenance of calcium channel
activity and sustained calcium increase. Influx of calcium ions causes depolarization of the
cell membrane, which activates voltage-gated potassium channels. Intracellular calcium
ions also activate calcium-gated potassium channels. Both of these types of potassium
channels are present on the T cell membrane. The efflux of potassium thus causes
repolarization and slight hyperpolarization of the membrane, which maintains an electrical
driving force for calcium influx. On the other hand, calcium ions in very high
concentration inactivate voltage-gated potassium channels by becoming trapped inside open
potassium channel pores (Bregestovski et al., 1986). Therefore, both calcium-activated
and voltage-gated potassium channels are involved in regulating calcium channel activity,

and are required for sustained intracellular calcium signalling following T cell activation.

Regulation of voltage-gated potassium channels in T cell development and activation

Voltage-gated potassium channels play an important role regarding the onset of
various intracellular events associated with T cell development and activation (Lewis and
Cahalan, 1990). The three species of voltage-gated potassium channels expressed on T
lymphocytes are associated with distinct T cell subtypes in the mouse. Immature
thymocytes (CD4-/CDS§") express only the type n channel, while mature thymocytes are
associated with all three types of channels (Lewis and Cahalan, 1988). However, mature
thymocytes and peripheral T cells can be further classified based on the presence or absence
of specific cell surface proteins; Th cells express the CD4 surface marker, while Tc/Ts cells
express the CD8 surface marker. CD4% cells associate exclusively with the type n channel,
while CD87 cells express predominantly the type n”and [ channels. Thus, T helper cells
are associated with the exclusive expression of the type n channel. Furthermore, regulation

of the type n, n’, and / potassium channel genes more than likely accompanies the



maturation of Tc and Ts cells (n” and / channel expressing) from immature thymocytes (»
channel expressing).

There also exists a correlation between the surface density of voltage-gated
potassium channels and the state of T cell proliferation in the mouse. Immature
thymocytes, which are highly proliferative and double negative or positive for CD4 and
CD8 molecules, express relatively high numbers of the type n potassium channel,
exclusively; typically 100-500 channels per cell (Lewis and Cahalan, 1988). Mature
thymocytes and resting peripheral Th cells, however, contain 10-fold lower levels of type
potassium channels. The number of type n channels, though, increases 10-20-fold in
activated and proliferating Th cells (DeCoursey et al., 1987; Sutro et al., 1989). This latter
observation also extends to a murine IL.2-dependent Th cell clone, and B cells following
mitogen-induced activation (Lee et al., 1986; Sutro et al., 1988). Additionally, there is a
switch of channel species from predominant type n” and [ to n following activation of
Tc/Ts cells (DeCoursey et al., 1987).

A similar correlation has also been demonstrated for human T cells. Although
resting human T cells express a relatively high density of the type »n channel comparable to
that found on activated murine T cells (Cahalan et al., 1985), the density of the type n
channel still increases approximately 2-fold following stimulation with Concanavalin A
(ConA) (Matteson and Deutsch, 1984); some variation has also been observed with other
mito géns (DeCoursey et al, 1987). Thus, increased expression of the type n channel is
closely associated with, and may be required for, T cell proliferation in both mouse and

human.
Voltage-gated potassium channels are required during T cell activation

Further evidence from studies employing channel blockers supports the notion that

the type n channel is required during T cell activation. Both mouse and human T cell
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activation is suppressed by a wide variety of voltage-gated potassium channel blockers in a
dose-dependent manner. Conkcentrations similar to those which reduce the type n channel
current block activation; however, doses required to block the / channel do not have any
effect (Chandy et al., 1984; DeCoursey et al., 1984 and 1985; Deutsch et al., 1986). This
inhibition has also been extended to activation of B cells (Sutro et al., 1988). Non-specific
inhibitions have been ruled out, in that viability of suppressed cells is not affected (Cahalan
et al,, 1987). The T cell properties inhibited by potassium channel blockers are quite
broad, including suppression of metabolite uptake of nucleotides and amino acids, overall
protein synthesis, IL-2 production, and cell proliferation; however, expression of the IL-2
receptor is not affected (Chandy et al., 1984; Sabath et al., 1986; Schell et al., 1987).
Apparently, proper functional activity of the type n channel is required for various steps
associated with T cell activation. However, exactly how the type n channel exerts its

role(s) remains to be determined,
Voltage-gated potassium channels are required for the generation of Tc and NK cells

Cytotoxic and natural killer lymphocytes are activated by infected cells expressing
foreign antigens, followed by the killing of these cells by the activated lymphocytes.
Following activation, potassium efflux is observed in these effector cells, which is
primarily due to voltage-gated potassium channels (Fukushima et al., 1984; Russell and
Dobos, 1983). Activation of these effector cells is also inhibited by channel blockers
specific to voltage-gated potassium channels, suggestive of a requirement for these
channels (Sharma, 1988). Furthermore, application of IL2 to the culture medium abolishes
this inhibitory effect, indicating that the inhibition could be simply due to the blockage of
IL2 secretion from Th cells which was reduced significantly by channel blockers. In
addition, calcium influx is also required for the activation of Tc and NK cells(Poenie et al.,

1987).
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Voltage-gated potassium channels play a role in regulatory volume decrease (RVD)

Voltage-gated potassium channels are involved in regulatory volume decrease
(RVD). T lymphocytes swell when exposed to hypotonic solutions; and shrink back to
their original volume in about half an hour. The efflux of potassium and chloride ions
across the membrane has been observed in RVD (Sarkadi et al., 1984). A model has thus
been proposed by Cahalan and Lewis (1990) whereby the expansion of T cell volume
stimulates a type of chloride channel, specifically the mini-chloride channel (1-2 pS),
resulting in depolarization of the membrane. This, in turn, activates voltage-gated
potassium channels. Activation of both chloride and potassium channels causes the efflux
of chloride and potassium ions. The loss of H2O accompanying the efflux of chloride and

potassium ions results in shrinkage of cell volume.

. 8 Regulation of voltage-gated potassium channel function by protein phosphorylation

The efficacy of a variety of distinct types of ion channels can be controlled by
protein modification events. Phosphorylation represents such an event, is common to a
variety of ion channel species, and modulates numerous channel properties including single
channel conductance and open probability (Levitan, 1985; Rossie and Catterall, 1987).

Biochemical studies have revealed that both sodium and calcium channels can be
phosphorylated directly (Catterall, 1988). The o subunit of calcium channels is
phosphorylated in vitro by cAMP-dependent kinase (PKA); in addition, the 8 subunit is
also phosphorylated. Similarly, the purified o subunit of sodium channels is
phosphorylated by both PKA and PKC in vitro. It is also phosphorylated by endogenous
kinases in intact neuronal cells. Moreover, both sodium and calcium channel activities are

modulated by phosphorylation events (Catterall, 1988). Reconstituted calcium channels
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show prolonged opening if incubated with the o catalytic subunit of PKA in the presence
of ATP. In cardiac muscle, B-adrenergic stimulation increases calcium action potential,
which strengthens heart muscle contractility. Microinjections of cCAMP derivatives,
phosphodiesterase (PDE) inhibitors, or the o catalytic subunit of PKA produce similar
effects. In neurons, reagents which enhance PKA activity reduce sodium channel currents,
which result in a reduction of sodium channel action potential. Therefore, direct
phosphorylation of both sodium and calcium channels serve to regulate channel activities
and cellular functions; in addition, phosphorylation of channel-associated proteins could
also contribute to channel modulation. Furthermore, these phosphorylation events
primarily affect channel open probability, resulting in an increase in calcium currents
(Cachélin et al., 1983; Reuter et al., 1992) and a decrease in sodium currents (Li et al.,
1992). In addition to sodium and calcium channels, regulation of chloride channels by
phosphorylation has been recently documented (Cheng et al., 1991; Nishimoto et al., 1991;
Tilly et al., 1992).

A variety of potassium channel currents also show sensitivity to phosphorylation
events, including the slow-activating Isk potassium channel (Blumenthal and Kaczmarek,
1992; Busch et al., 1992), calcium-activated potassium channels (Chung et al., 1991), and
the Shaker A voltage-gated potassium channel (Moran et al, 1991). The type n potassium
channel is likewise subject to phosphorylation-dependent modulation in lymphocytes.
Type n potassium currents are nearly completely inhibited following stimulation of PKA
activity in both B and T lymphocytes. cAMP and forskolin treatment reduces channel
currents in B cells (Choquet et al., 1987); and 8-Bromo-cAMP and prostaglandin E2
(PGE2) have similar effect in Jurkat cells (Payet and Dupuis, 1992). Additionally,
stimulation of the PKC system affects type n channel activity in Jurkat cells. Application of
TPA nearly completely blocks the type n potassium current, with intracellular injection of
anti-PKC antibodies abolishing the effect of TPA (Payet and Dupuis, 1992). Moreover,

injection of alkaline phosphatase increases type n potassium channel currents in Jurkat
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cells, suggestive of a basal level of endogenous phosphorylation of the type n channel.
Similarly, the type » channel expressed in Xenopus oocytes is also regulated by
phosphorylation events, with increased PKC activity serving to dramatically reduce
potassium currents (Attali et al., 1992b). These studies together, therefore, indicate that
type n channel activity is dramatically down-regulated by phosphorylation events directed

by both PKA and PKC.
4. Specific aims of the thesis
Aim 1. Molecular characterization of the type n potassium channel

The type n potassium channel is important to T cell development and function.
However, previous characterization of the type n channel was limited to the establishment
of an electrophysiological and pharmacological profile. Thus, molecular characterization of
the type n channel would provide additional information regarding the structure and
function of this important T lymphocyte channel. This project represents the initial step
regarding characterization of the structure of the type n potassium channel.

Following T cell activation, type n channel density increases about 2-fold in human
and 20-fold in mouse. This increase could be due to three distinct biochemical
mechanisms, including: 1) increased levels of type n channel mRNA, 2) insertion of pre-
existin;g quiescent channels into the membrane, and 3) increased efficacy of functional
channels following cellular activation. In this project, type n channel mRNA levels were
also quantitated at various times following T cell activation, which should provide
information regarding the transcriptional activity of the Kv1.3 gene. An increase of type n

channel mRNA would support the first hypothesis.
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Aim 2. Characterization of in vivo and in vitro type n channel phosphorylation

events

Phosphorylation appears to regulate the properties of type n channel currents.
However, it is of interest to determine whether the type » channel is phosphorylated
directly, as in the case of sodium and calcium channels. This project intends to characterize
the specific nature of type n channel phosphorylation events. First, polyclonal antibodies
against different regions unique to Kv1.3 will be generated. Second, these antibodies will
be utilized to identify Kv1.3 channel phosphorylation events both in vivo, and in vitro

employing purified kinases.

Aim 3. Functional significance of a highly conserved serine residue within the

intracellular S4/5 loop of mammalian potassium channels

The S4/5 loop appears to lie in or near the internal mouth of the potassium channel
pore, regulating various channel properties such as channel gating and/or ion permeation.
The serine residue at position 392 within the S4/5 loop of the Shaker B potassium channel
is embedded in the consensus sequence recognized by the PKC enzyme. Mutation of this
residue reduces the channel conductance by 40%. This consensus sequence is fully
conserved in several mammalian potassium channels, including rKv1.2 and hKv1.3. The
study presented here seeks to characterize the functional significance of the corresponding

serine residue in mammalian potassium channels.

3. Historical aspects of the thesis regarding research performed

Following reports of Shaker potassium channel characterization in 1987/88, the

laboratories of Drs. Adelman, North and Douglass began a series of collaborative studies
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aimed towards the characterization of mammalian voltage-gated potassium channels. Such
studies initially resulted in the cloning and expression of the rat Kv1.1 (RBK1) channel
(Christie, M.J. et al., 1989), and documentation of the ability of individual potassium
channel subunits to form heteropolymeric channels (Christie et al., 1990). At the time [
entered the Douglass lab, Jim was in the process of screening a rat genomic DNA library
with Kv1.1 cDNA under low stringency hybridization conditions in an attempt to isolate
new, additional members of the Kv1 subfamily of potassium channels. One such genomic
DNA clone, RGKS5 (rKv1.3), had been isolated and restriction mapping analysis revealed
that it was indeed different from the Kv1.1 channel. The RGKS clone was in the process
of undergoing nucleotide sequence analysis when I became involved with the project. I
thus became familiar with a variety of molecular biological techniques as I performed
nucleotide sequence analysis on the RGKS genomic DNA clone, Southern blot analysis on
rat genomic DNA, and Northern blot analysis on various rodent RNAs. I also performed
subcloning and in vitro transcription reactions in order to generate capped RGK5 RNA for
analysis in Xenopus oocytes. This work constitutes the Chapter of this thesis entitled,
“Characterization and Functional Expression of a Rat Genomic DNA Clone Encoding a
Lymphocyte Potassium Channel”. The work was published in the Journal of
Immunology in 1990 (Vol. 144: 4841-4850.), with the following authors contributing to
the project: J. Douglass (RGKS clone isolation, preliminary nucleotide sequence analysis,
project development), P. Osborne (channel characterization in Xenopus oocytes), Y.-C.
Cai (RGKS sequence analysis, Southern blot analysis, Northern blot analysis, and RGKS
expression cloning procedures), M. Wilkinson (purification of mouse thymus RNA), M. J.
Christie (channel characterization in Xenopus oocytes), and J. P. Adelman (general project
development).

. Following completion of this project, I then began work involving the
characterization of human Kv1.3 genomic DNA, and expression of the encoded channel.

This work was quite similar to that performed on rat Kv1.3, but included analysis of
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hKv1.3 mRNA Ievels in human T lymphocytes following stimulation with Con A to
investigate potential transcriptional changes following T cell activation. This additional
work allowed me to gain experience regarding the isolation and manipulation of primary
human T lymphocytes under tissue culture conditions. The cumulative work represents the
Chapter of this thesis entitled, “Characterization and Functional Expression of Genomic
DNA Encoding the Human Lymphocyte Type n Potassium Channel”. The work was
published in the journal DNA and Cell Biology in 1992 (Vol. 11: 163-172). The
following authors contributed to the project: Y.-C. Cai (all molecular and cellular
procedures involving hKv1.3 genomic DNA and mRNA analysis, project development),
P. Osborne (channel characterization in Xenopus oocytes), R. A. North (minor aspects of
project. development) D. C. Dooley (isolation of human T lymphocytes), and J. Douglass
(project development).

Following completion of the aforementioned project, it was clear that further
investigation of hKv1.3 channel activity in T cells would require the ability to study the
channel protein itself, with a focus on post-translational modification events which might
affect channel activity. Indeed, there were several reports in the literature which suggested
that phosphorylation events could affect Kv1.3 channel activity. The major question then
became: can the channel itself serve as a substrate for direct phosphorylation events, or are
associated proteins the targets of phosphorylation events. Such studies necessitated the
ability to directly visualize the Kv1.3 channel protein, and the decision was made to
generate a series of polyclonal antibodies against the human, mouse and rat Kv1.3 channel
proteiﬁ. Thus, the results described in the thesis Chapter entitled, “In vivo and in vitro
Phosphorylation of the T Lymphocyte Type n (Kv1.3) Potassium Channel” detail the
generation and characterization of polyclonal antisera against the mammalian Kv1.3, as
well as various experiments regarding Kv1.3 channel phosphorylation. The work
described in this chapter has been submitted to the Journal of Biological Chemistry,

and at the current time this manuscript has been provisionally accepted; some additional
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experimentation regarding PKC phosphorylation is required. The following authors
contributed to this manuscript: Y.-C. Cai (project development and all experimental
studies), and J. Douglass (project development). The work described in this thesis chapter
involves the generation of fusion proteins, antibody generation and characterization,
immunoprecipitation, surface labeling of membrane proteins, in vivo and in vitro
phosphorylation analysis, and phospho-peptide mapping. Thus, during this phase of my
thesis project I gained direct experience with a wide variety of immunological and
biochemical techniques.

The final thesis research Chapter is entitled, “Functional Significance of a Highly
Conserved Serine Residue within the Intracellular S4/5 Loop of Mammalian Potassium
Channels”, and represents studies aimed at determining the functional significance of a
serine residue which is located within a consensus PKC phosphorylation site. Following
the observation that PKC can directly phosphorylate hKv1.3, coupled with the observation
that serine residues represent the major sites for channel phosphorylation in Jurkat cells, it
was decided by myself and Jim Douglass that site-specific mutagenesis coupled with
functional analysis could be used to determine the significance of specific serine residues
which might represent direct phosphorylation sites. The results presented in this chapter
represent preliminary studies directed towards such a characterization. Following the
generation of additional data, the work will be prepared for submission; we are currently
undecided as to what journal we will submit the manuscript. However, the following
authors will represent those contributing to this manuscript: Y.-C. Cai (Shaker B, Kv1.2
and Kv1.3 mutant generation and characterization, ir vitro transcription, project
development), M. Kavanaugh (channel analysis in Xenopus oocytes, project

development), and J. Douglass (project development).
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ABSTRACT

Low stringency hybridization screening of a rat genomic DNA library with a
previously described cDNA clone encoding a rat voltage-gated potassium channel has
resulted in the characterization of a member of the potassium channel family, RGKS5. An
uninterrupted nucleotide sequence encodes a protein 525 amino acids in length, revealing
that the entire coding region resides on a single exon. RGKS transcripts are present in both
mouse thymus and rat brain, as determined by Northern blot analysis. RNA transcribed in
vitro from RGKS genomic DNA directs the expression of functional potassium currents
following injection into Xenopus oocytes. The currents are activated by depolarization,
being half activated at -14 mV, and inactivate almost completely during depolarizations of
1-2's. The properties of the currents strongly resemble those of the type » potassium

channel present on both immature thymocytes and helper T lymphocytes.



INTRODUCTION

. Potassium channels are membrane proteins which are selectively permeable to
potassium ions (Hille, 1984; Rudy, 1988). Roles for voltage-dependent potassium
channels are well established in neurons, and include maintaining a resting potential, action
potential repolarization, patterning of spike bursts and limiting synaptic depolarizations.
Several types of potassium channels present on neurons are also found on cells of the
immune system, most notably thymocytes and T lymphocytes (Cahalan et al., 1987;
DeCoursey et al., 1985, 1987). A variety of studies suggest that these channels are
necessary for T lymphocyte activation. Specific potassium channel blockers inhibit cellular
events associated with T cell activation, including calcium signalling, increased protein
synthesis, lymphokine production, and cell proliferation (Cahalan et al., 1987). A role in
proliferation or activation is also suggested by the observation that the density of potassium
channels in mitogen-stimulated T cells is 10-fold higher than in quiescent splenic or lymph
node T cells (Cahalan et al., 1987; DeCoursey et al., 1987). Pharmacological studies
suggest that potassium channels are required for target cell lysis by cytotoxic T
lymphocytes (Cahalan et al., 1987). Voltage-gated potassium channels are also believed to
play a major role in determining the resting potential and volume of T lymphocytes
(Cahalan et al., 1987; DeCoursey et al., 1985, 1987). Thus, a specific set of voltage-
dependent potassium channels appear to be involved in the maintenance of T lymphocyte
function.

Cloning of the Shaker locus of Drosophila melanogaster has provided the starting
point for the molecular characterization of voltage-activated potassium channels (Papazian
et al., 1987; Pongs et al., 1988; Tempel et al., 1987; Schwarz et al., 1988). Transcription
from the wild type Shaker genomic locus results in the production of multiple species of

mRNAs, each encoding a potassium channel protein. Distinct Shaker mRNAs result from
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alternate splicing of precursor mRNA, and the resulting potassium channels share a
common core sequence with variant amino and carboxyl termini. Several Shaker cDNA
clones have been expressed in Xenopus oocytes and characterized electrophysiologically
(Iverson et al., 1988; Timpe et al., 1988a and b). RNA synthesized in vitro from each
c¢DNA clone directs the synthesis of a voltage-dependent potassium channel. Unique
kinetics of inactivation are seen for each channel type, indicating that the Shaker products
may contribute to kinetic diversity in A-channels of the fly, and that sequences in the amino
terminal region may be important for inactivation.

Shaker nucleotide sequences have been used as hybridization probes to isolate
potassium channel cDNA clones from both mouse (Tempel et al., 1988) and rat (Baumann
et al., 1988; Christie et al., 1989; McKinnon, 1989) brain cDNA libraries. Similarly, a rat
cDNA ‘clone (RCK1) has been used to isolate related species of potassium channels from a
rat brain cDNA library (Stuhmer et al., 1989). Expression cloning has also identified a
novel rat brain potassium channel (Frech et al., 1989). Many of these channels have been
functionally characterized in Xenopus oocytes following injection of in vitro transcribed
RNA, with each channel exhibiting a unique electrophysiological and pharmacological
profile (Christie et al., 1989; Frech et al., 1989; Stuhmer et al., 1988,1989). In contrast to
the Shaker gene products, alternate splicing does not appear to be the major basis of
diversity among mammalian voltage-gated potassium channels (Stuhmer et al., 1989).
Rather, distinct genes appear to encode each unique species of voltage-gated potassium
channel in mammals (Chandy et al., 1990; Stuhmer et al., 1989).

Partial nucleotide sequence analysis of a rat genomic DNA clone (A RGK1)
encoding the RBK1 potassium channel (Christie et al., 1989) demonstrated that the entire
coding region of RBK1 mRNA is contained on a single exon (Figure 2.1A). It was
reasoned that if this genomic architecture was conserved among other members of this gene
family, then uninterrupted genomic DNA sequences would encode other species of voltage-

gated potassium channels. In the current study, low stringency hybridization screening of



arat genomic DNA library resulted in the isolation of the gene encoding a potassium
channel designated as RGKS. The RGKS coding region is contained on a single exon, as
demonstrated by expression and electrophysiological characterization of the encoded
potassium currents in Xenopus oocytes. Properties of the expressed current, along with
the observation of RGKS mRNA in thymus, suggest that the cloned channel is the n
potassium current previously described in both thymocytes and T lymphocytes (Cahalan et

al., 1987; DeCoursey et al., 1985, 1987a and b).
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MATERIALS AND METHODS

Screening of rat genomic DNA library and nucleotide sequence analysis

A rat A genomic DNA library (generously provided by Dr. G. Scherer) was
constructed by partial Sau3A digestion of adult Sprague Dawley rat liver DNA, followed
by cloning into the A phage vector, EMBL3. 500,000 clones were screened in duplicate
with a 32P-labelled cDNA fragment of the rat potassium channel cDNA clone, RBK1
(Christie et al., 1989). The filters were screened at 40% formamide/55°C. Following
overnight hybridization, the filters were washed at 1xSSC/55°C and subjected to
autoradiography. Duplicate positively hybridizing clones were plaque purified. Phage
DNA was prepared and subjected to Southern blot analysis to identify DNA fragments
which hybridized to the RBK1 probe. Appropriate restriction fragments were subcloned
into M13 mp18 and mp19 vectors for dideoxynucleotide sequence analysis (Sanger et al.,
1977). Nucleotide and amino acid sequence analysis was performed using the

Intelligenetics and Wisconsin Genetics Computer Group suite of software.

Genomic Southern Blot analysis

10 pg of high molecular weight adult Sprague Dawley rat genomic DNA was
digested with EcoRI, HindIII or Pstl and electrophoresed on a 1.0% agarose gel.
Following transfer to Nytran filter, the blot was hybridized with a random-primed, 32P-
labelled 450 bp Sacl/HindIII fragment encoding the C terminal 62 amino acids of RGKS5,
as well as approximately 260 bases of presumed 3' untranslated region. Hybridization at

50% formamide/42°C, was followed by stringent washing at 0.1xSSC/55°C. Following
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autoradiography, the size of each hybridizing band was determined by comparison with

DNA size markers (1.0 kb DNA size ladder, Bethesda Research Laboratory).

Northern blot analysis

"Total cellular RNA from rat brain was prepared by the guanidinium isothiocyanate
lysis method (Chirgwin et al., 1979) followed by LiCl precipitation (Cathala et al., 1983).
Poly At mRNA was purified from rat brain by affinity chromatography on oligo(dT)-
cellulose. Total thymus RNA was prepared from BALB/c mice as described by Wilkinson
(Wilkinson, 1988). For Northern blot analysis, RNA samples were fractionated on a 1.0%
agarose/6.25% formaldehyde gel in HEPES electrophoresis buffer. Following capillary
transfer to Nytran membrane, the blot was prehybridized (in 50% formamide, 400mM
NaPO4 (pH7.2), ImM EDTA, 1 mg/ml BSA and 5% SDS) at 62°C. The blot was then
incubated with 3x108 ¢cpm of a 32P-labelled RGKS cRNA riboprobe representing the 450
bp Sacl/HindIII fragment described above. Hybridization was at 62°C for 36 hours. The
blot was then washed in 0.05xSSC, SmM EDTA and 0.5% SDS at 77°C for 10 hours, and
exposed to film for 24 hours. The approximate size of RGKS mRNA(s) was determined
by comparison of the resulting autoradiographic signal with RNA size markers (0.24 to

9.49 kb RNA size ladder/Bethesda Research Laboratory).

Expression of RGKS mRNA in Xenopus oocytes

Oocytes (Dumont stage V-VI) were harvested from adult Xenopus laevis under
anesthesia (0.1% MS-222 Sigma, pH 7) as previously described (Christie et al., 1989).
Theca and follicular layers were removed by incubation for 3 h in calcium-free solution
containing collagenase A (2 mg/ml; Boehringer Mannheim). Denuded oocytes were
maintained in ND-96 solution containing theophylline (0.5 mM), pyruvate (2.5 mM) and
gentamycin (50 mg/ml). The composition of ND-96 is (in mM): 96, NaCl; 2, KCI; 1.8,
CaCly; 1, MgCly; 5, HEPES. DNA representing the RGKS5 coding sequence, including 35
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bp of 5' untranslated region and 270 bp of 3' untranslated regon, was introduced into the
pGEM3Z transcription vector and the resulting plasmid, pRGKS-EXP, was used to
synthesize capped RNA in vitro as previously described (Christie et al., 1989).
Concentrations of synthesized RNA were estimated spectrophotometrically and confirmed
by agarose/formaldehyde gel electrophoresis.

Oocytes were injected within 10 h of harvest with RNA encoding RGKS5 (usually 1
ng) in 50 nl sterile water. In preliminary experiments concentration-response relationships
were established for each RNA synthesis, eg. 2 days after injection of 0.3, 1, 3, and 10 ng
of RNA, currents were 2+ 1, 7% 1, 16 £ 1 and 24 + 3 mA respectively at +40 mV (n = 5-
6 /group).

Recordings of membrane current were made 1-3 days after injection of RNA as
previously described (Christie et al., 1989). Briefly, oocytes were continuously
superfused (3 ml/min) with ND-96; the superfusate could be changed within about 1
minute to one which differed only in its content of drug. Oocytes were voltage clamped
(Dagan 8500) at various potentials using two microelectrodes (100 - 300 kW). Voltage
clamp protocols and most analyses were performed using PCLAMP software (Axon
Instruments, Burlingame CA). Fitting of activation curves to Boltzmann functions was
performed with Kaleidograph software (Synergy Software, Reading, PA.). Fitting of
activation time constants to a single exponential was performed with PCLAMP software.
These fits are approximations because of contamination of the first 1-3 mS of activation by

large capacitative transients.
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RESULTS

Isolation and characterization of the rat potassium channel genomic DNA clone, RGK5

A rat genomic DNA library was screened at moderate stringency with a 32p.
labelled RBK1 ¢cDNA hybridization probe. Twelve duplicate positively hybridizing clones
were isolated and purified via successive rounds of low density screening. One genomic
DNA clone, RGKS5, was further subjected to Southern analysis and partial nucleotide
sequence analysis. Figure 2.1B diagrams the size of the RGKS5 genomic DNA insert,
pertinent restriction enzyme sites, and strategy which was employed to determine the
nucleotide sequence of a 1.9 kb Pst I (partial digest)/ HindIII restriction fragment.

The nucleotide sequence of the aforementioned1.9 kb genomic DNA fragment
which hybridized strongly with the RBK1 ¢cDNA probe is shown in Figure 2.2. Analysis
of the sequence reveals the presence of a single, long open reading frame 1575 bases in
length, beginning at nucleotide +1. The nucleotide sequence flanking the potential start
codon (CCAGACATGA) is similar to the optimal translation initiation sequence described
by Kozak (Kozak, 1984). Computer analysis of the predicted 525 amino acid protein
reveals six regions of hydrophobicity (boxed areas designated as S1 to S6) which represent
putative transmembrane regions of the molecule (Kyte and Doolittle, 1982). Five
consensus sequences for N-glycosylation (Asn-X-Ser/Thr) are present (Hubbard and Ivatt,
1981), as well as one potential site for cAMP-dependent phosphorylation (Lys/Arg-
Lys/Arg-X-(X)-Ser) (Krebs and Beavo, 1979). The predicted amino acid sequence of
RGKS is identical to that predicted from the rat brain cDNA clone, RCK3 (Stuhmer et al.;
1989), except for two amino acids (Phe 106 and Arg181 in RGKS, are Leul06 and Gly181
in RCK3). Thus, RGKS presumably represents the genomic counterpart of the RCK3
cDNA clone.
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The predicted amino acid sequence of RGKS is approximately 65% similar to that
of RBK1 (Figure 2.3). The sequences encoding transmembrane domains S1 through S6
are highly conserved (greater than 95%) between the two proteins, with amino and
carboxyl regions exhibiting the greatest divergence. A more detailed analysis of amino acid
homology between RGKS5 and previously described rat potassium channels is presented in
the discussion section.

A 450 base pair Sacl/HindIlI fragment (outlined in Figures 2.1B and 2.2) encoding
the C-terminal 62 amino acids of the RGKS channel and approximately 260 nucleotides of
presumed 3' untranslated region was radiolabelled by random-priming and used as a
hybridization probe to determine the copy number of the RGKS5 gene. Figure 2.4 reveals
the presence of a single hybridizing fragment in each sample lane following Southern blot
analysis of rat genomic DNA, suggesting that the RGKS5 gene is present as a single copy in
the rat genome. Furthermore, this 450 bp fragment appears to represent sequences unique
to the RGKS5 gene, and can presumably be used to distinguish the RGKS5 gene/mRNA
from those encoding other members of the family of voltage-gated potassium channels.

Northern blot analysis was performed to determine the size and limited tissue
distribution of RGKS transcripts (Figure 2.5). The 450 bp Sacl/HindIII restriction
fragment was subcloned into the transcription vector, PGEM3Z, for the generation of a
radiolabelled CRNA probe. As stated previously, this nucleotide sequence is presumably
unique to the RGKS gene, and is not conserved in transcripts representing known members
of the rat potassium channel family (Christie et al., 1989; Frech et al., 1989; McKinnon,
1989; Stuhmer et al., 1989). Hybridization signals approximately 9.5 and 7.8 kb in length
were observed in total RNA from mouse thymus. The presence of multiple hybridization
signals may be due to RNA degradation, or alternate transcriptional or post-transcriptional
events. Similarly sized hybridization signals were seen in rat brain poly At RNA,
although the larger transcript is somewhat smaller than that observed in thymus. Species

variation may account for this difference. RGK5 mRNA in rat brain is present at much



lower levels than in mouse thymus; with poly A* mRNA from brain compared to total
RNA from thymus. No such hybridization signals were observed in poly A- RNA from rat
brain. (Additionally, no high molecular weight hybridization signals were detectable in
samples of rat heart poly At mRNA; not shown). A pattern of non-specific hybridization
in the 4.5 t0 2.0 kb range was observed in all samples, presumably due to the presence of

partially complementary sequences in highly abundant species of poly A~ RNA.

Functional expression of RGKS5 in Xenopus oocytes

To determine the functional and pharmacological properties of the RGKS5 potassium
channel, the 1.9 kb genomic DNA fragment (shown in Figure 2.2) was subcloned into the
plasmid expression vector, pPGEM3Z, capped RNA synthesized in vitro and injected into
Xenopus oocytes. Voltage-clamp recordings were made 1-3 days after injection of RNA.
Depolarizing voltage clamp steps applied from a holding potential of -80 mV produced
large outward currents which activated from approximately -35 mV and were maximal at
+30 to +40 mV (Fig. 2.6A). The conductance (mean of 5 oocytes, Fig. 6C) was fit by a
Boltzmann function (G/GMax = 1/(1 + e (V05 - V)/K)) with V0.5 of -14.1 mV (midpoint)
and k' =10.3 mV (slope factor). The time constant of activation (tp) was 22 + 2 ms at -10
mV, and 7.8 £ 0.3 ms at +40 mV (n =9).

Measurement of tail current reversal potentials indicated that the currents were
carried by potassium ions (Christie et al., 1989). The reversal potential changed by 55 + 2
mV for a ten-fold change in extracellular potassium concentration (2, 10, 30 and 80 mM; n
= 4-6 oocytes at each concentration) as compared to the theoretical value of 58 mV per
decade calculated from the Nernst equation and assuming an intracellular potassium
concentration of 110 mM.

Currents inactivated by 85% during depolarizations sustained for 10 s (Fig. 2.6B).
The time constant of inactivation (th) was 1,300 + 67 ms at -10 mV and 612 + 33 ms at

+40 mV (n =5). Steady-state inactivation was studied by applying voltage clamp steps (-
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60 to +10 mV, 5 mV increments) for 10 s prior to stepping to a test potential of +40 mV.
The resulting inactivation-conductance curve fit a Boltzmann function with V0.5 =-33 mV
and k = -3.7 mV (Fig. 2.6C). The inactivated current recovered to 50 = 2% of peak (+40
mV, n = 3) after repolarization to -80 mV for 5 s; recovery was complete in about 90 s.
The inactivation kinetics of the currents were affected by divalent cations. These
experiments were performed in extracellular solutions containing 3 mM Mg to prevent
changes in the holding current which occurred in the absence of divalent cations. In
extracellular solutions containing normal Ca*+ (2 mM) the currents inactivated by 87 + 1%
within 10 s with a th of 770 £ 59 ms (+40 mV, n =4, Figure 2.6D). Removing external
Catt r.educed inactivation to 79 £ 2.5% and increased th to 1063 + 43 ms (Figure 2.6D).
Under these conditions chelation of internal Cat™ using BAPTA-AM (20 mM, 4 h) did not
further increase th. Raising external Cat* to 10 mM increased both the rate (tp = 594 + 47
ms) and the amplitude of inactivation (92 £ 0.6%, Figure 2.6D). Other Group 1A
divalent cations also increased the rate and amplitude of inactivation with a potency order
Ca > Sr > Ba (th = 780, 798 and 820 ms respectively at 3 mM, n = 4). Increasing Mg to
10 mM did not increase the inactivation rate. Other divalent cations blocked inactivation
with a potency order of Ni > Co > Cd > Mn; (th = 4605, 2355, 1266 and 1344 ms,
respectively, at a concentration of 300 mM, except Mn which was 1 mM; n = 2-3),
Divalent cations also inhibited the peak current with a potency order; Ni (52% of peak in 3
mM Mg) > Cd (63%) > Co (73%) each at 300 mM > Ba (57%) > Mn (84%) > Sr (92%) >
Ca (94%) each at 3 mM. These effects were not associated with shifts in activation or
steady-state inactivation curves. Co (1 mM) markedly inhibited inactivation (see above),
but the activation curve was only shifted 7 mV positive; V0.5 shifted from -10.8 to -3.6
mV, while k shifted from 8.1 to 10.6, and the voltage-dependence of steady-state
inactivation was unaffected. Increasing Cat™* from 2 mM to 10 mM increased the rate of
inactivation (Figure 2.6D), but only shifted the activation curve 1 mV positive and did not

affect steady-state inactivation.
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Currents induced by RGKS were inhibited by some potassium channel blockers,
but not others. The concentrations required to produce 50% inhibition (3-6 determinations
at +40 mV) were 11 £ 0.2 mM for tetraethylammonium, and 0.3 £ 0.01 mM for 4-
aminopyridine . The currents were inhibited 60 + 6% by quinine (80 uM, n=3) and 49
2% by verapamil (30 uM, n=3). o-dendrotoxin (500 nM), B8-bungarotoxin (500 nM) and

apamin (500 nM) had no effect.



35

DISCUSSION
RGKS35 genomic DNA encodes a voltage-dependent potassium channel

Low stringency hybridization screening of a rat genomic DNA library with a
previously characterized rat potassium channel (Christie et al., 1989) has resulted in the
isolation and characterization of a member of the family of voltage-dependent potassium
channels, RGKS. The nucleotide sequence encoding the RGKS5 channel is contained on a
single exon, which is different from the genomic arrangement of exons encoding
Drosophila potassium channels. In the fly, potassium channel transcripts encompass some
130kb of genomic DNA, with approximately 20 introns separating exonic sequences
(Schwarz et al., 1988). Multiple species of mRNAs, each encoding a unique potassium
channe-l, are produced as a result of alternate splicing of precursor mRNA. The genomic
architecture described in this report suggests that alternate splicing of precursor mRNA
might not serve as the major molecular mechanism underlying diversity within this family
of mammalian potassium channels. In at least two cases (RBK1/RGK1 and RGKYS), the
nucleotide sequences encoding rat potassium channels are found on a single exonic
domain, precluding any possibility of alternate splicing resulting in the formation of
different species of potassium channels from a single genomic locus. A similar genomic
architecture has recently been described for three mouse potassium channel genes (Chandy
et al., 1990), one of which appears to represent the mouse equivalent of RGK5.

The predicted amino acid sequence of the RGKS5 channel is nearly identical (2
amino acid differences) to the predicted amino acid sequence deduced from the rat brain
potassi.um channel cDNA clone, RCK3 (Stuhmer et al., 1989b). Also, nucleotide
sequence comparison reveals differences at only six residues between the RGKS5 gene and

RCK3 cDNA; therefore, the RGKS5 genomic clone represents the RCK3 gene.
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Figure 2.3 compares the predicted RGKS sequence with those of previously
described rat potassium channels (RBK1: Baumann et al., 1988; Christie et al., 1989;
RBK2: McKinnen, 1989; DRK1: Frech et al., 1989). The areas representing hydrophobic
transmembrane domains of RGKS are overlined and designated as S1 to S6. Overall,
approximately 25% of the RGKS5 coding region is conserved between the four protein
sequences (using the Genalign algorithm of Sobel and Martinez, ref. Sobel and Martinez,
1985). This conservation increases to approximately 65% if the DRK1 sequence is
removed from the analysis. Both amino and carboxy terminal regions flanking
transmembrane domains S1 and S6 contain few fully conserved residues. Thus, it is
tempting to speculate that RBK1, RBK2 and RGKS represent members of a structurally-
related subset of potassium channels within the potassium channel family, with DRK 1
representing a member of a different structurally-related subset of channels. This
classification is consistent with the conservation between rat and Drosophila potassium
channel sequences. The amino acid sequences of RBK1, RBK2 and RGK35 are 60-70%
homologous with the Shaker core sequence, but only 35% homologous with Shab (Butler
et al., 1989). Conversely, DRK1 is only 40% homologous with Shaker, but is 70%
homologous with Shab (Frech et al., 1989).

Conservation of amino acid sequence motifs between these species of potassium
channels may indicate specific moieties which are of functional significance. Within the S4
region are 5, fully-conserved, positively charged residues. It is probably this region of
voltage-dependent ion channels which responds to changes in membrane potential,
regulating ion gating (Noda et al., 1984). A high degree of conservation is maintained
from the amino terminal region of S4 through the negatively charged region joining S5 to
S6. This latter region, by multimeric subunit association, may be involved in pore
formation and ion selectivity. On the basis of the localization of an extracellular toxin
binding site (MacKinnon and Miller, 1989), as well as other structural predictions (Guy,

1990), the negatively charged region from S5 to S6 likely forms the extracellular mouth of



the channel. S5, which contains several hydroxyl groups, is therefore likely to be involved
in forming the channel pore (Eisenman and Dani, 1987).

Another conserved motif is a series of five leucine residues positioned at intervals
of seven amino acids, beginning at the end of the S4 region and extending into the S5
region. Similar leucine zipper motifs are believed to stabilize dimerization of proteins such
as C/EBP, Jun, Fos, and CREB, by hydrophobic interactions between closely aligned
alpha—ﬂclical leucine repeat regions on any two subunits (Mitchell and Tijan, 1989). This
motif may also be involved in the interaction of potassium channel subunits, either with
other proteins, or in multimeric subunit association (McCormack et al., 1989; Tempel et
al., 1987).

Potassium currents are expressed when in vitro synthesized RNA encoding RGK35
is injected into Xenopus oocytes. Unlike currents expressed by RBK1, RBK2 and DRK1
(Christie et al., 1989; Frech et al., 1989; Stuhmer et al., 1988) these currents inactivate
during sustained depolarization. This is a property usually ascribed to "A"- currents
(Rudy, 1988). However, the rate of inactivation of RGK5-induced currents is slow (th
500 ms versus 50 ms for most A-currents). Divalent cations have little effect on the
voltage-dependence of activation and inactivation of RGKS-induced currents, but markedly
affect fh. Ca, Sr and Ba increase the rate of inactivation, while Ni, Cd, Co and Mn
markedly slow inactivation. It is possible that Ca, as well as Sr and Ba, binds to a site in
the channel which modulates inactivation. Alternatively, direct blockage of the channel by
divalent ions may be the inactivation mechanism (Grissmer and Cahalan, 1989). In
contrast, divalent cations produce positive shifts in the voltage-dependence activation and
inactivation curves of A-currents, with little effect on th (Mayer and Sugiyama, 1988). We
were unable to test whether divalent cations are absolutely required for inactivation as
complete removal of divalents induces large inward currents from endogenous oocyte

channels.
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RGKS encodes a channel similar to the T lymphocyte n channel

Voltage-gated potassium channels are the most prevalent class of ion channel found
on thymocytes and mature T lymphocytes (Cahalan et al., 1987; DeCoursey et al., 1985,
1987). Numerous studies support the notion that voltage-dependent potassium channels
are important for T cell activation, mitosis, and cell-mediated killing. Throughout the life
cycle of T lymphocytes, the levels of potassium channel expression correlate with the
proliferative state; rapidly dividing cells such as mitogen-stimulated splenic T cells contain
10-fold more potassium channels than quiescent, resting splenic T-cells (Cahalan et al.,
1987; DeCoursey et al., 1985). 3H—thymidine incorporation by human T lymphocytes
following phytohaemagglutinin stimulation is inhibited by classical potassium channel
blockers, tetracthylammonium and 4-aminopyridine, at doses found to block potassium
channels in voltage-clamped T lymphocytes, suggesting that these channels may play an
important role in mitogenesis (DeCoursey et al., 1984). Other properties of T cells
associated with activation (including the induction of IL-2 production and a rise in
cytoplasmic Ca™™ levels) are suppressed by these potassium channel blockers (Cahalan,
1987). Similar pharmacological experiments suggest that potassium channels are required
by killer T cells during target cell lysis (Cahalan, 1987).

The predominant potassium channel found on both mouse and human thymocytes,
T lymphocytes, as well as most T cell lines is the type n (for normal) channel (Cahalan,
1987; DeCoursey et al., 1985). The type n potassium channel is present at high levels on
functionally immature CD4-CD8- and CD4*CD8* thymocytes, with approximately 100
and 300 channels/cell, respectively (Lewis and Cahalan, 1988). Lower numbers of n
channels (approximately 10-20 channels/cell) are present on mature CD4+CD8- thymocytes
destined to become helper T cells (Lewis and Cahalan, 1988). Thus, the average surface
density of this major T lymphocyte channel type is developmentally regulated, suggesting

that the » channel is important for proper T cell development and function.



The presence of relatively high levels of mRNA in the mouse thymus which
hybridize with a putative RGK5-specific riboprobe is consistent with the notion that the
RGKS5 genomic clone encodes a T lymphocyte voltage-gated potassium channel. More
importantly, numerous biophysical properties of the RGKS5/RCK3 potassium channel
suggest that it is the T lymphocyte n channel. Table 2.1 serves to compare a variety of
biophysical properties of the n channel, as characterized in murine thymocytes and human
T lymphocytes, with those of the RGKS/RCK3 rat potassium channel, as characterized in
Xenopus oocytes following injection of in vitro synthesized RNA. Parameters of
activation and inactivation are similar for the channels, as well as unit conductance. The
channels also exhibit similar profiles regarding the ability of a variety of ion channel
blockefs to inhibit peak currents. The peak channel currents show 50% inhibition at similar
concentrations of TEA and 4-AP. The peptide toxin, a-dendrotoxin, appears to have little
effect on the channel current at concentrations up to 500nM, while charybdotoxin exhibits
potent inhibitory effects at concentrations as low as 0.2 nM. Interestingly, RGKS5 and the
mouse thymocyte n channel are also effectively blocked by quinine (which also blocks Ca-
activated potassium channels), and verapamil (a Cat+ channel antagonist). The efficacy of
a variety of divalent cations to block both the RGKS5 and human » channel is also compared
in Table 2.1, with similar inhibitory profiles observed. Thus, many of the biophysical
properties of the RGK5/RCK3 channel (which serve to distinguish this channel from other
cloned mammalian potassium channels) are also observed for both the mouse and human »
channel.

"Some properties, however, are not identical between the in vivo synthesized n

channel and the in vitro synthesized RGK5/RCK3 channel. For example, the inactivation

time constant for RGKS is approximately 612 mS, while the value for the mouse # channel
is 107 mS. Ki values for quinine and verapamil also vary by approximately 5-fold between
these channels. These variances might be accounted for by differences between oocyte and

lymphocyte membranes regarding lipid composition and the presence of membrane bound

X



proteins, some of which may be associated with the channel (Lester, 1988). Additionally,
post-translational modifications may affect specific channel properties, and these

modifications may occur in a cell-type specific fashion.
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ABSTRACT

Voltage-gated potassium channels play important functional roles in the
development and maintenance of human lymphocyte functions. One such channel, known
as the type n channel, has been well defined in human T cells and exhibits unique
functional properties which serve to distinguish it from other species of potassium channel.
We repbn here the characterization of a human genomic DNA clone, HGKS, encoding a
523 amino acid potassium channel protein on an open reading frame contained on a single

exon. RNA transcribed in vitro from HGKS5 genomic DNA directs expression of

functional voltage-dependent potassium currents in Xenopus oocytes. The functional
characteristics of the expressed channels are strikingly similar to those of the type n channel
on human T lymphocytes. This, together with the presence of significant levels of HGKS
mRNA in human T lymphocytes, supports the notion that HGKS5 encodes the human type
n voltage-gated potassium channel. The effects of concanavalin A treatment on HGK5
mRNA levels in cultured human T lymphocytes was also examined. Mitogenic
concentrations of concanavalin A induced a time-dependent decrease in HGKS mRNA
levels, suggesting that previously observed increases in potassium current density
following concanavalin A treatment of human T lymphocytes are not due to increased

transcriptional activity of the type n potassium channel gene.



INTRODUCTION

Voltage-sensitive potassium channels are ubiquitous membrane proteins selectively
permeable to potassium ions, which open following membrane depolarization (Hille, 1984;
Rudy, 1988). Such channels are present on numerous cell types of the mammalian
immune system. In both mouse and human T lymphocytes, the major species of potassium
channel is the delayed rectifier, type n channel (Cahalan et al., 1987). This potassium
channel subtype is also present on thymocytes, B lymphocytes, macrophages, and platelets
(Lewis and Cahalan, 1988; Sutro et al., 1989; Ypey and Clapham, 1984; Maruyame,
1987). A variety of studies have suggested a functional role of the type »n channel in the
onset of cellular events associated with T cell activation, such as increases in the rate of cell
proliferation, and DNA and protein synthesis (Cahalan et al., 1987; DeCoursey et al.,
1984; Chandy et al., 1984; Schlichter et al., 1986). Alterations in T cell volume associated
with exposure to a hypotonic environment may also involve type n potassium channels
(Cahalan et al., 1987).

A wide variety of mammalian cDNA and genomic DNA clones have been shown to
encode distinct species of voltage-gated potassium channels (Douglass et al., 1990; Christie
et al., 1989; Baumann et al., 1988; McKinnon, 1989; Stuhmer et al., 1989; Frech et al,,
1989; Yokoyama et al., 1989; Swanson et al., 1990). Many of the potassium channel
subtypes have been functionally characterized in Xenopus oocytes, with each channel
exhibiting unique electrophysiological and pharmacological properties. This has served as
a means by which to classify each species of cloned potassium channel. In addition to
diversity of primary structure, functional diversity might also arise from association of
different subunits to form heteropolymeric channels (Christie et al., 1990; Ruppersberg et

al., 1990; Isacoff et al., 1990).

44



A rat genomic DNA clone, RGKS5, has been previously characterized which
encodes the rodent type n potassium channel (Douglass et al., 1990). In the current study,
high stringency screening of a human genomic DNA library with the RGKS coding region
has allowed for the characterization of the human equivalent, HGKS. As seen with RGKS5,
the HGKS potassium channel coding region is contained on a single exon. This has
allowed for the expression and electrophysiological characterization of the encoded
potassium currents in Xenopus oocytes. Properties of the expressed current, in addition to
the observation of HGK5 mRNA in human T lymphocytes, identify the cloned channel as
the human type n potassium channel. Although an increase in type » potassium currents
has been documented in mitogen-stimulated human T lymphocytes, Northern blot analysis
of RNA from concanavalin A-treated human T lymphocytes indicates a down-regulation of

HGKS mRNA levels following mitogen treatment.
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MATERIALS AND METHODS

Human genomic DNA library screening and nucleotide sequence analysis

A human genomic DNA library was constructed by cloning partial BglII-digested
human genomic DNA into the vector, lambda FIX. 600,000 plaques were screened with a
[32P]-labelled DNA probe representing the entire coding region of the RGKS gene
(encoding the rat type n potassium channel; Douglass et al., 1990). Hybridization was at
42° C in 50% formamide, followed by washing with 0.2 x SSC, 0.1% SDS, 5 mM EDTA
at 42° C. One clone, HGKS, was also hybridization positive following additional
screening with a genomic DNA fragment encoding carboxyl coding and 3' non-coding
sequences unique to RGKS5 (Douglass et al., 1990). HGKS5 DNA was further restriction-
mapped, and specific DNA fragments were subcloned into M13 DNA for dideoxy
sequence analysis (Sanger et al., 1977). Nucleotide and amino acid sequence analysis was
performed using the Intelligenetics and Wisconsin Genetics Computer Group suite of
software. Both HGKS5 nucleotide and amino acid sequences are filed with GenBank under

Accession Number M38217, and with EMBL under Accession Number X57342.

Genomic Southern blot analysis

Genomic DNA was purified from human buffy coat cells, digested with restriction
endoniicleases, separated on a 1% agarose gel, and transferred to nylon filter. The blot
was hybridized with a [32P]-labelled RGKS5/HGKS-specific DNA probe (Douglas et al.,
1990). Hybridization was performed at 50% formamide/42° C, followed by washing at
0.1 x SSC/55° C. Following autoradiography, the size of each hybridizing band was

determined by comparison with DNA size standards.
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Expression of HGKS5 mRNA in Xenopus oocytes

The HGKS5 coding region was amplified by PCR for subcloning into an RNA
expression vector. The 5' oligo was 5' CGGCGAATTCCGCGAGCTGCCGCCCGAC
3', while the 3' oligo was 5' CGGCAAGCTTAATGGTCTGGAAATGTAT 3'. The PCR
reaction was catalyzed by Tagq DNA polymerase on a programmable heat block under
conditions of denaturation at 95° C/1 min, annealing at 65° C/1 min, and extension at 72°
C/1.5 min. The amplified products were fractionated on a 1% agarose gel, and the
expected 1.6 kb band was purified. The DNA was treated with T4 DNA polymerase,
digested with EcoRI/HindIIl, and directionally subcloned into the transcription vector,
pGEM-37Z, resulting in production of the plasmid pHGKS5-EXP. The HGKS expression
plasmid was additionally characterized by restriction mapping.

pHGKS5-EXP was linearized with HindIIl, and transcribed in the presence of
m7G(5)ppp(5")G by T7 RNA polymerase. Xenopus oocytes were prepared and injected
with RNA (Douglass et al., 1990). Recordings of membrane current were made 1-3 days
after injection using two electrode voltage clamp methods (Douglass et al., 1990; Christie et
al.,1989). Briefly, oocytes were continuously superfused (3 ml/min) with ND-96 at 23-
2o _ Oocytes were voltage clamped (Dagan 8500 amplifier) using 100-300 kQ
electrodes. Data acquisition and analysis was performed using PCLAMP software (Axon
Instruments) and non-linear curve fitting was carried out using SIGMAPLOT software
(Jandel).

The reversal potentials in different external K+ concentrations were determined
using methods described in (Christie et al., 1989). In 2 and 10 mM K+ the reversal of tail
currents were observed, and in 80 mM K the reversal of the current was observed

directly. KCl was substituted for NaClL
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Isolation of human T lymphocytes

Leukocytes were obtained from cellular residues generated during plateletapheresis
(Dooley et al., 1987). Donors were healthy, and informed consent was obtained.
Mononuclear cells (MNC) and granulocytes were separated by centrifugation on Ficoll-
diatrizoate. To lyse red blood cells (RBCs) in the granulocyte fraction, the cells were
washed three times with 80 mM ammonium oxalate adjusted to pH 6.8 with Sorensen's
phosphate buffer, 300 mOsm total. Granulocyte purity was over 96% based on Wright
staining. MNC (94%) were rosetted overnight with Sheep erythrocytes (SRBC). E-rosette
positive and negative cells were separated on 4 layer Percoll gradients (Dooley et al.,
1987). E-rosette positive T cells were collected from the 65%/89% Percoll interface and
the SRBC hemolyzed in ammonium oxalate as above. The free T cells were over 86% CD2

positive as determined by flow cytometric analysis.

Northern blot analysis

Total cellular RNA was prepared by the acid guanidine/phenol-chloroform
extraction protocol (Chomezynski and Sacchi, 1987). 20 ug of total RNA from human T
cells and granulocytes was fractionated on a 1% agarose/6.25% formaldehyde gel and
transferred to nylon membrane. The integrity and relative amount of RNA present in each
lane was confirmed by staining of the membrane with 0.02% methylene blue. The blot
was then incubated with a [32P]-labelled, HGK5-specific cCRNA riboprobe representing the
800 bp HincIl/HindIII restriction fragment outlined in Figure 3.1. Hybridization was at
65° C overnight in 50% formamide, followed by washing at 0.05 x SSC at 75° C
(Douglass et al., 1990). The resulting autoradiograph was exposed to film for 48 hours.
The approximate size of hybridizing species of RNA was determined by comparison of the

autoradiographic signals to known RNA size standards.



Concanavalin A treatment of primary human T lymphocytes

Human T lymphocytes were isolated as described above. The cells were cultured in
RPMI 1640 supplemented with 10% fetal calf serum. Cell viability was determined by
trypan blue exclusion; greater than 90% viability was observed 72 hours after initial
plating. Some cells were maintained in the presence of 4 Lg/ml or 40 |Lg/ml concanavalin
A (Sigma). Mitogenesis was determined by measuring [3H]thymidine incorporation.
Cells were plated at a density of 2.5 x 106/ml. Concanavalin A was then added at the
concentrations noted, the cells incubated for 70 hours, followed by addition of 1 uCi
[3H] thymidine for an additional 4 hours. The cells were then harvested, lysed, and
[3H] th_ymidine incorporation determined (DeCoursey et al., 1984; Chandy et al., 1984).
For 5 x 107 cells, 50 cpm was incorporated for non-treated cells, 400 cpm for 4 p1g/ml
concanavalin A-treated cells, and 2150 cpm for 40 pg/ml concanavalin A-treated cells.
Concanavalin A concentration curve analysis also confirmed that the latter concentration is
close to that required for maximal [3H] thymidine incorporation.

To determine the effects of concanavalin A treatment on HGKS mRNA levels,
human T lymphocytes were plated at a density of 3 x 106 cells/ml. Experimental samples
were incubated with concanavalin A at 4 pLg/ml and 40 pg/ml immediately following
plating. At4, 8, 16, 24, 48, and 72 hours the cells were harvested, and total RNA
extracted. Northern blot analysis was performed on 20 pg of total RNA from each sample
of T lymphocytes, using [32P]-radiolabelled cRNA or DNA probes to detect HGKS,
cyclophilin (Danielson et al., 1988), and interleukin-2 receptor ¢ subunit (Leonard et al.,
1984) ;nRNA. The membrane was also stained with 0.02% methylene blue to detect 285
rRNA. Relative 28S rRNA and HGKS mRNA autoradiographic intensities were

quantitated by laser densitometric scans (LKB Ultroscan, Bromma, Sweden).
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RESULTS

Isolation and characterization of the human potassium channel genomic DNA clone, HGKS5

A rat genomic DNA clone, RGKS, has been characterized which encodes the rodent
type n potassium channel (Douglass et al., 1990). A 1.9 kb DNA fragment from the
RGKS5 gene, including the entire 1575 bp channel coding region, was used as a
hybridization probe to screen a human genomic DNA library under high stringency
conditions. One hybridization-positive clone, HGKS, was further shown to contain
nucleotide sequences homologous to the unique carboxyl coding and 3' untranslated
regions of RGK5 mRNA, suggesting that HGKS5 was the human equivalent. The HGK5
genomic DNA insert was additionally characterized by restriction mapping (Figure 3.1,
upper) and nucleotide sequence analysis (Figure 3.1, lower).

Nucleotide sequence analysis of a 2.8 kb Sacl/HindIlI restriction fragment revealed
the presence of a single open reading frame 1569 nucleotides in length. The deduced
amino acid sequence predicts a 523 amino acid protein with structural similarities to other
cloned 'mammalian voltage-gated potassium channels. The predicted amino acid sequence
of HGKS5 shows 98% similarity to those of the rat RGKS5 channel (525 a.a.), and the
mouse MK3 channel (528 a.a.). Divergent residues are localized mainly to the amino
terminal domain, and the putative extracellular region between transmembrane domains S1
and S2. Within the HGKS potassium channel are five consensus sequences for N-
glycosylation (Hubbard and Ivant, 1981) at positions 57, 227, 469, 486 and 499, as well
as one site for potential phosphorylation by cAMP-dependent protein kinase at residue 468
(Krebs and Beavo, 1979). These sites are all conserved between HGKS5, RGKS, and
MK3.



51

As noted, the HGKS coding region is contained on a single exon, similar to the
architecture of the corresponding type » potassium channel gene in rat (genomic clone,
RGK35) and mouse (genomic clone, MK3; Chandy et al., 1990). Genomic Southern blot
analysis confirmed that the HGKS gene exists as a single copy in the human genome

(Figure 3.2A).
Functional expression of HGKS5 in Xenopus oocytes

In order to determine the functional properties of the HGKS5 channel, the coding
region of the HGKS gene was amplified by polymerase chain reaction, subcloned into an
RNA expression vector, and in vitro synthesized, capped RNA injected into Xenopus
oocytes. Two electrode voltage clamp recordings were made 1-3 days after injection.
Depolarizing voltage steps applied from a holding potential of -80 mV produced large
outward currents that activated near -40 mV and saturated around +20 mV (Fig. 3.3A).
The currents peaked within 30-40 ms and then slowly inactivated with time constants in
excess of 700 ms (Fig. 3.3B). High selectivity of the expressed channels for potassium
was demonstrated by studying the reversal potentials of tail currents in 2, 10 and 80 mM
extracellular potassium. These values were fit by linear regression to the Nernst equation
with a slope of 55 + 0.6 mV (mean * sem; n=3) per 10-fold change in [K*]gyt, which is
close to the theoretical value of 58 mV per decade assuming a [K*]ijp of 110 mM.

The conductance-voltage relation of the HGKS channel is shown in Fig. 3.3D;
normalized chord conductance (mean of 4 oocytes) was fit by a Boltzman function
(G/Gmax = 1/[1 + e (V0.5-V)/K ]) with V0.5 = -13 = 1 mV (midpoint) and k' = -8 + 0.8
(slope factor). The channel activated with a time constant (t) of 24 £ 3 ms at -10 mV, and 7
+ 0.7 ms at +40 mV (both n=4, single exponential fits). During 5 s depolarizing voltage
steps tfle HGKS current inactivated slowly (t =790 £ 30 ms at +40 mV, n=4). The decay

of the current was well described as a single exponential process and was practically
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independent of voltage at potentials positive to -10 mV (Fig. 3.4A). Inactivation of the
current was incomplete after 5 s (86% decrease at +40 mV, n=4) (Fig. 3.4B), and there
was relatively little further inactivation when depolarizing steps were maintained for up to
20 s. The voltage dependence of inactivation was studied by applying voltage clamp steps
(-55 to -5 mV, 5 mV increments) for 5 s before stepping to test potential of +40 mV, and
the resulting conductances were fit by a Boltzman function with V0.5 =-28 mV and k' =
6.1 £ 0.6 (n=4) (Fig. 3.3D). The time course of recovery from inactivation was studied by
holding at -80 mV and varing the interval between pairs of 500 ms test pulses to +40 mV.
The ratio of the peak current during the second pulse to that during the first pulse (Ik,2 /
Ik,1) was moderately well fit by a single exponential with a time constant of 20 £ 1 s (n=3)
(Fig. 3.4C).

T lymphocyte type n potassium channels have an unusual pharmacology in that
they are sensitive not only to classical potassium channel blockers (such as
tetraethylammonium and 4-aminopyridine), but also to inhibitors of Cat+-sensitive
potassium channels (such as quinine) as well as classical Cat™ channel blockers (such as
diltiazem, nifedipine, and verapamil; Ni+, Cd+, and Co+) (Cahalan et al., 1985, 1987;
DeCoursey et al., 1984, 1985; Lewis and Cahalan, 1990; Grissmer and Cahalan, 1989).
Inhibition curves for a range of these compounds on expressed HGKS currents are shown
in Figure 3.5. Comparison of the obtained IC50 values with those calculated for human
type n channels (Table 3.1) indicate remarkably similar potencies of blockade.
Additionally, certain blockers have been shown to affect T lymphocyte type n potassium
current kinetics; divalent cations slow inactivation (Cahalan et al., 1985), whereas low
concentrations of verapamil speed inactivation (Decoursey et al., 1985). Comparable
effects were observed on HGKS expressed currents. In external ND-96 solution
containing 3 mM Mg, the inactivation time constant was 650 ms. In Sr, Ba and Mn (3

mM), the respective inactivation time constants were 710, 840 and 2020 ms; while in Cd
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and Co (300 uM), they were 1200 and 2400 ms. Conversely, in verapamil (3 uM) the

time constant of inactivation was 342 ms.
Expression of HGKS mRNA in human T lymphocytes

An assignment of the HGKS5 gene as that encoding the type n potassium channel
predict's that HGKS transcripts should be present in human T lymphocytes. Northern blot
analysis using an HGKS5-specific cRNA hybridization probe confirmed such a prediction
(Figure 3.2B). Total RNA from human granulocytes (comprised mainly of neutrophils,
with minor numbers of eosinophils and basophils), on the other hand, contained no
detectable levels of HGKS mRNA. The major species of hybridizing RNA is
approximately 9.5 kb in length, similar to that observed for the RGKS transcript in mouse
thymus (Douglass et al., 1990). Two additional hybridizing bands, approximately 4.4 and
2.6 kb in length, are observed. These transcripts are specific to the poly(A) fraction, and
may be the result of alternate mRNA splicing, site-specific mRNA degradation, or cross-
hybridization with related species of mRNA.

A variety of studies have documented the effects of mitogens on human T
lymphocyte potassium channel density (Matteson and Deutsch, 1984; Deutsch et al., 1986,
1991, t;or review see Deutsch, 1990). Human T lymphocyte potassium currents, with
properties of the type »n channel, are increased nearly 2-fold at 20 hours following
stimulation with 50 pg/ml succinyl concanavalin A (Matteson and Deutsch, 1984). This
effect is even more dramatic in murine T lymphocytes (Cahalan et al., 1987; DeCoursey et
al., 1985, 1987), where potassium channel density is increased by an order of magnitude
following 24 hour treatment with 2 ptg/ml concanavalin A. Here, too, it appears to be type
n potassium channels that are selectively increased (DeCoursey et al., 1987). It has been

speculated that such mitogen-induced increases in potassium current/channel density may



be at least partly due to alterations in the rate of production of nascent type n potassium
channels.

The following study was performed to determine if concanavalin A- induced
alterations in HGKS mRNA levels were correlative with observed increases in potassium
current density. Human T lymphocytes were isolated, and placed in culture for 4 to 72
hours. Experimental samples were incubated with concanavalin A at 4 pg/ml or 40 pg/ml
immediately following plating. The latter concentration was within the range required for
maximal incorporation of [3H]thymidine, while the former minimally stimulated
[3H]thymidine incorporation (Fig. 3.6). The cells were then harvested, total RNA
extracted, and Northern blot analysis performed to detect HGKS, cyclophilin (Danielson et
al., 1988), and interleukin-2 receptor o subunit (Leonard et al., 1984) mRNA (Figure
3.7).

Utilizing 28S rRNA levels for standardization, HGK5 mRNA levels appeared to
remain relatively constant between control and concanavalin A-treated cells at the 4, 8, and
16 hour time points. However, HGK5 mRNA levels declined precipitously at 48 and 72
hours in cells treated with a mitogenic concentration of concanavalin A; no apparent
alteration in HGK5 mRNA levels was observed in cells treated with 4 |1g/ml concanavalin
A. Conversely, treatment with 40 pg/ml concanavalin A for 48 and 72 hours did serve to
increase cellular levels of cyclophilin and IL-2 receptor (o subunit) mRNAs. The ability of
mitogens to increase T lymphocyte IL-2 receptor mRNA levels is well documented
(Hatakeyama et al., 1989). Cyclophilin, or peptidyl-prolyl cis-trans isomerase, functions
as a cellular protein which helps direct the proper folding of nascent proteins. As mitogen-
treatment stimulates the rate of protein synthesis in T lymphocytes, it is not unexpected that
cyclophilin mRNA levels would rise in stimulated cells. Increased levels of cyclophilin and
IL-2 receptor mRNA were observed only in T cells treated with a mitogenic concentration

of concanavalin A.
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Stained nylon membranes and autoradiographs were subjected to scanning laser
densitometry to semi-quantitate the relative levels of 28S rRNA and HGK5 mRNA.
HGK35 mRNA levels were standardized against those for 28S rRNA, and the relative levels
of HGK5 mRNA were then compared between stimulated (40 pg/ml Con A) and non-
stimulated (non-treated) cells (Figure 3.7, lower). HGK5 mRNA levels began to decline
between 16-24 hours in stimulated cells, with maximal reduction observed at 48-72 hours.
Thus, conditions which serve to increase human T lymphocyte (type n ) potassium current

density by two-fold, appear to negatively regulate cellular levels of HGKS mRNA.



DISCUSSION

Previous studies have documented that the rat genomic clone, RGKS5, encodes a
voltage-gated potassium channel with properties resembling those of the type » potassium
channel characterized in murine and human T lymphocytes (Douglass et al., 1990).
Further evidence for this assignment was provided in a subsequent analysis of the related
murine genomic DNA clone, MK3 (Grissmer et al., 1990). We report here the isolation
and characterization of the human gene encoding the type n potassium channel, HGKS.
The presence of HGKS transcripts in human T lymphocytes, in addition to the qualitative
similarity between the functional properties of the HGKS5 channel expressed in Xenopus
oocytes and those of the human T lymphocyte type n channel, strongly suggest that the
HGKS5 genomic DNA clone encodes the human T lymphocyte type n potassium channel.

The HGKS5 currents expressed in Xenopus oocytes display properties that are
characteristic of type n channels in human T cells, and that distinguish them from other
voltage-gated potassium channels (DeCoursey et al., 1984, 1985; Chandy et al., 1984;
Cahalan et al., 1985; Lewis and Cahalan, 1990; Grissmer and Cahalan, 1989; Matteson
and Deutsch, 1984). They are highly potassium selective, inactivate slowly over hundreds
of milliseconds, recover rather slowly from inactivation, and are susceptible to blockade by
a unique variety of pharmacological agents and divalent cations (Table 3.1). Although
some properties are identical between the HGKS and human type n potassium currents,
such as the potency of divalent cations in the reduction of peak current, there are
quantitative differences between several of the functional parameters measured. Direct
comparisons, however, are complicated by differences in the recording conditions
employed. In experiments with human T lymphocytes it has been shown that the
properties of type # currents change in the period immediately after establishment of the

whole cell recording configuration. For example, the midpoint of activation shifts to more
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negative potentials, the rate of inactivation becomes faster, and there is a change from
incomplete to complete inactivation (Cahalan et al., 1985). To accomodate such alterations,
Grissmer et al. (1990) used outside-out oocyte patchs and ionic conditions identical to
those used when recording from murine T cells, and found that the functional properties of
MK3 currents were indistinguishable from murine T cell type n currents. However, the
data presented in Table 3.1 for human type n channels were obtained after a period of
equilibration under whole cell conditions (DeCoursey et al., 1984, 1985; Cahalan et al.,
1985), potentially accounting for some of the observed differences. Additionally, unique
aspects of oocyte and lymphocyte membranes regarding lipid composition and the
repertoire of membrane-associated proteins may result in quantitative differences in channel
properties. Lastly, it is also possible that during the PCR amplification process used to
generate the HGKS5-EXP vector, point mutations were generated within the HGKS coding
sequence. Possible amino acid substitutions, if located in key regions determining specific
functional properties, could also result in quantitative differences in channel properties.

A number of studies have documented alterations in the density of T lymphocyte
potassium channel density following treatment with mitogenic agents (Cahalan et al., 1987;
DeCoursey et al., 1985, 1987; Matteson and Deutsch, 1984, Deutsch et al., 1986, 1991;
Deutsch, 1990). This mitogen-induced increase in type » potassium channel density varies
from 2-fold in human T lymphocytes, to 20-fold in murine T lymphocytes. A variety of
mechanisms have been proposed which could account for this observation, including the
synthesis of new channels, the presence of presynthesized channels which would insert
into the membrane as a result of cellular activation, and the presence of nonfunctional
channels in quiescent T cell membranes which would then become functional following
activation (DeCoursey et al., 1987).

To determine if altered HGK5 mRNA levels are reflective of the increase in type n
current density, transcript levels were measured in concanavalin A-treated human T

lymphocytes. Under conditions which maximally stimulate [3H]thymidine incorporation
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and increase cellular levels of cyclophilin and IL-2 receptor mRNA, dramatic decreases in
HGKS5 mRNA levels were observed. Furthermore, this decrease occurred in a time-
dependent fashion, and was only observed when concanavalin A was present at a
mitogepic concentration. The identical paradigm was performed with murine T cells, and
similar results were observed (Y.-C. Cai, personal observations). Murine T lymphocytes
treated with 2 pg/ml Con A (a dose which maximally stimulated [3H]thymidine
incorporation) exhibited no alterations in type » channel mRNA levels from 1 to 24 hours
after treatment, and mRNA levels began to decline by 48 hours. This identical treatment
served to increase murine T lymphocyte type n channel density by 10-fold at 24 hours, and
by 20-fold at 48 hours (DeCoursey et al., 1987). Thus, these data suggest that an increase
in cellular levels of mRNA encoding the type n channel does not play a role in mitogen-
induced increases in potassium channel density, and that post-transcriptional events

underlie this change.
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SUMMARY

The major species of voltage-gated potassium channel found on mammalian T
lymphocytes is referred to as the type # channel. This potassium channel exhibits unique
functional properties which distinguish it from other species of potassium channels,
including a potential role in the onset of cellular events associated with T cell activation. As
a first step in characterizing specific biochemical properties of the type n channel, we have
generated polyclonal antisera against bacterial fusion proteins containing peptide regions
unique to the mouse and human type n channel. The type n channel can be
immunoprecipitated from membranes of T cell lines derived from both mouse (SAK 8 cell
line) and human (Jurkat cell line) following either surface labeling with 1231, or metabolic
labeling with 32p, The apparent molecular mass of the immunoprecipitated type n channel
is approximately 65-kDa, significantly greater than that of the 58-kDa in vitro translated
product, and suggestive of post-translational modification events. Phosphoamino acid
analysis of the metabolically labeled Jurkat type n channel reveals phosphorylation of serine
residues exclusively, with approximately 3.0 mol of phosphate incorporated per mol of
channel subunit. In vitro studies also describe the ability of both PKA and PKC to
phosphorylate the Jurkat type n channel. The former kinase also appears to phosphorylate
a 40-kDa protein which co-immunoprecipitates with the type n channel. These data suggest
that direct phosphorylation of the T lymphocyte type n potassium channel, or its associated

40-kDa subunit, may serve as a means by which channel activity is regulated.
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INTRODUCTION

Voltage-sensitive potassium channels are ubiquitous membrane proteins which
open following membrane depolarization, resulting in selective flow of potassium ions. A
species of voltage-gated potassium channel with unique biophysical and pharmacological
properties is present on mammalian T lymphocytes, and is referred to as the type » (for
normal) potassium channel (for review, see Cahalan et al., 1987; Cahalan and Lewis,
1990; Lewis and Cahalan, 1988 and 1990). A variety of studies have suggested a
functional role of the type n channel in the onset of cellular events associated with T
lymphocyte activation, including increases in the rate of cell proliferation, and DNA and

protein synthesis (Cahalan et al., 1987; Chandy et al., 1984; DeCoursey et al., 1984).

Molecular cloning efforts have resulted in the isolation and characterization of both
¢DNA and genomic DNA encoding the type n channel from mouse (Chandy et al., 1990;
Grissmer et al., 1990), rat (Douglass et al., 1990), and human (Attali et al., 1992a; Cai et
al., 1992). The current nomenclature for cloned mammalian potassium channels assigns
the type n channel to the designation, Kv1.3 (Chandy et al., 1991). Expression in
Xenopus oocytes of in vitro synthesized CRNA from the aforementioned cDNA and
genomic DNA clones results in the expression of potassium currents whose properties are
nearly identical to those of the type n potassium current as characterized in T lymphocytes.
Furthermore, these studies suggest that the mammalian type n channel current results from
the formation of a Kv1.3 homotetramer, and is not the result of heteropolymerization of
different members of the Kv1 subfamily of potassium channels. Additionally, the presence
of mRNA encoding the Kv1.3 channel in both murine and human T lymphocytes, as well
as cell lines derived from T cells, confirms the assignment of Kv1.3 as that representing the

type n channel.
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. It is well documented that post-translational modification events can affect the
functional properties of voltage-gated ion channels (Catterall, 1988). For example,
phosphorylation events may serve as a molecular mechanism by which to induce long-term
modulation of ion channels (Levitan, 1985). Indeed, this theme has been developed for
calcium-activated potassium channels (Chung et al., 1991), the slow-activating Isk
potassium channel (Blumenthal and Kaczmarek, 1992; Busch et al., 1992), the Shaker A
voltage-gated potassium channel (Moran et al., 1991), voltage-sensitive calcium channels
(Curtis and Catterall, 1985; De Jongh et al., 1989; Flockerzi et al., 1986; Hymel et al.,
1988; Rohrkasten et al., 1988), chloride channels (Cheng, et al., 1991; Nishimoto, et al.,
1991; Tilly, et al., 1992), and sodium channels (Li et al., 1992; Rossie et al., 1987; Rossie
and Catterall, 1989). More recently, regulation of the type » potassium current by protein
kinase A (PKA) and protein kinase C (PKC) has been described in both the Xenopus
oocyte expression system (Attali et al., 1992b) and the human Jurkat T lymphocyte cell line
(Payet and Dupuis, 1992). In the Xenopus oocyte expression system, activation of PKC
serves to produce a long-lasting inhibition of the type n current, while elevation of cAMP
levels does not affect the current. In Jurkat cells, however, activation of both the PKA and
PKC systems results in similar patterns of inactivation of the type n potassium current. It
is not known, though, if these PKA- and PKC-induced effects are the result of direct
phosphorylation of the type n channel, or phosphorylation of other cellular proteins which

would indirectly alter functional properties of the Kv1.3 channel.

As a first step in the biochemical characterization of the mammalian type #
potassium channel, we have generated a series of polyclonal antisera directed against
regions (both intracellular and extracellular) of the Kv1.3 potassium channel which are
unique to this species of potassium channel. Figure 4.1 shows amino acid sequence

alignment of murine, rodent, and human Kv1.3 potassium channels. The antisera are able
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to immunoprecipitate both in vitro translated Kv1.3, as well as endogenous Kv1.3 located
on both murine and human T lymphocyte cell lines. When human Jurkat cells are
metabolically labeled with 32P, radiolabeled Kv1.3 can be immunoprecipitated, revealing
that the type n channel is an endogenous substrate for kinase activity. Phosphoamino acid
analysis further shows that serine residues are the primary site(s) for phosphorylation
events. In vitro phosphorylation studies also document that both PKA and PKC are
capable of directly phosphorylating the type »# channel. Thus, the reported effects of PKA
and PKC on type n currents may be the result of direct phosphorylation of the Kv1.3

protein itself,
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EXPERIMENTAL PROCEDURES

Materials - Nonidet P-40 (NP40), phosphatidyl serine, diolein, phenylmethylsulfonyl
fluoride (PMSF), iodoacetamide, aprotinin, phosphate-free DMEM, lactoperoxidase,
phospﬁoamino acids, isopropyl-8-D-thiogalactoside (IPTG) and protein A Sepharose CL-
4B were from Sigma; Microcystin-LR and pre-stained high molecular weight protein
standards were from BRL; calf alkaline phosphatase was from Boehringer Mannheim;
protein kinase C (rat brain) was from Promega; [35S]L-methionine, [y-32P] ATP, 32PQ4,
and Nal25T were from NEN; pMAL-c vector and amylose resin were from New England
Biolabs. Purified catalytic subunit of cAMP-dependent protein kinase A from bovine heart

was kindly provided by Dr. John Scott (Vollum Institute).

Cell Culture - The Jurkat human leukemic T cell line was obtained from Dr. Michael
Davey (Portland VA Research Center), and cultured in RPMI 1640 supplemented with
10% FCS at 37°C, 5% CO». An immature murine T lymphoma clone, SAKS (a generous
gift of Dr. Miles Wilkinson, Oregon Health Sciences University; Wilkinson et al., 1991)
was cultured in DMEM with 10% FCS at 37°C, 5% CO».

Preparation of Fusion Proteins and Antisera - Synthetic oligonucleotides
(containing Hinc II or Sma I sites at the 5’ end, and a Hind III site at the 3’ end) were
employed in PCR reactions te amplify specific amino acid sequences of the human or
mouse Kv1.3 potassium channel. The two PCR-amplified peptides, designated as H1 and
H2, are shown in Figure 4.2, and were subcloned into the pMAL-c bacterial fusion protein
vector (employing Stu I and Hind IIT restriction sites). A translational stop codon was
included in the 3' PCR oligonucleotides to terminate the translation product. All inserted

PCR sequences were characterized by DNA sequence analysis. Fusion proteins MalE-H1
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and MalE-H2 were induced with IPTG. MalE-H1 was purified by amylose affinity
chromatography. The MalE-H2 bacterial extract was subjected to preparative gel
electrophoresis on an 8% SDS-PAGE, and the protein band corresponding to MalE-H2
was prepared into a protein/gel slurry mix by mincing. The aforementioned fusion proteins
were injected into rabbits following mixing with complete Freund's adjuvant for the
primafy injection, and incomplete Freund's adjuvant for subsequent boosts. All injections

and bleeds were performed by Hazelton Research Products, Denver, PA.

In Vitro Transcription and Translation - In vitro transcription from the pHGKS5
(human Kv1.3) expression plasmid was as described (Cai et al., 1992). In vitro translation
employing rabbit reticulocyte lysates was performed according to the instruction supplied

by Promega.

Surface iodination - SAKS cell surface proteins were iodinated by lactoperoxidase-
catalyzed reactions (Vitetta et al., 1971). Cells were suspended in PBS at 107 cells/ml
containing 1 mCi Nal25] and 200 pg lactoperoxidase. The reactions were initiated with 25
ul 0.03% HyO», which was repeated four additional times every 2 minutes. The iodination
reactions were terminated with ice-cold PBS supplemented with 0.1% NaNj3, followed by
three additional washes. Cell pellets were resuspended at a density of 0.5 - 1.0 x 107
cells/ml in lysis buffer containing 0.5% NP40, 0.1M Tris-HCI (pH 7.5), 5 mM EDTA,
0.02% NaN3, 1 mM PMSF, 0.2 TTU/ml aprotinin, and 10 mM iodoacetamide. Cells were
incubated on ice with occasional shaking for 30 min, and centrifuged at 3,500 rpm to
remove debris and nuclear material. The cell extracts were then incubated with preimmune
serum and protein A-Sepharose on ice, followed by centrifugation. The precleared

extracts were then used in immunoprecipitation reactions with immune serum.
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In Yivg Phosphorylation / Metabolic Labeling - Jurkat cells were incubated in
phosphate-free DMEM for 30 min. Cells were then labeled with 32P0O4 at 1 mCi/ml for 2.5
hr at 37°C. The radiolabeled cells were solubilized (as described above) in lysis buffer
supplemented with 50 mM NaF, 100 mM B-glycerophosphate, 15 mM Na-pyrophosphate,
and 0.2 uM microcystin-LR. The cell extract was then precleared with preimmune

serum/protein A-Sepharose, followed by immunoprecipitation.

Stoichiometry of in vivo Kv1.3 Channel Subunit Phosphorylation in Jurkat
Cells - Incorporation of total phosphate into Jurkat Kv1.3 channel subunits during
metabolic labeling was estimated from the amount of 32P incorporated per potassium
channel, taking into account the specific radioactivity of y-phosphate of the cellular pool of
ATP. The value for the latter variable was assumed to be similar to that for resting T
lymphocytes (Patel and Miller, 1991); approximately 3.0 x 10-5 mol of 32P/mol of ATP
following a minimum equilibration period of 30 minutes. The number of functional Kv1.3
channels present on Jurkat cells has been previously determined (approximately 400
channels per cell) based on mean Jurkat potassium conductance (DeCoursey et al., 1985)
and unit conductance of the hKv1.3 channel (Cahalan et al., 1985; Chandy et al., 1984).
The amount of 32P incorporated into Jurkat Kv1.3 protein following a 2.5 hour labeling
period was determined by liquid scintilation counting following gel isolation of the
metabolically labeled 65-kDa protein from 2.3 x 107 Jurkat cells. The above values were
used in calculations to determine that approximately 12.7 mol phosphate is incorporated per
functional hKv1.3 channel (ie., approximately 3.0 mol phosphate per mol individual
hKv1.3 subunit, assuming that functional voltage-gated potassium channels are the result
of a tetrameric configuration; Durell and Guy, 1992; MacKinnon, 1991) at steady state

under non-stimulated conditions.
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Dephosphorylation - Dephosphorylation of Jurkat protein extracts with calf alkaline
phosphatase was performed as described (Driscoll et al., 1990). Solubilized Jurkat cell
extracts were adjusted to pH 9.0 with 1 M Tris-HCI (pH 9.5). The phosphatase reactions
were initiated by addition of calf alkaline phosphatase to a final concentration of 100 U/ml,
followed by incubation at 37°C for 30 min. The reactions were then terminated by addition
of 10 mM DTT, followed by further incubation at 4° for 30 min. The pH of the reaction
was then shifted to 7.5 with dilute HCL.

In Vitro Phosphorylation - Cell extracts (with or without alkaline phosphatase pre-
treatment) were used for in vitro labeling. For PKA labeling, samples were incubated in 6
mM MgClp, 6 mM EGTA, 0.2 uM Microcystin-LR, 33 UM [y-32P] ATP, and 6 pg/ml
catalytic subunit of PKA at 37°C for 30 min. For PKC labeling, samples were incubated in
20 mM Hepes, pH 7.5, 10 mM MgCly, 1.6 mM CaClp, 10 mM DTT, 20 pg/ml
phosphatidyl serine, 0.8 pg/ml diolein, 0.2 pM microcystin-LR, 33 uM [y-32P] ATP, and
6 pg/ml PKC at 30°C for 20 min. Reactions were terminated by addition of EDTA to 30
mM final concentration, followed by preclearance with preimmune serum/protein A-

Sepharose, and then immunoprecipitation as described below.

Immunoprecipitation and SDS-PAGE - Bacterial acetone powder extracts were
prepared from IPTG-induced bacteria containing the plasmid encoding either MalE-8gal
(vector alone), MalE-H1, or MalE-H2 fusion proteins (Harlow and Lane, 1988).
Preimmune or immune sera were incubated with 1% acetone powder extracts suspended in
cell lysis buffer for 60 min, followed by removal of the acetone powder via centrifugation.
This procedure served to absorb (or neutralize) specific antibodies within the sera which are
directed against the various fusion proteins, as well as non-specific antibodies which might
affect the resulting background. Following preabsorption, sera were then added to cell

extracts labeled either in vivo or in vitro. Mixtures were incubated at 4°C for 2 to 18 hr



followed by incubation with protein A-Sepharose for 2 hr. Sepharose beads were isolated
by centrifugation, washed with lysis buffer, and resuspended in 2% SDS, 50 mM Tris-
HCI (pH 6.8), 0.1% bromophenol blue, 10% glycerol, and 1% 2-mercaptoethanol.
Samples were heated at 100°C for 5 min, and applied to SDS-polyacrylamide gels (8%
resolving gel / 5% stacking gel). Following electrophoresis, gels were dried and exposed

to Kodak XAR film.

Phosphoamino Acid Analysis - Phosphoamino acid analysis was performed as
described (Boyle et al., 1991). Briefly, the radiolabeled protein band corresponding to the
Jurkat Kv1.3 potassium channel was excised from an SDS-polyacrylamide gel following
immunoprecipitation, eluted with NH4HCOs, precipitated with TCA, and hydrolyzed in
6N HCl at 110°C for 1hr. The hydrolysate was dried, and amino acids were separated by
thin layer cellulose electrophoresis. Standard phosphoamino acids for phosphoserine,
phosphothreonine and phosphotyrosine were added to the hydrolyzed radioactive sample,
and their migration determined by ninhydrin staining. Radioactive, in vivo phosphorylated

amino acids within Kv1.3 were detected by autoradiography.
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RESULTS
Generation of polyclonal antisera against the murine and human Kv1.3 potassium channel

Regions of mouse and human Kv1.3 were chosen for the synthesis of bacterial
fusion proteins based upon predicted antigenicity, and uniqueness at the amino acid level
when compared to other members of the Kv1 (Shaker-related) sub-family of voltage-gated
potassium channels (rKvl.1, Baumann et al., 1988; rKv1.2, MacKinnon, 1989; hKv1.4
and hKv1.5, Philipson et al., 1991; hKv1.6, Grupe et al., 1990). Figure 4.2 shows the
amino acid sequence of two regions (from human Kv1.3) which met this criteria: region
H1, a sequence 45 amino acids in length which represents the entire extracellular domain
between transmembrane domains 1 and 2; and region H2, representing the final 46 amino
acids of the intracellular carboxy-terminal region of the protein. Amino acid sequence
comparison with corresponding regions of other members of the Kv1 sub-family reveals
limited homology, suggesting that antibodies generated against these peptides would be
unique to the Kv1.3 channel, and not recognize other members of the Kv1 sub-family.
DNA sequences encoding human Kv1.3 H1 and H2 regions were amplified by PCR, and
ligated into the plasmid pMAL-c to generate fusion proteins designated as MalE-H1 or

MalE-H2. The fusion proteins were injected into rabbits and polyclonal antisera generated.

Figure 4.3 exemplifies studies aimed at characterizing the various antisera. In
Figure 4.3A, the ability to immunoprecipitate an in vitro translated, 33S-labeled human (h)
Kv1.3 protein product is documented. The MalE-H2 antiserum was able to
immunbprecipitate the major 58-kDa hKv1.3 in vitrg translated product (lane 1).
Preabsorption of MalE-H2 antiserum with a bacterial acetone powder extract containing the

MalE-H2 fusion protein neutralizes Kv1.3-directed antibodies with the serum, and no
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radiolabeled immunoprecipitation product is observed (lane 2). However, preabsorption of
MalE-H2 antiserum with a bacterial acetone powder extract containing the MalE-Bgal fusion
protein results in immunoprecipitation of radiolabeled hKv1.3 (lane 3), implying that
antibodies directed against the H2 portion of the fusion protein are responsible for
immunoprecipitation of hKv1.3. Identical results were obtained when antiserum against
MalE-H1 was tested 2. Also, the two antisera were capable of immunoprecipitating in vitro
translated rat (r) Kv1.3, but not rKv1.1 or tKv1.2 2. This result implies the specificity of

the antisera to the Kv1.3 channel.

-In Figure 4.3B the ability of MalE-H2 antiserum to immunoprecipitate an 125]
surface labeled Kv1.3 channel expressed in SAKS cells is also documented. SAKS cells
are derived from a spontaneous thymic lymphoma in an AKR mouse. They are
CD4*/CD8t, and thus represent a non-differentiated T lymphoma clone (Wilkinson et al.,
1991). Northern blot analysis employing a cRNA probe specific for rKv1l.3 mRNA
revealed the presence of a 9.5 kb transcript when SAKS total RNA was analyzed 2 thus
suggesting that the Kv1.3 channel is expressed on the surface of SAKS cells. When 1251
surface labeled proteins were immunoprecipitated with preimmune serum, no radiolabeled
immunoprecipitate is observed (lane 1). MalE-H2 antiserum (preabsorbed with MalE-
Bgal), however, results in the precipitation of a major radiolabeled product with a molecular
mass of approximately 65-kDa (lane 2), presumably representing the mKv1.3 protein.

This band disappears, as expected, when the MalE-H2 antiserum is preabsorbed with the
MalE-H2 fusion protein prior to immunoprecipitation (lane 3), confirming the specificity
of the immunoprecipitated product. The apparent molecular mass of Kv1.3 in SAKS cells
is approximately 7-kDa greater than in vitro translated Kv1.3, suggesting that the channel is

post-translationally modified.

In vivo phosphorylation of the hKv1.3 channel in human Jurkat cells
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One type of post-translational modification event which may have a profound effect
on Kv1.3 channel function is phosphorylation. Indeed, it is well documented that
modulation of the PKA and PKC systems in the human Jurkat T lymphocyte cell line
dramatically alters activity of the type n channel current (Payet and Dupuis, 1992).
Metabolic labeling studies were thus employed to determine if the type n channel is capable
of bcin.g directly phosphorylated in Jurkat cells (Figure 4.4). Jurkat cells were incubated in
phosphate-free DMEM, then labeled with 32PO4 for 2.5 hr. Cell extracts were then
subjected to immunoprecipitation with antiserum against the MalE-H1 fusion protein.
Preimmune serum immunoprecipitated several proteins with molecular mass greater than
100-kDa (lane 1). MalE-H1 antiserum (preabsorbed with MalE-Bgal), however, resulted in
the immunoprecipitation of a major phosphorylated protein with a molecular mass of
approximately 65-kDa (lane 2), presumably representing hKv1.3. The identity of this
protein as Kv1.3 was confirmed, since preabsorption of MalE-H1 antiserum with MalE-H1
fusion protein prevented immunoprecipitation of only this phosphorylated protein (lane 3).

Thus, Kv1.3 appears to be a substrate for endogenous kinase activity in the Jurkat cell line.

"The stoichiometry of phosphorylation was also calculated as described in Materials
and Methods. Under steady state basal conditions, approximately 3.0 mol of phosphate
were incorporated per mol of 65-kDa hKv1.3 channel subunit. Thus, in Jurkat cells the
type n channel is apparently phosphorylated to a significant extent, reducing the possibility

of non-specific endogenous phosphorylation.

As a prelude study towards the identification of Kv1.3 residues which serve as the
sites for Jurkat phosphorylation events, phosphoamino acid analysis was performed on the
65-kDa immunoprecipitated product (Figure 4.5). Serine residues appear to be the major

(if not only) species of amino acid phosphorylated on the Kv1.3 channel expressed in
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Jurkat cells; no evidence was observed supportive of phosphorylation of threonine or

tyrosine residues.

The effects of various second messengers on in vivo hKv1.3 phosphorylation were
also examined in an attempt to determine if modulation of specific kinase systems altered
the degree of endogenous channel phosphorylation. To examine the PKA system, cells
were tfeated with 8-Br-cAMP (1mM or 50 mM), 8-Br-cAMP and IBMX (at 1 mM and 50
UM, respectively), or forskolin (200 M) for the final 30 minutes during the 2.5 hr labeling
period. Following quantitative immunoprecipitation, no observable differences were
detected regarding the level of 65-kDa hKv1.3 phosphorylation 2. To examine the PKC
system, cells were treated with TPA (0.1, 1.0 and 10.0 pg/ml) under the same time
constraints. The lowest levels of TPA produced no observable effects, however treatment
of Jurkat cells with 10.0 pg/ml TPA resulted in an approximate 2-fold increase in the level
of radiolabeled immunoprecipitated 65-kDa hKv1.3 2. These results suggest that the
endogenous Jurkat PKC system may be at least partially responsible for in vivo
phosphorylation of the type n channel. In vitro phosphorylation studies described below

support this notion.
In vitro phosphorylation of Jurkat Kv1.3 by protein kinase A and protein kinase C

Two serine/threonine kinases whose activity has been associated with regulation of
the type n potassium current in Jurkat cells are protein kinase A and protein kinase C (Attali
et al., 1992; Payet and Dupuis, 1992). In vitro phosphorylation studies were thus
performed to determine if Jurkat Kv1.3 could serve as a substrate for PKA and PKC

phosphorylation.



Figure 4.6 shows the results of such studies examining PKA phosphorylation
events. As a control, the Jurkat cell extract was tested for endogenous kinase activity in
PKA baffer conditions (lane 1). Following immunoprecipitation with MalE-H1
antiserum, a faint 65-kDa radiolabeled band was observed, indicating the presence of a
small level of endogenous kinase activity in the extract capable of phosphorylating Kv1.3.
When PKA was added to the assay (lane 3), a major 65-kDa phosphoprotein was
immunoprecipitated by the MalE-H1 antiserum, indicating that Kv1.3 can be significantly
phosphorylated by PKA. The identification of the 65-kDa phosphoprotein as Kv1.3 was
confirmed by antiserum preabsorption reactions; MalE-H1 preabsorption (lane 4)
neutralizes H1-directed antibodies from the antiserum and the 65-kDa signal is no longer
observed, while MalE-fgal (lane 3) or MalE-H2 (lane 5) preabsorption has no effect on
immunoprecipitation of the 65-kDa protein. Also, preimmune serum cannot
immunoprecipitate the phosphorylated form of Kv1.3 (lane 2). Thus, Kv1.3 present in

Jurkat cellular extracts can serve as an excellent substrate for phosphorylation by PKA.,

Jurkat cell extracts were also treated with calf alkaline phosphatase prior to PKA
treatment to determine the relative degree of endogenous phosphorylation of Kv1.3 (Figure
4.6, lanes 6-9). As a control for endogenous kinase activity, Jurkat extracts were
incubated with PKA buffer alone followed by immunoprecipitation with MalE-H1
antiserum (lane 6). Several high molecular weight bands were observed, none of which
corresponds to 65-kDa radiolabeled Kv1.3. When extracts were incubated with PKA,
MalE-H1 antiserum once again immunoprecipitated radiolabeled 65-kDa Kv1.3 (lane 8),
however the background was significantly higher. The relative intensity of the Kv1.3
signal, though, was not significantly increased as a result of phosphatase pretreatment,
suggesting that Jurkat Kv1.3 is not heavily phosphorylated in vivo by endogenous PKA or
related kinases which may recognize similar phosphorylation sites. This suggestion is also

based on the assumption that alkaline phosphatase would be capable of interacting with any



phosphorylated form(s) of Kv1.3. As before, the specificity of the 65-kDa phosphoprotein
as Kv1.3 was confirmed by antiserum preabsorption reactions; MalE-H1 preabsorption
(lane 9) neutralizes H1-directed antibodies from the antiserum and the 65-kDa signal is no
longer observed. Additionally, preimmune serum could not immunoprecipitate the

phosphorylated form of Kv1.3 (lane 7).

Examination of the profile of PKA-radiolabeled immunoprecipitated products also
revealed the presence of an approximately 40-kDa protein which appears to co-precipitate
with the 65-kDa Kv1.3. The 40-kDa protein was only observed in MalE-H1 antiserum
immunoprecipitates (lane 8), and was not observed when the antiserum was preabsorbed
with MalE-H1 (lane 9), or when preimmune serum was used (lane 7). The approximate
molecular mass, and profile of appearance of this protein is similar to that previously
described for a cellular protein associated with other mammalian voltage-gated potassium
channels (Parcej and Dolly, 1989; Rehm and Lazdunski, 1988; Rehm et al., 1989; Scott et
al., 1990; Trimmer, 1991). The results presented here suggest that this channel-associated
product is also associated with the Jurkat Kv1.3 channel, and can serve as a substrate for

phosphorylation by PKA.

Other studies were aimed at determining whether PKC is capable of
phosphorylating Jurkat Kv1.3. In experiments not shown, non-alkaline phosphatase
treated Jurkat extracts were incubated under appropriate PKC conditions, in the presence
and absence of exogenous PKC. Following immunoprecipitation, a specific 65-kDa
radiolabeled product was observed, however its presence was not dependent on the
addition of exogenous PKC. These results imply the presence of significant levels of
endogenous PKC (or PKC-like) activity in Jurkat extracts which is capable of
phosphorylating hKv1.3 in vitro. For the study shown in Figure 4.7, Jurkat cell extracts

were pre-treated with calf alkaline phosphatase prior to addition of PKC. Lanes 1 and 2 are
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reproduced from Figure 4.6 (lanes 8/9; PKA treatment), and serve to show the precise
location of immunoprecipitated phosphorylated 65-kDa Kv1.3 following gel
electrophoresis. As a control for endogenous Jurkat PKC activity (both PKC o and B
isoforms are present in Jurkat cells ; Lucas et al., 1990), extracts were incubated with PKC
buffer alone followed by immunoprecipitation with MalE-H1 antiserum (lane 3). Several
high molecular weight phosphoproteins were immunoprecipitated with MalE-H1
antiserum, and a faint diffuse signal was also observed in the 65-kDa region. However,
when PKC was added to the extract, MalE-H1 antiserum was able to immunoprecipitate
higher levels of radiolabeled 65-kDa Kv1.3 (lane 5). The relative intensity of the Kv1.3
signal, though, was significantly less following PKC treatment than that observed
following PKA treatment. Lastly, the specificity of the 65-kDa phosphoprotein as Kv1.3
was once again confirmed by an antiserum preabsorption reaction; MalE-H1 preabsorption
(lane 6) resulted in the specific disappearance of the 65-kDa signal. Additionally,
preimmune serum could not immunoprecipitate phosphorylated 65-kDa Kv1.3 (lane 4).
These data suggest that PKC, similar to PKA, is capable of phosphorylating Jurkat Kv1.3.
Unlike PKA, however, it appears that PKC is unable to phosphorylate the 40-kDa protein

presumably associated with Kv1.3.



DISCUSSION

"The Kvl.3 voltage-gated potassium channel was originally characterized as a cDNA
clone isolated from a rat cortex cDNA library (Stuhmer et al., 1989). Northern blot
analysis of total RNA isolated from dissected rat brain regions indicated that Kv1.3 mRNA
was present at vanishingly small levels in neural tissue when compared to levels of Kv1.1,
Kv1.2 and Kv1.4 mRNA (Beckh and Pongs, 1990). Additional electrophysiological and
pharmacological characterization in Xenopus oocytes of potassium currents resultin g from
injection of in vitro synthesized Kv1.3 RNA revealed several properties unique to the
channel; there was inactivation following depolarizing voltage commands, the channel was
sensitive to blockers of both Ca**-activated potassium channels (quinine) and calcium
channels (verapamil), and divalent cations served to dramatically reduce potassium
conductance (Douglass et al., 1990; Grissmer et al., 1990). This unique compilation of
properties had never been previously observed for neuronal potassium currents, but had
been well characterized in mammalian T lymphocytes (Cahalan et al., 1987; Cahalan and
Lewis, 1990; DeCoursey et al., 1985; Lewis and Cahalan, 1990). The lymphocyte
potassium channel exhibiting these specific properties was termed the “type n “ channel,
and demonstration of high levels of Kv1.3 mRNA in mammalian T lymphocytes
subsequently confirmed the identity of Kv1.3 as that of the type # lymphocyte potassium

channel.

A wide variety of studies have documented alterations in the density of Kv1.3
currents in mammalian T lymphocytes following activation by mitogenic agents (Cahalan et
al., 1987; DeCoursey et al., 1985, 1987; Deutsch, 1990; Deutsch et al., 1986, 1991;
Matteson and Deutsch, 1984). This mitogen-induced increase in Kv1.3 current density

varies from 2-fold in human T lymphocytes, to 20-fold in murine T lymphocytes,
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suggesting that this potassium channel may play a role in mitogenesis. Moreover, the
increase in current density is probably not the result of stimulated transcription of the
Kv1.3 gene, as the levels of mRNA encoding the type n potassium channel appear to be
down-regulated in both murine and human T lymphocytes following treatment with
mitogens (Attali et al., 1992a; Cai et al., 1992). One possible mechanism by which Kv1.3
currents may be functionally regulated is through post-translational modification of the
channel protein. Recent studies have suggested that this may indeed be the case, as
manipulation of intracellular PKA and PKC systems in cells expressing Kv1.3 dramatically
alter type n channel currents. Employing the Xenopus oocyte expression system, Attali
and co-workers (1992b) have presented data suggesting that second messengers generated
by phospholipase C activation may be important modulators of Kv1.3 channel activity,
This observation has also been extended to the Jurkat Kv1.3 channel (Payet and Dupuis,
1992). In these cells, not only does modulation of the PKC system appear to affect
channel activity, but modulation of the PKA system as well. In both reports, activation of
kinase systems served to inhibit type # currents. Moreover, agents which antagonized
kinase activities prevented kinase-induced effects on type n currents. Additionally, when
Jurkat cells were exposed to alkaline phosphatase via the patch pipet, a dramatic increase in
type r current amplitude was observed (Payet and Dupuis, 1992). As a result of these
observations, both groups speculated that direct phosphorylation/de-phosphorylation of the

Kv1.3 channel underlies these PKA- and PKC-dependent events.

‘ As a first step in the biochemical characterization of the Kv1.3 channel, a series of
polyclonal antisera were generated against unique regions of both the mouse and human
channel. The antisera work well for immunoprecipitation of the Kv1.3 channel, and do not
appear to recognize other members of the Kv1 subfamily of potassium channels2.
Following polyacrylamide gel electrophoresis, immunoprecipitated in vitro translated

hKv1.3 exhibited an apparent molecular mass of approximately 58-kDa, as expected for the



unmodified channel. However, 1251 surface labeled Kv1.3 from the SAK8 murine
lymphoma cell line appeared to have an apparent molecular mass of approximately 65-kDa.
We were unable to demonstrate that N-linked glycosylation events serve as the molecular
basis for this apparent size difference 2. Treatment of SAKS cell membranes with N-
glycosidase F failed to produce a downward shift in apparent molecular mass. This
observation is in contrast to that reported for bovine Kv1.2, where N-glycosidase treatment
of the affinity-purified channel (from bovine brain) resulted in an apparent molecular mass
shift from 78-kDa to 65-kDa (Scott et al., 1990). Still, though, the resulting 65-kDa form
was significantly larger than the predicted 57-kDa form which would represent a
completely unmodified Kv1.2 channel. Thus, a wide variety of post-translational
modification events such as O-linked glycosylation may occur on mammalian Kv1

potassium channels.

Metabolic labeling of the human Jurkat cell line, followed by immunoprecipitation,
clearly demonstrated that the Kv1.3 channel is directly phosphorylated in vivo. Moreover,
phosphoamino acid analysis of the radiolabeled protein showed that serine residues are the
major, if not only, sites for kinase activity in the Jurkat cell line. Furthermore, the
stoichiometry of phosphorylation under steady state basal conditions suggests
approximately 3.0 mol of phosphate incorporated per mol of Kv1.3 channel subunit.

Thus, in Jurkat cells the type n channel is apparently phosphorylated at serine residues to a
significant extent. Two candidate serine/threonine kinase systems which are present in this
cell ling are PKA (Bastin et al., 1990) and PKC (Lucas et al., 1990). Addition of various
pharmacological agents to Jurkat cell cultures which are known to increase cellular levels of
PKA activity, failed to produce an increase in the level of in vivo phosphorylation of 65-
kDa Kv1.3. However, treatment of Jurkat cells with relatively high levels of the phorbol
ester, TPA, produced an approximately 2-fold increase in the level of phosphorylated 65-

kDa Kv1.3 as determined by quantitative immunoprecipitation. Thus, the endogenous
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Jurkat PKC system appears to be at least partially responsible for in vivo phosphorylation

of the type n channel.

In vitro phosphorylation studies with purified PKA showed that Jurkat Kv1.3
serves as an excellent substrate for phosphorylation. Inspection of the primary amino acid
sequence of hKv1.3 suggests several potential sites for PKA phosphorylation (Kemp and
Pearson, 1990; Kennelly and Krebs, 1991). One such site is located within the carboxy-
terminal intracellular domain; Arg - Lys - Ala - Arg - Ser08 - Asn. The intensity of PKA-
radiolabeled Kv1.3 was unaffected by alkaline phosphatase pre-treatment of Jurkat cell
extracts, suggesting that the channel is not heavily phosphorylated by PKA in vivo in this
cell line. As noted earlier, this suggestion is based on the assumption that alkaline
phosphatase is capable of interacting with phosphorylated forms of Kv1.3. Alkaline
phosphatase pre-treatment did, however, result in co-precipitation of a radiolabeled protein
approximately 40-kDa in size. Interestingly, immunological evidence for the association of
a 38-kDa protein with both rat and bovine brain potassium channels has been previously
documented (Rehm et al., 1989; Trimmer, 1991), and we speculate here that the PKA-
phosphorylated 40-kDa protein which co-precipitates with Kv1.3 may be related to that
described above. If so, PKA phosphorylation events associated with this 40-kDa protein
may represent another mechanism by which Kv1.3 channel activity could be modulated.
This concept has indeed been documented for the 54-kDa B subunit which is associated

with the 212-kDa a1 subunit of the skeletal muscle calcium channel (De Jongh et al.,

1989).

Although not as dramatic as the results observed employing PKA, in vitro
phosphorylation studies also suggest that PKC is capable of directly phosphorylating
Kv1.3. These studies, though, were hampered by the presence of significant levels of

PKC (or PKC-like activity) in Jurkat extracts. In non-alkaline phosphatase treated Jurkat
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extracts, in vitro phosphorylation of 65-kDa Kv1.3 under PKC buffer conditions was not
dependent on the addition of exogenous PKC 2. Only with alkaline phosphatase treated
Jurkat extracts did exogenous PKC stimulate phosphorylation of hKv1.3. These results
further support the notion that PKC, or an enzyme with PKC-like activity, plays a
prominent role regarding in vivo phosphorylation of the type n channel in Jurkat cells.
Inspection of the human Kv1.3 sequence identifies the motif, Lys - Ala - Ser342- Met -
Arg, located in the intracellular loop between $4/S5 transmembrane domains. This site
conforms to that of a PKC recognition site (Kemp and Pearson, 1990; Kennelly and
Krebs, 1991), and is also conserved among human, rat and mouse Kv1.3. Additionally,
this sequence is conserved in the Drosophila Shaker potassium channel, and mutagenesis
of the corresponding serine residue to either alanine or cysteine results in the reduction of
single channel conductance values by almost 50% (Isacoff et al., 1991). Thus, this serine
residue may also play an important role in modulating Kv1.3 functional activity, perhaps

via a PKC-dependent mechanism.

The results presented here suggest a variety of areas for future investigation,
Perhaps the most straightforward line of investigation will be the characterization of the
specific serine residues which serve as Kv1.3 phosphorylation sites. The use of
phosphopeptide mapping protocols has successfully served to determine the specific
residues phosphorylated in the CFTR chloride channel (Cheng et al., 1991), the skeletal
muscle calcium channel (Rohrkasten et al., 1988), and the rat brain sodium channel (Rossie
et al., 1987, 1989). Similar methods of characterization should result in the identification
of specific serine residues in Kv1.3 which serve as phosphorylation sites. The functional
significance of phosphorylation at these sites must also be determined. Such structure -
function correlations have been previously documented for the CFTR chloride channel

(Cheng et al., 1991).



The significance of Kv1.3 phosphorylation as related to lymphocyte functions is
also a topic for future investigation. A diverse array of cytokine and neurohormone
receptors are present on T lymphocytes, involving several distinct signal transduction
systems (Plaut, 1987; Miyajima et al., 1992). In general, receptors activating adenylate
cyclase inhibit lymphocyte function, while those activating phospholipase C stimulate
lymphocyte function. Modulation of lymphocyte PKA and PKC, as well as phosphatase,
activities following cell surface receptor activation may thus regulate Kv1.3 channel
function through direct phosphorylation and dephosphorylation events. It remains to be
determined, however, if such events play a significant role in the cellular events associated

with T lymphocyte activation.
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ABSTRACT

The intracellular 84/5 loop is involved in determining gating and/or ion permeation
properties of voltage-gated potassium channels. Substitution of 392Ser within this region
with an alanine residue reduces the single channel conductance of the Drosophila Shaker B
potassi.um channel by 40% (Isacoff et al., 1991). The present results demonstrated that
substitution of the corresponding serine residue with alanine totally abolishes ionic
conductance for at least two mammalian potassium channels (hKv1.3 and rKv1.2).
However, gating currents similar to the hKv1.3 342Ser channel (wide type) were observed
for the hKv1.3 342Ala mutant. The 342Ala channel subunit also retains the ability to
heteropolymerize with functional subunits to form a conducting channel, as determined by
RNA co-injection experiments. Thus, mutation of the highly conserved serine residue
within the intracellular S4/5 loop affects the ionic conductance of both Drosophila and
mammalian potassium channels, without significantly disrupting gating charge movement

or subunit assembly.
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INTRODUCTION

Voltage-gated potassium channels are membrane proteins which open in response
to membrane depolarization. Mutational analysis of these channels has provided significant
information regarding specific amino acid residues involved in controlling channel
properties such as voltage-dependent activation, ion selectivity, inactivation, and tetrameric
complex formation (reviewed by Durell and Guy, 1992; Jan and Jan, 1992; Stuhmer,
1991). Both the S4 transmembrane region and the intracellular S4/5 loop are involved in
mediating potassium channel activation, since mutations within these two regions affect
voltage-dependence of activation (Isacoff et al., 1991; Liman et al., 1991; Logothetis et al.,
1992; McCormack et al., 1991; Papazian et al., 1991; Stuhmer et al., 1989). The SS1 and
SS2 regions between the transmembrane domains S5 and S6 form the majority of the
channel pore region (MacKinnon and Yellen, 1990; Yellen et al., 1991; Yool and Schwarz,
1991); in addition, mutational analysis also indicates that the intracellular S4/5 loop lies in
or near the internal mouth of the channel pore (Isacoff et al., 1991). Furthermore, the
primary amino acid sequence of the S4/5 loop is highly conserved among voltage-gated
potassium channels. Thus, the S4/5 loop appears to be critical for voltage-dependent
activation and/or potassium ion flow rate of voltage-gated potassium channels.

The 392Ser within the S4/5 loop of the Shaker B potassium channel has been
subjected to mutational analysis described previously by Isacoff et al. (1991). Substitution
of 392Ser with either alanine or cysteine residues reduces the single channel conductance
by approximately 40 %.

The primary amino acid sequence of the $4/5 loop is almost identical between ShB
and rKv1.3/hKv1.3 potassium channels (Fig. 5.1). In order to study potential functional
roles of the corresponding serine residue in mammalian potassium channels, similar

mutants were generated for hKv1.3 and rKv1.2. The presented results reveal that such a



mutation totally abolishes potassium currents following expression in Xenopus oocytes, a

much more dramatic result when compared to the counterpart mutation in Drosophila ShB.

8 &
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EXPERIMENTAL PROCEDURES

Site-directed mutagenesis -- The hKv1.3 (HGKS) coding sequence (Cai et
al., 1992) was subcloned into the EcoRI/HindIII sites within the vector, pSELECT- (a
generous gift from Dr. John Adelman). The 342Ser within the hKv1.3 S4/5 loop was
subjected to site-directed mutagenesis according to the protocol provided by Promega. For
reverse mutation (342A1a > 342g er), the construct was re-subcloned into pSELECT",
followed by back-mutagenesis. All mutations were identified by dideoxy DNA sequence
analysis. A 0.6 kb Pstl/HindIII fragment containing the 342A1a mutation was further
subcloned into M13 vectors for additional sequence verification, with both strands fully
sequenced. All 0.6 kb Pstl/HindIII fragments with mutations at position 342 were then
subcloned into the 3.7 kb Pstl/HindIII cut vector of pHGKS5-EXP (Cai et al., 1992), for
expression in Xenopus oocytes.

A rat Kv1.2 expression clone, containing the RBK2 coding region subcloned into
the vector pSELECT", was also generously provided by Dr. John Adelman. Similar to
hKv1.3, the 324Ser was mutated to either alanine or aspartate residues. Mutations were
identified by dideoxy DNA sequence analysis. These constructs were then directly used
for expression analysis in Xenopus oocytes.

A list of mutations involving the conserved serine residue located within the S4/5
loop is shown in Fig. 5.1. Each expression construct was thus named after the residue
mutated, and this nomenclature is used throughout the text. One additional mutation
involved conversion of hKv1.3 399His to 399Tyr. Generation and analysis of this mutant
was identical to that described above.

Expression of hKv1l.3 and rKvl.2 mRNAs in Xenopus oocytes --
Each expression vector was linearized with HindIII, transcribed in vitro, and resulting

mRNA was injected into Xenopus oocytes as described (Cai et al., 1992). Two electrode
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voltage-clamp analysis was performed 3 days after injection, as described (Kavanaugh et
al., 1991).

Recording of gating currents in Xenopus oocytes -- Recordings were
made using a cut-open oocyte vaseline gap configuration (Taglialatela et al., 1992). The
external solution contained 0.14 M Na methanesulfonate, 1.8 mM Catt, 2 mM K+, 1 mM
Mg++, and the internal solution contained 0.14 M K methanesulfonate, 1 mM Mgtt,
Recordings were made using a Dagan CA-1 clamp amplifier with an Axon Instrument
Axolab-1 A/D interface. Data were sampled at 20 kHz, and low pass filtered at 5 kHz.

The oocyte membrane was held at -90 mV and voltage steps were applied in 10 mV
increments. Linear capacitive currents were subtracted using a p/4 protocol (sub-pulse
holding potential = -120 mV).

Co-expression of hKvl.3 mutants in Xenopus oocytes -- For co-
injection experiments, concentrations of hKv1.3 342Ala and 399Tyr expression DNA
vectors were quantitated by spectrometry and equal amounts of DNA mixed together,
followed by linearization, in vitro transcription, and mRNA injection into Xenopus oocytes
(Cai et al., 1992). The external TEA inhibition analysis was performed as described
previously (Kavanaugh et al., 1991). Data were fit to a logistic function of the form: %I =

100[TEA]Y/([TEA]D+KdM).
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RESULTS

Expression of hKv1.3 and rKv1.2 mutants in Xenopus oocytes -- The
hKv1.3 342A1a channel was subjected to functional analysis in Xenopus oocytes. The in

vitro transcribed 342Ser (wide type) and 342A1a (mutant) mRNAs were injected

individually into oocytes, followed by two-electrode recording. Depolarization of the
oocyte membrane elicits large outward potassium currents in 342Ser as described
previously (Cai et al., 1992); however, no ionic currents were recorded from the oocytes
injected with 342Ala mRNA (Fig. 5.2). Full DNA sequence analysis of a 0.6 kb
Pstl/HindIII fragment containing residue 342 indicated that no additional mutation existed
in the coding region of 342A1a. Furthermore, the reverse mutation of 342Ala->342ger
resulted in the recovery of ionic currents identical to those observed for 342Ser (Fig. 5.2).
Thus, mutation of hKv1.3 342Ser to 342Ala results in loss of potassium currents in
response to membrane depolarization.

Similar mutational analysis was conducted with the rKv1.2 potassium channel.
rKv1.2 3248er elicits strong outward potassium currents as previously described
(Kavanaugh et al., 1991; Stuhmer et al., 1989) (data not shown). However, no ionic
currents were recorded from the oocytes injected with rKv1.2 324Ala mRNA (data not
shown), as in the case of hKv1.3 342Ala. Therefore, mutation of this highly conserved
serine residue within the intracellular S4/5 loop completely eliminates voltage-dependent
potassium currents for the hKv1.3 and rKv1.2 mammalian voltage-gated potassium
channels.

Both hKv1.3 342Ser and rKv1.2 324Ser are located within a putative protein
kinase C recognition sequence (K-A-S-M-R), as is the corresponding 3928er of Shaker B.
This observation has suggested that phosphorylation of this particular serine residue may

play a crucial role in channel function. The overall structure of an aspartate residue is



similar to that of a phosphoserine residue, thus allowing for an opportunity to determine the
effects of a potential negative charge at this position on channel activity. The hKv1.3
3428er was thus mutated to 342Asp, and mRNA from this expression vector injected into
Xenopus oocytes. As for the 342 Ala channel, the 342Asp channel did not produce any
voltage-dependent ionic currents (data not shown). A similar result was likewise observed
for rKv1.2 324Asp (data not shown). These results are thus indicative of either a
substantial difference of structure between an aspartate residue and a phosphoserine
residue, or just a simple requirement of a serine residue at this position.

An alanine residue has a side chain structure which is reasonably similar to that of a
serine residue; however, we can not rule out the possibility of significant conformational
disruption resulting from the 342Ala substitution within the S4/5 loop. The studies
described below were thus aimed at determining the ability of hKv1.3 342A1a to form
either homo- or heter-tetrameric complexes by measuring gating currents of homotetramers,
and TEA sensitivity of heterotetramers.

Gating currents of hKv1.3 342Ser and 342A1a -- Gating currents
represent charge movement associated with channel conformational transitions in response
to membrane depolarization, which are intrinsic to voltage-gated potassium channels
(Durell and Guy, 1992). As shown in Fig. 5.3A, a gating charge movement is evident at -
70 mV, while ionic current activates near -40 mV in oocytes injected with wide-type
hKv1.3 3428er. 342Ala exhibited transient currents resembling those of 342Ser with no
ionic current recorded (Fig. 5.3B). As expected, control oocyte membrane exhibited no
detectable non-linear capacitive current (Fig. 5.3C). These results indicate that the 342Ala
potassium channel is expressed to a significant level on the oocyte membrane. The
existence of gating currents in 342Ala further suggests that the alanine substitution does not
prevent voltage-dependent conformational transitions of the channel, but does block at least

one transition prior to channel opening.

Ud
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Coexpression of hKv1.3 342A1a and 399Tyr -- A functional potassium
channel is currently thought to represent a protein complex in which four individual channel
subunits associate. Thus, the ability to form a tetrameric structure is required for channel
function. Such a property was analyzed for the hKv1.3 342A1a potassium channel.

Previous studies have shown that the 401His residue in rKv1.3 (RGKS)isa
primary determinant of sensitivity to the potassium channel blocker, TEA. The wild type
rKv1.3 has a Kd of 11 mM (Kavanaugh et al., 1991). Substitution of 401His with a
tyrosine residue increases TEA sensitivity approximately 20-fold (Kd = 0.5 mM). The
corresﬁonding residue in hKv1.3 is 399His. The substitution of 399His with 399Tyr thus
should convert the hKv1.3 potassium channel from low to high TEA sensitivity. Here,
the hKv1.3 399His was mutated to 399Tyr, and the mRNA of 399’I‘yr injected into
oocytes. The resulting 399Tyr channel exhibited a TEA Kd of 1.1 mM, compared to a Kd
of 20 mM for the 399His channel (Fig. 5.4). These results conform with those of the
rKv1.3 401His and 4OlTyr channels as described previously (Kavanaugh et al., 1991).

The ability of the 342A1a subunit to form polymeric structures was studied by co-
expression of the hKv1.3 342A1a and 399Tyr channels in Xenopus oocytes followed by an
evaluation of sensitivity of resulting currents to various concentrations of TEA. Equal
amounts of 342Ala and 399Tyr plasmid DNAs were mixed, linearized with HindIII,
transcribed in vitro, and the resulting mRNAs then injected into Xenopus oocytes. The
whole cell currents were recorded in the presence of different concentrations of TEA. As
shown in Fig. 5.4, the concentration curve of inhibition for coinjected mRNAs was shifted
significantly to the right of that observed for 399Tyr. Because multiple subunits contribute
to the TEA binding site (Kavanaugh et al., 1992), this result thus suggests that the low-
affinity 342A1a subunit must be able to associate with the high-affinity 399Tyr subunit,
resulting in the formation of a heteropolymeric channel population with intermediate

sensitivity to TEA.



DISCUSSION

The S4/5 loop has been proposed to lie near or at the mouth of the channel pore of
voltage-gated potassium channels (Isacoff et al., 1991). Furthermore, a functional
potassium channel has been shown to result from the association of four individual
potassium channel subunits (Liman et al., 1992; MacKinnon, 1991). Thus, four S4/5
loops appear to surround the internal mouth of a potassium channel complex. In addition,
the S4/5 loop also appears to participate in potassium channel gating (McCormack, 1991).

“The significance of Shaker B 3925er has been studied previously (Isacoff et al.,
1991). The conservative mutation of Shaker B 392Ser to 392Ala or 392Cys reduces
channel conductance by 40%, as well as the time constant associated with onset of channel
inactivation. The corresponding serine residue was mutated to alanine in the mammalian
channels, rKv1.2 and hKv1.3. However, instead of merely reducing resulting potassium
conductance, a more dramatic effect was observed, with complete disappearance of ionic
currents. Thus, mutation of this specific serine residue affects potassium conductance to
dramatically different extents when comparing Drosophila ShB to mammalian rKv1.2 and
hKv1.3. The molecular basis underlying these divergent effects is unknown.

Analysis of hKv1.3 342Ala gating currents, coupled with studies of co-expression
of hKv1.3 342Ala and 399Tyr, indicates that mutation of 342Ser does not have profound
effects’'on channel properties such as voltage-dependent charge movement, and the
capability to form a polymeric structure. Therefore, the resulting disappearance of
potassium currents is presumably due to the effect of the serine mutation on the mechanics
of channel opening.

The pore of a functional hKv1.3 voltage-gated potassium channel appears to be
exposed to four 342Ser residues at the internal mouth, with each 342Ser contributed by an

individual channel subunit. The 342Ala, when substituted for 342Ser, may simply result
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in a block of the channel permeation pathway. However, since the S4/5 loop has also been
suggested to be involved in potassium channel gating (McCormack et al., 1991), 342414
could also result in a mechanical uncoupling of potassium channel gating, making the
channel pore unable to open following gating charge movement. Further analysis of the
342 Ala mutant should allow us to distinguish between these two different mechanisms, as
well as provide additional evidence for the role the S4/5 loop may play in potassium
channei function.

hKv1.3 342Ala did not result in the elimination of ionic currents when incorporated
into a hetero-polymeric channel with 399Tyr, indicating that a potassium channel tetramer
with a mixture of 342Ser and 342Ala is still functional. Further studies employing linked
tetramers with 342Ser and 342A1a located on various individual subunits should provide
information regarding the number of 342ger residues required for channel function.

The 342Ser is located within the PKC consensus sequence of K-x-S-x-R, where x
can be any residue. The phosphorylation of 3425er by an endogenous kinase in Xenopus
oocytes would presumably add negative charges to the region near the internal mouth. In
an attempt to mimic this situation, hKv1.3 342ger and 1Kv1.2 324Ser were also mutated to
342Asp and 324Asp, respectively. However, such a substitution still does not produce
ionic currents from these two channels following membrane depolarization. Therefore, it
still remains to be determined whether the effects of such a mutation are the result of

removal of a serine residue, or a phosphoserine residue.
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SUMMARY AND DISCUSSION

L Molecular characterization of the type n potassium channel

The rat RGKS5 clone was first isolated from a rat genomic DNA library, and later
employed as a hybridization probe for the isolation of the corresponding human HGKS5
clone from a human genomic DNA library. The RGK5 and HGKS clones encode 525 and
523 amino acid polypeptides, respectively. Both genes exist as a single copy in the rat and
human genome. Fig. 4.1 shows a sequence comparison between RGKS5, HGKS, and the
corresponding mouse clone, MK3 (Chandy et al., 1990). The homology is over 97%
between each species. This specific type of potassium channel has been subsequently
classified as Kv1.3. It shares over 70% sequence homology with other members of the
Kv1 family. In both rat and human, the nucleotide sequence encoding Kv1.3 is contained
on a single exon, as in the case of the Kv1.1 and Kv1.2 channels. This genomic DNA
arrangement is different from that of the genomic arrangement of the Shaker gene (also in
the Kv1 family) in Drosophila, in which the protein coding region is separated into
approximately 20 exons (Schwarz et al., 1988). Alternative splicing events in the
Drosophila Shaker gene is responsible for the generation of multiple potassium channels;
while multiple genes encode distinct members of the Kv1 family of potassium channels in
mammals.

"Several features shared among other voltage-gated potassium channels are found in
rat and human Kv1.3. These include the presence of six transmembrane regions; a voltage-

sensor motif in the S4 regions; and a pore region between S5 and S6.

RGKS5 and HGKS5 clones (Kv1.3) encode functional voltage-gated potassium channels
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The coding regions from both genomic clones were subcloned into expression
vectors, transcribed in vitro, and resulting RNA injected into Xenopus oocytes for channel
expression. Outward currents were elicited with membrane depolarization as measured by
dual-electrode recording. The voltage-current plots indicated that theses currents were
voltage-dependent. The reversal potentials of tail currents were also measured, and the
exponential change was close to the theoretical value for the potassium equilibrium
potential. Thus, the channel currents were the result of movement of potassium ions. As a
result, the rat RGK5 and human HGKS clones were shown to encode functional voltage-

gated potassium channels.

The RGKS5 and HGKS clones (Kv1.3) encode the lymphocyte type » potassium channel

Many characterized properties of these two channels as measured following
expression in Xenopus oocytes serve to develop a unique electrophysiolo gical and
pharmacological profile for the Kv1.3 channel. When these properties are compared with
those of the type n potassium channel as characterized in both mouse and human T
lymphocytes, numerous properties are shared (Table 2.1 and 3.1). Both Kv1.3 and the
type n channel inactivate over a period of hundreds of milliseconds and have a unitary
conductance of approximately 10 pS. They both exhibit similar IC5( to a variety of
channel blockers, including those specific for voltage-gated potassium channels (such as
TEA and 4-AP), for calcium-activated potassium channels (such as CTX and quinine), and
for voltage-gated calcium channels (such as verapamil). These two currents are also
inhibited by a variety of divalent cations at similar potencies. These similarities indicate that
Kv1.3 encodes the type n potassium channel. The existence of Kv1.3 mRNA in T cells
supports this notion. Additionally, the mouse Kv1.3 was assigned to the murine type
potassium channel based on similar analysis (Grissmer et al., 1990). Together, these

studies indicate that Kv1.3 encodes the lymphocyte type n potassium channel.
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Down-regulation of Kv1.3 mRNA following T cell activation

The type n potassium channel plays important roles in T cell development and
activation as indicated by the correlation between apparent channel density and cell
proliferation. Tt has been observed that the number of active type n channels increases
following mitogen activation of both human and murine T lymphocytes (DeCoursey et al.,
1987; Matteson and Deutsch, 1984; Sutro et al., 1989). Several mechanisms have thus
been proposed to account for this increase, including newly-synthesized channels, insertion
of pre-g:xistin g channels into the membrane, and activation of non-functional channels on
the lipid bilayer. Here, quantitation of Kv1.3 mRNA was used as a way to determine
whether newly-synthesized channels are responsible for the increase of observed channel
density.

Purified human T lymphocytes were stimulated with ConA, and an effective
concentration curve was established by measuring [3H]thymidine incorporation (Fig. 3.6).
Both mitogenic and<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>