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UK-78,282, a novel piperidine compound that potently blocks the
Kv1.3 voltage-gated potassium channel and inhibits human T cell
activation
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1 UK-78,282, a novel piperidine blocker of the T lymphocyte voltage-gated K* channel, Kvl1.3,
was discovered by screening a large compound file using a high-throughput *Rb efflux assay. This
compound blocks Kvl1.3 with a ICs, of ~200 nM and 1:1 stoichiometry. A closely related
compound, CP-190,325, containing a benzyl moiety in place of the benzhydryl in UK-78,282, is
significantly less potent.

2 Three lines of evidence indicate that UK-78,282 inhibits Kv1.3 in a use-dependent manner by
preferentially blocking and binding to the C-type inactivated state of the channel. Increasing the
fraction of inactivated channels by holding the membrane potential at —50 mV enhances the
channel’s sensitivity to UK-78,282. Decreasing the number of inactivated channels by exposure to
~160 mM external K™ decreases the sensitivity to UK-78,282. Mutations that alter the rate of C-
type inactivation also change the channel’s sensitivity to UK-78,282 and there is a direct correlation
between 7, and 1Cs, values.

3 Competition experiments suggest that UK-78,282 binds to residues at the inner surface of the
channel overlapping the site of action of verapamil. Internal tetraethylammonium and external
charybdotoxin do not compete UK-78,282’s action on the channel.

4 UK-78,282 displays marked selectivity for Kv1.3 over several other closely related K™ channels,

the only exception being the rapidly inactivating voltage-gated K* channel, Kvl1.4.
5 UK-78,282 effectively suppresses human T-lymphocyte activation.
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Introduction

The type n voltage-gated K" channel in T lymphocytes plays a
vital role in regulating the membrane potential and in
modulating calcium signalling (reviewed in Lewis & Cahalan,
1995; Cahalan & Chandy, 1997). Selective blockers of this
channel depolarize the membrane, attenuate the calcium
signalling response, inhibit T-cell activation in vitro, and
suppress immune responses in vivo (Price et al., 1989; Leonard
et al., 1992; Freedman et al., 1992; Lin et al., 1993; Hill et al.,
1995; Rader et al., 1996; Nguyen et al., 1996; Koo et al., 1997,
Kath et al., 1997; Kalman et al., 1998). The native channel is a
homotetramer of Kv1.3 subunits (Grissmer ez al., 1990; Aiyar
et al., 1995; Spencer et al., 1997). Electron microscopic images
of the purified Kvl1.3 tetramer show that it has x-y dimensions
of 65x65 A (Spencer et al., 1997). Besides T lymphocytes,
Kv1.3 is expressed faintly in the brain, as well as macrophages,
osteoclasts, platelets, B-lymphocytes, and the kidney (for
reviews see Chandy & Gutman 1995; Kath er al., 1997,
Cahalan & Chandy 1997). In the brain, Kvl1.3 is associated
with Kv1.1 and Kv1.2 in heterotetramers (Shamotienko et al.,
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1997; Koschak et al., 1998). In macrophages, osteoclasts and
platelets, Kv1.3 is one of many channels controlling the
membrane potential, and selective blockers of this channel do
not affect cell signalling (for reviews see Cahalan & Chandy,
1997; Kath et al., 1997). Because of its demonstrated role in T-
lymphocyte activation, and its functionally restricted expres-
sion to lymphocytes, Kv1.3 is widely recognized as a potential
target for therapeutic immunosuppressive agents (see reviews
Lewis & Cahalan, 1995; Kath et al., 1997; Cahalan & Chandy,
1997).

Several groups have been actively engaged in the discovery,
design, and characterization of Kv1.3 inhibitors. Many peptides
isolated from scorpion venoms and sea anemone potently block
Kv1.3 and also inhibit T-lymphocyte activation (Sands et al.,
1989; Price et al., 1989; Deutsch et al., 1991; Leonard et al.,
1992; Lin et al., 1993; Aiyar et al., 1995; 1996; Rader et al., 1996;
Koo et al., 1997; Kalman et al., 1998). Although these peptide
inhibitors are very potent and highly selective, clinical
application may be limited by their need to be administered
parenterally (Koo et al., 1997; Kath et al., 1997). Over a decade
ago, a variety of non-peptide Kv1.3 inhibitors were shown to
inhibit T-cell mitogenesis and block Kv1.3 channels, but were
limited in their potency and selectivity (DeCoursey e al., 1984;
Chandy et al., 1984; Sabath et al., 1986; reviewed in Kath et al.,
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1997). More recently, two groups described immunosuppressive
dihydroquinoline compounds that block Kv1.3 at submicro-
molar concentrations by interacting with the C-type inactivated
conformation of the channel (Hill ez al., 1995; Nguyen et al.,
1996). This finding raised the possibility of using high-
throughput screening strategies to discover novel Kvl.3
inhibitors. Here we report the characterization of a piperidine
blocker of Kvl.3, UK-78,282, which was discovered by
screening a compound collection with a high-throughput *Rb
efflux assay (Burgess et al., 1997).

Methods
Synthesis of UK-78,282 and CP-190,325

UK-78,282 (4-[diphenylmethoxymethyl]-1-[3-(4-methoxyphe-
nyl)-propyl]-piperidine) and the analogue, CP-190,325 (4-
[benzylmethoxymethyl]-), were synthesized as previously
described (Burgess et al., 1997). Purification of these
compounds was accomplished by recrystallization from
ethanol and/or column chromatography. All compounds were
fully characterized by proton NMR, carbon NMR, and mass
spectroscopy.

Chemicals and solutions

For patch-clamp recording studies, cells were bathed in
mammalian Ringer solution (290—320 mOsm) containing (in
mM): NaCl 160, KCl 4.5, CaCl, 2, MgCl, 1, HEPES 5 (4-2-
hydroxyethyl-1-piperazineethanesulphonic acid) adjusted to
pH 7.4 with NaOH. The internal pipette solution (290—
320 mOsm) contained (in mMm): KF 134, MgCl, 2, HEPES 5,
CaCl, 1, and EGTA 10 (ethylenebis[oxyethylene-nitrilo]tetra-
cetic acid), adjusted to pH 7.2 with KOH. A syringe-driven
perfusion system was used to exchange the bath solution. The
following reagents were purchased from the vendors indicated
in parentheses: kaliotoxin (KTX; Peptides International,
Louisville, KY, U.S.A.), phorbol myristate acetate (PMA;
Sigma Chemicals, St. Louis, MO, U.S.A.), ionomycin,
(Calbiochem, San Diego, CA, U.S.A.), phytohemagglutinin
(PHA; Murex Diagnostics, Dartford, England), anti-CD25
antibody (Immunotech, Westbrook, ME, U.S.A.), *H-thymi-
dine and ¥*RbCl (NEN, Cambridge, MA, U.S.A.), and Ficoll-
Paque (Pharmacia, Piscataway, NJ, U.S.A.). For the K,
channel studies, the pipette solution (290—320 mOsm) con-
tained (in mM): K " -aspartate 150, MgCl, 2, HEPES 5, EGTA
10, CaCl, (free pCa ~6) 8.7, final pH 7.2.

Cell lines

Rat basophilic leukaemia (RBL) cells, maintained in EMEM
supplemented with 10% heat-inactivated foetal calf serum and
1% L-glutamine, were plated onto glass coverslips 1 day prior
to use for electrophysiological experiments. Louckes cells were
grown in RPMI-1640 with 10% heat-inactivated foetal bovine
serum, 100 units ml~" penicillin, 100 ug ml~" streptomycin,
100 uM MEM non-essential amino acids, 25 mM HEPES, and
2 mM L-glutamine. The COS-7 and L929 cell lines were grown
in DMEM (high glucose) with the same additives as above.
Foetal bovine serum was obtained from Hyclone (Logan, UT,
U.S.A.), and media and additives were obtained from
Biowhittaker (Walkersville, MD, U.S.A.). Cell lines stably
expressing Kv1.1, Kv1.2, Kvl.3, Kvl.5, and Kv3.1 have been
previously described (Grissmer et al., 1994; Nguyen et al.,
1996) and were maintained in DMEM containing 10% foetal

calf serum and G418 (I mg ml~") (GIBCO, Grand Island,
NY, U.S.A)).

Purification of T cells

Human T lymphocytes, separated as described previously
(Nguyen et al., 1996), were resuspended in medium (RPMI-
1640 containing 10% heat-inactivated foetal calf serum,
HEPES 25 mM, L-glutamine 2 mM, non-essential amino acids
100 uM, 100 units ml~! penicillin, and 100 ug ml=' strepto-
mycin) and used in activation assays.

Activation of human T cells by PHA or ionomycin/PM A

Human T cells were added to a 96-well plate (125 ul total
volume, 1.25x10° cells well™!) and incubated with Kv1.3
blockers for 15 min at room temperature. Following the
addition of ionomycin (15.6 ng well=") and PMA (0.625 ng
well™"), or PHA (0.25 ug well™"), cells were incubated for 24 h
at 37°C and then pulsed with *H-thymidine (1 xCi ml~'; 25 ul
well™") for 18 h. The cells were then harvested using a
TOMTEC Mach-2 harvester (TOMTEC International,
Orange, CT, U.S.A.). Control wells contained T lymphocytes
with and without stimulants and without test compound.
Duplicate plates were set up to harvest the supernatants for
interleukin-2 (IL-2) measurements. IL-2 plates were spun at
200 x g for 10 min at room temperature and the supernatants
were stored at —20°C until analysed with IL-2 ELISA kits (R
& D Systems, Minneapolis, MN, U.S.A.).

IL-2 receptor (IL-2R) expression

Purified human T cells (10° cells ml~") were stimulated with
125 ng ml~!' ionomycin and 5ng ml™' PMA at 37°C. At
indicated times, cells were removed from culture and stained
for IL-2R expression using anti-human CD25 (IL-2R a-chain)
and analysed with a FACScan flow cytometer (Becton
Dickinson, San Jose, CA, U.S.A.). Hydroxyurea (5 mg ml™"),
a cell-cycle S phase blocker, was used as a control for cell-cycle
studies.

8 Rb efflux screen (Nguyen et al., 1996)

Purified human T cells (107 cells ml~") in culture medium were
incubated with *RbCl (10 mCi ml1~") for 18 h at 37°C in 5%
CO,, then washed in low K* buffer (4.5 mmM K™ in HBSS
buffer, prepared according to the GIBCO manual) and
resuspended at 5.5 x 10° cells ml~! in low K* buffer. Fifty pul
of the cell suspension was incubated for 15 min at ambient
temperature with 10 ul of the test compound (in low K™ buffer)
in each well of a Millipore Multiscreen 96 well 0.65 micron
filtration plate (cat. # MADV-N65-50, Millipore, Bedford,
MA, U.S.A.). The mixture was then incubated for 20 min with
125 ul well™' of high K" buffer (140 mm K* in HBSS,
prepared by replacing NaCl with KCl) to initiate *Rb efflux via
membrane depolarization, and filtered with a TV-1 vacuum
transfer manifold (Pall Trinity Micro Corp., Cortland, NY,
U.S.A.) into standard 96-well microtiter plates (Costar,
Cambridge, MA, U.S.A.); 100 ul of filtrate was removed from
each well, mixed with 3 ml of scintillation cocktail, and counted
in a Beckman LSC liquid scintillation counter for 1 min.

IZI.ChTX binding assay (Nguyen et al., 1996)

Kv1.3 was heterologously expressed in HeLa cells using the
vaccinia virus system (Spencer et al., 1997). These cells were
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incubated in normal ionic strength buffer (in mm): (NaCl 150,
KCl 5, NaHEPES 10, glucose 6, pH 7.4) with 25 pm '*I-
ChTX (custom iodinated by Amersham, Arlington Heights,
IL, U.S.A)) and increasing concentrations of either cold ChTX
(0—100 nMm; Peptides International, Louisville, KY, U.S.A.) or
the test compound, in a total volume of 800 ul. Test
compounds were added 15 min before the radioiodinated
toxin-probe and incubation was carried out on a rotary shaker
for 1 h at ambient temperature. Binding was stopped with 4 ml
of ice-cold quench buffer (NaCl 200 mMm, HEPES 20 mM,
pH 7.4). Cells were collected using a Hoefer filtration device
(model FH224V, Hoefer Scientific Instruments, San Francisco,
CA, U.S.A)) on GF/C filters (Whatman Inc., Fairfield, NJ,
U.S.A.) that were pre-soaked in 0.3% polyethyleneimine in
ultrapure water for 15 min. Filters were counted for 1 min
with a Beckman 5500 gamma counter. Unlabelled ChTX
inhibited binding of '*I-ChTX with an average ICs, value of
0.55+0.12 nM (n=13). The average c.p.m. of 'I-ChTX
bound in the absence of cold ChTX was 4546+ 344 (s.e.mean,
n=22) and the average c.p.m. in the presence of 100 nMm cold
ChTX was 848 +25 (s.e.mean, n=22).

Electrophysiological analysis

Kvl.4, 1.6, Kv3.1, 3.2, 3.4, and 4.2, and all of the murine
Kv1.3 mutants and the other channel constructs used in this
study have been described previously (Grissmer et al., 1994;
Nguyen et al., 1996; Rauer & Grissmer, 1996; Jager et al.,
1998). cRNA was transcribed in vitro (Stratagene, La Jolla,
CA, U.S.A)), microinjected into RBL cells (Ikeda ez al., 1992;
Nguyen et al., 1996; Rauer & Grissmer, 1996; Jager et al.,
1998) and electrophysiologically characterized by patch-clamp
recording in the whole-cell configuration as described
previously. Patch-clamp recordings of purified human T
Ilymphocytes or T-lymphoblasts (cells stimulated for 2—4 days
with 2 ug ml~' PHA) were performed in the whole-cell mode
or in inside-out patch measurements as described previously
(e.g. Nguyen et al., 1996; Rauer & Grissmer, 1996). Series-
resistance compensation (80%) was employed if the current
exceeded 2 nA. Capacitative and leak currents were subtracted
using the P/8 procedure. The holding potential in all
experiments was — 80 mV, unless otherwise indicated, and the
depolarizing potential was +40 mV. The depolarizing dura-
tion was 200 ms, unless otherwise indicated, and the interpulse
interval was 30 s.

For inside-out patch experiments, the bath solution
contained (in mM): K-aspartate 164.5, CaCl, 1, MgCl, 2,
HEPES 10; EGTA 10; adjusted to pH=7.2 with KOH. The
pipette solution was Normal Ringer.

’H-desmethoxyverapamil binding to Lewis rat cardiac
calcium channels

Lewis rats (Charles River Labs, Portage, MI, U.S.A.) were
sacrificed and cardiac tissues obtained. The hearts were
homogenized in 20 volumes of 320 mM sucrose with a Polytron
for ~30 s, and the homogenate centrifuged at 3200 r.p.m. for
10 min. The membrane fraction, collected after an 18,000
r.p.m. spin, was resuspended in HEPES 50 mM, pH 7.4. and
kept on ice. The membrane fraction was aliquoted into tubes
(750-1/tube) and incubated at room temperature for 60 min
with 150-1 3H-desmethoxyverapamil (Amersham TRKS834,
Arlington Heights, IL, U.S.A.) (final concentration 0.25 nM)
and either UK-78,282 or the buffer (100-1/tube). Incubation
was rapidly terminated by rapid filtration under vacuum
through Whatman GF/B filters (VWR, Boston, MA, U.S.A.)

(pre-soaked in 1% polyethylenimine, Sigma Chemical Co., St.
Louis, MO, U.S.A.) and rinsed three times with 4 ml of 50 mm
NaCl. Non-specific binding was determined by the addition of
10 uM unlabelled verapamil (Sigma Chemical Co.). The filters
were soaked in 7 ml Ready-Safe scintillation fluid (Beckman
Instruments, Fullerton, CA, U.S.A.), vortexed and allowed to
sit overnight to extract radioactivity. Quantification of
radioactivity was determined by liquid scintillation counting.
Data were expressed as ICs, values (the concentration of
compound required to inhibit 50% of the specific binding).

Results
UK-78,282 is a potent use-dependent blocker of Kvl.3

Figure 1 shows the structure of UK-78,282 along with that of
an analogue, CP-190,325, differing only in the type of
alkoxymethyl substituent at position 4; CP-190,325 has a
benzyl moiety in place of the benzhydryl group in UK-78,282.
Drug potency against the Kv1.3 channel was measured using
three independent assays: patch-clamp recording, inhibition of
2I.ChTX binding, and *Rb efflux; we found correspondence
between the ICs, values measured by these three methods
(Table 1). Detailed biophysical and physiological studies were
conducted on UK-78,282. Externally applied drug blocked
Kv1.3 peak currents in human peripheral blood T lympho-
blasts in a concentration-dependent manner (Figure 2A), with
an ICy, value of 202425 nM (mean +s.e.mean, n=14) (Table
1) and a drug:channel stoichiometry of 1:1 (Figure 2B).
Similar ICs, values were obtained when the drug was tested on
Kv1.3 channels expressed either in RBL (ICso=333 428 nMm,
n=06) or stably transfected L929 cells (IC5,=280+40, n=3)
(Table 2). Depending on the assay, CP-190,325 blocked Kv1.3

0 UK-78282 0

o

Chemical structures of UK-78,282 and CP-190,325.

CP-190325

Figure 1

Table 1 Inhibition of Kv1.3 currents, *°Rb Efflux and
251.ChTX binding*

Patch Clamp 8Rb efftux ZI-ChTX binding
Compound ICso (uM) I1Cso (uMm) ICs5p (uM)
UK-78,282 0.20+0.03 (14) 0.44+0.2 (35) 0.7+0.2 (6)
CP-190,325 2.3+0.3 (3) 1.9+0.6 (4) 4.440.6 (4)

*Patch clamp studies were performed with human T-cell
blasts; **Rb efflux studies with human T cells and '*’I-ChTX
binding studies with vaccinia virus infected HeLa cells over-
expressing Kv1.3 as described in Methods. Mean +s.e.mean
ICso values are shown and the number of independent
experiments are indicated is parenthesis.
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channels between 5—12 fold less potently than UK-78,282,
suggesting that the benzhydryl moiety at position four might
be important for blockade.

A
[UK-78,282], pM
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0.01
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Figure 2 (A) UK-78,282 blocks Kvl.3 from the outside. Typical
Kvl.3 currents in human peripheral blood T lymphocytes studied in
the whole cell configuration and blocked with drug applied to the
external bath. (B) Hill plot of these data showing a stoichiometry of
one drug per channel.

Table 2 UK-78,282 blockade of various potassium
channels

Cloned K" channels UK-78282

Kvl Family Channel (ICs5p+ s.e.mean um)
Kvl.1 22+8.5 (3)*
Kv1.2 294+1.3 (3)
Kvl.3 0.28+0.04 (3)
Kvl.4 0.1740.03 (3)
Kvl.5 70+22 (3)
Kvl.6 31+10 (3)
Kv3 Family
Kv3.1 1144 (3)
Kv3.2 127423 (2)
Kv3.4 37410 (4)
Kv4 Family
Kv4.2 104+8.2 (3)
KC;\
T-cell K¢, >30 (3)

*Numbers in parenthesis indicate number of cells studied.

UK-78,282, at a concentration (1 M) which blocks almost
all the Kvl.3 current, required multiple openings of the
channel to reach steady-state block, a phenomenon termed
‘use-dependent inhibition’. The time required to achieve
steady-state block depended on the duration of the depolariz-
ing pulse (Figure 3). When repeated depolarizing pulses of
200 ms duration (to +40 mV at 30 s intervals) were applied
from a holding potential of —80 mV, steady-state block was
reached in ~200 s. Shortening the pulse duration to 20 ms
significantly lengthened the time (~ 600 s) to reach steady-state
block (Figure 3). This result suggests that UK-78,282 blocks a
post-activation state, possibly the open and/or inactivated
conformations of the channel.

Sensitivity of the Kvl.3 channel to block by UK-78,282
is dependent on its ability to undergo C-type inactivation

Voltage-gated K" channels inactivate via two distinct
mechanisms. N-type inactivation, involves a tethered ball in
the amino terminus interacting with and blocking the inner
mouth of the pore (see review by Chandy & Gutman, 1995). In
contrast, C-type inactivation involves a conformational change
resulting in the closure of the external mouth of the channel
pore (Grissmer & Cahalan, 1989a,b; Busch ez al., 1991; Lopez-
Barneo et al., 1993; Panyi et al., 1995; Ogielska et al., 1995;
Levy & Deutsch, 1996; Liu et al., 1996; Nguyen et al., 1996;
Jager et al., 1998). Kvl.3 exhibits only C-type inactivation
(Cahalan et al., 1985; Grissmer & Cahalan, 1989a,b; Busch et
al., 1991; Panyi et al., 1995; Levy & Deutsch, 1996; Nguyen et
al., 1996; Jager et al., 1998). If UK-78,282 binds to the C-type
inactivated conformation, then removal or slowing of
inactivation should reduce the sensitivity of Kv1.3 to this
drug by decreasing the substrate for drug-binding (i.e. the
fraction of channels in the inactivated conformation). On the
other hand, if UK-78,282 binds primarily to the open
conformation of the channel, changing C-type inactivation
should have no effect on drug potency. We used three
approaches to distinguish these two possibilities.

Holding at — 50 mV increases sensitivity to UK-78,282 As a
first test of this idea, we examined the effect of changing the

1 pM [UK-78,282
1.9- uMm 1o

1.0§
0.84

0.6+

'Drug/ ICont rol

0.41

0.271

200 ms

20 ms

0 200 400 600 800
t (s)

1000

Figure 3 (A) Effect of duration of depolarizing pulse on time to
reach steady-state block. A human T lymphoblast was patch-clamped
in the whole-cell configuration and 1 um of UK-78,282 was applied
to the external bath solution. Abscissa: time after drug addition.
Ordinate: ratio of current at time ¢ versus time 0. Holding
potential = —80 mV; depolarizing potential= +40 mV; depolarizing
durations =20 ms or 200 ms, interpulse interval=30s. 200 ms: n=9
cells; 20 ms: n=4 cells.
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holding potential from —80 to —50 mV on the sensitivity of
the Kv1.3 channel to UK-78,282. The depolarized holding
potential would significantly increase the proportion of
channels in the inactivated conformation by slowing recovery
from inactivation without changing the open duration
(Cahalan et al., 1985; Grissmer & Cahalan, 1989a,b; Busch
et al., 1991; Panyi et al., 1995; Levy & Deutsch, 1996; Nguyen
et al., 1996; Jager et al., 1998). As shown in Figure 4, the Kv1.3
channel was more sensitive to block by UK-78,282 at —50 mV
compared to —80 mV, suggesting that the drug preferentially
blocks the C-type inactivated state of the channel.

[K" ]y slows C-type inactivation and decreases sensitivity to
UK-78,282 As a second test of the hypothesis, we slowed C-
type inactivation of Kvl.3 by increasing the extracellular
potassium concentration (Cahalan er al., 1985; Grissmer &
Cahalan, 1989a,b; Lopez-Barneo et al., 1993; Panyi et al.,
1995; Levy & Deutsch, 1996; Nguyen et al., 1996; Jager et al.,
1998). Fewer Kvl.3 channels transition into the C-type
inactivated conformation in the presence of 160 mM external
K" (e.g. Nguyen ef al., 1996). If UK-78,282 does block the C-
type inactivated conformation, as suggested by the holding
potential experiment (Figure 4), exposure to high external K*
should decrease UK-78,282 potency by reducing the number of
inactivated channels available for drug binding. Consistent
with this prediction, 164.5 mM [K ], significantly slowed
inactivation of native Kvl1.3, and in parallel reduced the
sensitivity of this channel to UK-78,282 (Figure 5).

His**, a residue located at the entrance to the ion channel
pore (Aiyar et al., 1995; 1996) is the K*-modulatory site

250nM UK (-80mV)
(56% remaining)

250nM UK (-50mV)
(22% remaining)

responsible for the slowing of C-type inactivation by 160 mM
external K (Nguyen et al., 1996). This residue, and the
homologous residue in Shaker (Thr**), also play a critical role
in the conformational change underlying C-type inactivation
(Busch et al., 1991; Lopez-Barneo et al., 1993; Liu et al., 1996;
Nguyen et al., 1996; Jiger et al., 1998). Replacement of His***
with either a hydrophobic valine (H404V) or a polar
asparagine (H404N), abrogated both the 160 mMm [K¥]o-
dependent slowing of C-type inactivation (Figure 6A) and the
parallel decrease in UK-78,282 sensitivity (Figure 6B). These
results provide further support for the notion that UK-78,282
binds to and blocks the inactivated state of the channel.

Vestibular mutations that slow 1, also reduce sensitivity to UK-
78,282 As a third test of the hypothesis, we evaluated the
sensitivity of six Kv1.3 mutants with widely differing abilities
to transition into the C-type inactivated state but with no
differences in the open duration (Nguyen et al., 1996; Jager et
al., 1998). If our interpretation of the results presented in
Figure 4 and 5 is correct, mutant channels that are able to
rapidly enter the C-type inactivated conformation should be
potently blocked by UK-78,282 by providing more substrate
for drug binding. In contrast, mutants that exhibit little or no
C-type inactivation should be less sensitive to the drug.
Consistent with this prediction, the rapidly inactivating
H404N and H404S mutants are more sensitive to block by
UK-78,282 than slowly inactivating Kv1.3 mutants (Figure 7).
A direct, although weak linear relationship (r=0.78) was noted
between 1, (a measure of the rate of inactivation) and the I1Cs,
values (Figure 7). A similar relationship between 1, and 1Cs,

25ms

control (-80mV)
control (-50mV)

scaled

Figure 4 Effect of varying the holding potential (as indicated) on the sensitivity to block by UK-78,282. Superimposition of Kvl1.3
currents measured at holding potentials of —80 mV or —50 mV in the presence or absence of 250 nm UK-78,282. Pulse

duration =200 ms; interpulse interval=30 s.

NRinger

control

(67%
TuM UK
(16% remaining

control

1M UK

remaining)

164.5mMK+

scaled

Figure 5 Effect of external K" concentration ([K "]y) on inactivation and sensitivity to block by UK-78,282. Superimposition of
currents from Kv1.3 in K-Ringer (164.5 mMm external K™) or normal Ringer (4.5 mM external K™), in the presence or absence of

1 um UK-78,282.
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values was observed for the dihydroquinoline compound, CP-
339,818 (r=0.9; dashed line in Figure 7), that selectively
interacts with the C-type inactivated conformation of Kvl1.3.
Collectively, these results suggest that UK-78,282 preferen-
tially binds to and blocks the C-type inactivated conformation
of Kvl.3.

UK-78,282 does not bind to residues in the external
vestibule?

Because UK-78,282 competitively inhibits '*[-ChTX binding
to its receptor in the outer vestibule of Kv1.3, this compound
may interact with vestibular residues that become exposed to
solvent in the C-type inactivated conformation. Cysteine-
scanning mutagenesis studies on the Shaker channel show that
the side chains of residues corresponding to Met***, His*** and
Pro*® in Kv1.3 become more accessible to cysteine-modifying
reagents in the C-type inactivated conformation compared
with the closed or open states of the channel, suggesting that
the conformational changes associated with C-type inactiva-

A

800T
7007

6007 WT

5007

Th (ms)

400T
3007
2007

1007 Haoan

70 T

60 T

40 +

iIC5¢ (vM)

H404N
M 4.5 mM [K*],
Edieo mm [k*],

UK-78,282
O N w L (4} [=]
i
=
-

Figure 6 Effect of external K™ concentration ([K o) on 7, (A) and
UK-78,282 ICsq values (B) using wild type (WT) Kvl.3 and two
His*** mutants.

tion enhance the exposure of external vestibular residues to the
solvent phase (Liu et al., 1996). If a similar conformational
change occurs in Kvl1.3, the increased exposure of vestibular
residues in the C-type inactivated state might provide binding
sites for UK-78,282. For example, UK-78,282 could bind to an
exposed His** via an aromatic-amino interaction, similar to
the one reported between a histidine (His'®”) in the neurokinin-
1 (NK-1) receptor and a benzhydryl in its antagonist, CP-
96,345 (Fong et al., 1993). Interestingly, potency of UK-78,282
is substantially affected by substitutions at Kv1.3-position 404
in a manner analogous to the reported effects of His"’
mutations in the NK-1 receptor on CP-96345 affinity (Table
3). In both cases, only neutral residues (GIn or Asn) maintain
the amino-aromatic interaction (Fong et al., 1993; and Table
3). Replacement of this residue with Ser, Ala or Tyr produces a
similar reduction in drug affinity in both Kv1.3 and the NK-1
receptor (Table 3). Replacing the benzhydryl moiety in CP-
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Figure 7 Direct relationship between 7}, for each Kv1.3 mutant and
its sensitivity to block by UK-78,282 (ICsq). All experiments were
performed in the whole-cell mode with repeated 200-ms pulses to
+40 mV at 30-s intervals. Solid regression line: all UK-78,282 data.
Dashed regression line: all CP-339,818 data (Nguyen et al., 1996)
included for comparison.

Table 3 Block of wild type and mutant targets by Kvl1.3
and NK-1 receptor antagonists

NK-1 receptor* Kvi.3
CP-96,345 UK-78,282
Residue ICsy (nM) Residue ICsy (um)
His197 0.45 His404 0.33
Neutral
H197S 0.4 H404N 0.86
Polar
H197S 6.8 H404S 6.4
H404T 33
Aromatic
H197Y 5.2 H404Y 24
HI197F 1.2
Hydrophobic
HI197A 17 H404A 8.5
H404L 23
H404V 70

*Data from Fong et al, (1993) presented for comparison.
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96345 with a benzyl substituent produces a derivative
(L703766) that is unable to associate via an amino-aromatic
interaction with His'*’ in the NK 1 receptor (Fong et al., 1993).
Similarly, CP-190,325, a UK-78,282 derivative that contains a
benzyl moiety in place of the benzhydryl group, is a
significantly less potent inhibitor of Kv1.3 (Table 1). These
observations support the suggestion that the imidazole of
His*** may be involved in an amino-aromatic interaction with
the benzhydryl in UK-78,282. However, since His*** mutations
also alter C-type inactivation, this interpretation must be taken
with caution. Another reason for caution is that UK-78,282, a
highly lipophilic compound, is added to cells at least 15 min
before '*I-ChTX in the binding assay, giving it enough time to
cross the membrane, interact with a site internally and allo-
sterically hinder ChTX binding. Such a cross-pore interaction
has been observed between ChTX and selective small molecule
antagonists of the maxi K¢, channel (Knaus et al., 1994).

As a further test of whether UK-78,282 binds in the
external vestibule, we performed an acute competition
experiment where UK-78,282 (0.2 um) and unlabelled

ChTX (10 nM) were applied to the external surface of
Kv1.3, alone or in combination, and Kvl.3 currents were
measured. If both these drugs interact with identical or
overlapping sites, the normalized current reduction of one
compound in the presence of the other should be
predictably less than if these compounds interacted with
the channel at independent sites. As shown in Figure 8A,
0.2 um UK-78282 reduced the current to ~50%, con-
sistent with the results presented in Figure 2. In a separate
cell, addition of 10 nM ChTX alone reduced current to
25% (Figure 8B, middle trace). Subsequent application of
10 nMm ChTX and 0.2 um UK-78,282 reduced the residual
current by another 50% to a final value of 12.5% (Figure
8B, bottom trace), which is greater reduction than that
predicted (final value of 20%) for the two compounds
binding at overlapping sites. Since the degree of reduction
of current by UK-78,282 in the absence (Figure 8A) and
the presence (Figure 8B) of ChTX are almost identical,
these results suggest that the two compounds act at
independent sites.

Table 4 Effects of UK-78,282 on human T-cell and non-T-cell proliferation, and T-cell IL2 production and IL2-R expression

T-cells
UK-78,282 SH-Thy IL-2
Time of addition
0h 2.6+0.1 (2)* 3.6+0.2 (2)
20 h 7.842.2 (2) >21,17
30 h >21(2) >21 (2)

IL2R

>21 (2)

Non-T-cells
Louckes COS-7 L1929
3547 (7) 3547 (7) 33+6 (7)
>21(2) N.D. N.D. N.D.
>21(2) N.D. N.D. N.D.

*Mean ICs, values are shown+s.e.mean and the number of independent determinations indicated in parenthesis. T-cell viability was
measured by trypan blue dye exclusion. At a half-blocking dose of UK-78,282 (3 um) >95% of the T cells excluded dye; 50% of the T-

cells excluded dye at a drug concentration of 24 um.

A B

control

control

verapamil
UK 78,282

50 ms

Figure 8 Competition of UK-78,282 with external ChTX, internal TEA or external verapamil. Membrane currents were elicited in
the absence and presence of 0.2 um UK 78,282 applied either alone (A), or in combination with either 10 nm ChTX (B), 1 mm
intracellularly applied TEA, TEA;, (C), or 20 um verapamil (D). The dotted lines show the degree of block with compounds added

alone or in combination.
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UK-78,282 binds to an internal site of the channel that
overlaps the site of action of verapamil, but not internal
TEA

Since UK-78282 does not appear to act in the external
vestibule, we applied it to the cytoplasmic surface of the
channel in inside-out patches and observed rapid inhibition of
Kv1.3 currents with potency (Ky=0.39+0.05 uM; steady-state
block reached after 183443 s) comparable to whole-cell
studies. This suggests that UK-78,282 might bind residues on
the cytoplasmic surface of the channel. Internally-applied TEA
might therefore be expected to competitively inhibit UK-
78,282 from binding to its receptor; internal TEA has been
reported to inhibit Kv1.3 currents with a K4 of ~0.3 mM by
interacting with residues in the inner pore (Aiyar et al., 1994).
We performed competition experiments to determine whether
the sites of action of UK-78,282 and internal TEA overlapped.
Application of internal TEA (1 mM) via the pipette solution in
the whole-cell mode produced block of the current (Figure 8C,
top trace). After the current reached equilibrium we applied
0.2 um UK-78,282 externally. As shown in Figure 8§C (bottom
trace), current reduction is almost identical to that in the
absence of internal TEA (Figure 8A), suggesting that these two
drugs act at independent sites.

As a final test, we performed competition experiments with
verapamil and UK-78,282. Verapamil has been reported to
interact with residues at the cytoplasmic surface of Kvl1.3, at a
site that overlaps that of internal TEA (Rauer & Grissmer,
1996). Addition of 20 uM verapamil alone reduced current to
~28% (Figure 8D, middle trace). Subsequent application of
20 puM verapamil and 0.2 uM UK-78,282 reduced the residual
current by only ~25% to a final value of 21% (Figure 8D;
bottom trace). This result is consistent with the two
compounds competing for overlapping binding sites, since the
residual current would be expected to be reduced by 0.2 um
UK-78,282 to a final value of 14%.

UK-78,282 displays selectivity for Kvl.3

We tested the potency of UK-78,282 against a panel of ten
related cloned K™ channel targets, nine of which were 1-3
orders of magnitude less sensitive to block by this compound
than Kvl1.3 (Table 2). In addition, the ChTX-sensitive
intermediate-conductance calcium-activated K™ channel
(Kca) expressed in activated T cells was not blocked by
UK-78,282 (Table 2). Since the binding site of UK-78,282
overlaps that for verapamil on the cytoplasmic surface of
Kvl.3, we examined whether this compound could competi-
tively inhibit radiolabelled verapamil binding to calcium
channels in cardiac tissue. In this assay, UK-78,282 was
found to be ~20 fold more selective for Kv1.3 compared to
cardiac calcium channels (IC5,=4.4+ 2.1 uM; s.e.mean,
n=4). An exception to this pattern of Kvl.3-selectivity was
the rapidly inactivating voltage-gated K* channel in cardiac
and neuronal tissues, Kv1.4, whose activity resembles the
neuronal after hyperpolarizing current (Stithmer et al., 1989;
Ruppersberg et al., 1991; Wymore et al., 1996). This channel
was  blocked by UK-78,282 with a  potency
(IC5=170 +30 nM; mean +s.e.mean, n=23) comparable to
the pandinotoxin peptide inhibitors (Rogowski et al., 1996)
and CP-339,818 (Nguyen et al., 1996). Interestingly, the
selectivity profile of CP-339,818 (Nguyen et al., 1996) is
remarkably similar to that of UK-78,282, suggesting that
both these drugs that block the C-type inactivated conforma-
tion might interact with identical or overlapping sites.
However, since Kv1.4 is not expressed in T lymphocytes,

UK-78,282 can serve as a pharmacological probe to study the
role of Kv1.3 in T-lymphocyte activation.

UK-78,282 suppresses human peripheral blood T cell
activation

Studies with the peptide inhibitors MgTX (Leonard et al., 1992;
Lin et al., 1993; Koo et al., 1997) and ShK-Dap?* (Kalman et
al., 1998), and the dihydroquinoline, CP-339,818 (Hill et al.,
1995; Nguyen et al., 1996), indicate that blockade of Kv1.3
alone is sufficient to suppress T-lymphocyte mitogenesis.
However, other experiments with the peptide inhibitors KTX
and ChTX suggest that both Kv1.3 and the intermediate-
conductance K¢, channel may need to be blocked in order to
inhibit T cell activation (Rader et al., 1996). To distinguish
between these two possibilities, UK-78,282 was used as a
specific pharmacological probe of Kv1.3. UK-78,282 inhibited
’H-thymidine incorporation and IL-2 production by human
peripheral blood T cells stimulated by phytohaemagglutinin
(PHA) with ICs, values of 2.0+0.2um (n=10) and
2.940.3 uMm (n=238), respectively. As shown in Table 4, the
compound was only effective at blocking IL-2 production when
added together with stimulant and at blocking *H-thymidine
uptake when added during the first 20 h after stimulation.
These findings are compatible with cell cycle studies which
indicated that UK-78,282 blocks lymphocyte activation in the
late G1/early S phase of the cell cycle (data not shown).

Suppression of T cell activation by UK-78,282 is not due to
a toxic effect. First, at the concentrations used in our assays,
the compound did not perceptibly alter cell viability of human
T lymphocytes as judged by trypan blue exclusion (Table 4).
Second, UK-78,282 was a significantly weaker (>10 fold)
inhibitor of *H-thymidine incorporation by non-T cells that do
not express Kv1.3 (Table 3). Third, at concentrations required
to effectively inhibit *H-thymidine uptake and IL-2 produc-
tion, UK-78,282 did not block IL-2 receptor expression (Table
3) or generally inhibit protein synthesis in non-T cells (data not
shown). Collectively, these studies suggest that blockade of
Kvl1.3 alone by UK-78,282 is sufficient to suppress human T
cell activation in vitro.

Discussion

In this report, we characterize a novel piperidine compound,
UK-78,282, discovered through a high-throughput *Rb-efflux
screen. This compound potently blocks Kv1.3 (ICs, ~200 nM)
and suppresses T lymphocyte mitogenesis. Three independent
lines of evidence suggest that UK-78,282 preferentially blocks
the C-type inactivated state of the Kvl1.3 channel. First, the
sensitivity of the channel to UK-78,282 is enhanced as the
fraction of inactivated channels increases by changing the
holding potential from —80 to —50 mV (Figure 4). Second,
substantial reduction in the proportion of inactivated channels
via exposure to high external K significantly reduces drug
potency (Figures 5 and 6). Third, studies with a panel of
external vestibular Kv1.3 mutants with differing abilities to
undergo C-type inactivation, reveal a direct relationship
between the inactivation time constant and the sensitivity to
block by UK-78,282 (Figure 7). Once bound, the drug might
‘lock’ the channel in the inactivated conformation. This notion
is generally consistent with effects of vestibular mutations on
the rate of C-type inactivation and their sensitivity to block by
UK-78,282. Mutants containing hydrophobic residues (e.g.
valine) that might prefer to be buried, transition slowly into the
C-type inactivated conformation and are insensitive to block
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by UK-78,282, possibly because the drug has lost essential
binding sites on the channel.

Although our studies do not determine the precise binding
site for UK-78,282, our competition experiments suggest that
the site of action of this drug overlaps that of verapamil, but not
internal TEA (Figure 8A, C and D). Interestingly, verapamil
and internal TEA have overlapping sites of action. This
suggests that the receptors for these three compounds are
contiguous, with UK-78,282’s receptor being at one end
overlapping the receptor for verapamil, which in turn overlaps
the receptor for internal TEA. If UK-78,282 binds to residues
at the internal surface of Kv1.3, how does it hinder binding of
radiolabeled ChTX to its receptor in the external vestibule? In
the binding experiments, UK-78,282 is added at least 15—
20 min prior to the toxin-probe, giving UK-78,282 enough time
to cross the membrane, interact with its internal receptor, and
allosterically interfere with '*I-ChTX binding to the external
vestibule. Our ‘acute’ competition experiments with unlabelled
ChTX and UK-78,282 (Figure 8A and B) are compatible with
this idea. Why do mutations in the external vestibule alter the
channel’s sensitivity to UK-78,282 if this compound binds to an
internal receptor? Residues at this internal binding site may
only be accessible in the C-type inactivated conformation, and
mutations in the outer vestibule that remove inactivation might
reduce the accessibility of these residues. In fact, mutations at
the external His*** position in Kv1.3 interfere with verapamil
binding to residues in the inner surface of the channel, at a site
overlapping that of UK-78,282 (Rauer & Grissmer, 1996). In
conclusion, our results are consistent with the drug binding to
residues at the cytoplasmic surface of the channel. Our studies
also suggest that high-throughput screening assays based on the
competition of '**I-ChTX binding to channels are capable of
discovering compounds that interact with distant sites in the
channel, and not necessarily in the external vestibule.

Using UK-78,282 as a pharmacological probe of Kv1.3, we
demonstrated that blockade of Kvl.3 alone is sufficient to
inhibit both mitogen-induced IL-2 production and *H-
thymidine incorporation, without inhibiting expression of the
IL-2 receptor. This confirms earlier studies with other peptide
and non-peptide inhibitors of Kv1.3 (Chandy et al., 1984;
Leonard et al., 1992; Lin et al., 1993; Koo et al., 1997, Kalman
et al., 1998). T-cell activation requires multiple signal
transduction pathways including the activation of calcineurin
by a sustained or oscillatory rise in [Ca®"]; (reviewed in Lewis
& Cahalan, 1995; Cahalan & Chandy, 1997). Ca*>* influx for a
period of hours is required for accumulation of the NF-AT
transcription factor in the nucleus leading to new gene
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