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ABSTRACT. A novel nortriterpene, termed correolide, purified from the 8pachea corregénhibits Kv1.3,

a Shakertype delayed rectifier potassium channel present in human T lymphocytes. Correolide inhibits
86Rb* efflux through Kv1.3 channels expressed in CHO cells{B5 nM; Hill coefficient 1) and displays

a defined structureactivity relationship. Potency in this assay increases with preincubation time and
with time after channel opening. Correolide displays marked selectivity against numerous receptors and
voltage- and ligand-gated ion channels. Although correolide is most potent as a Kv1.3 inhibitor, it blocks
all other members of the Kv1 family with-414-fold lower potency. C2029-[H]dihydrocorreolide (diTC)

was prepared and shown to bind in a specific, saturable, and reversible fashiorll nM) to a single

class of sites in membranes prepared from CHO/Kv1.3 cells. The molecular pharmacology and
stoichiometry of this binding reaction suggest that one diTC site is present per Kv1.3 channel tetramer.
This site is allosterically coupled to peptide and potassium binding sites in the pore of the channel. DITC
binding to human brain synaptic membranes identifies channels composed of other Kv1 family members.
Correolide depolarizes human T cells to the same extent as peptidyl inhibitors of Kv1.3, suggesting that
it is a candidate for development as an immunosuppressant. Correolide is the first potent, small molecule
inhibitor of Kv1l series channels to be identified from a natural product source and will be useful as a
probe for studying potassium channel structure and the physiological role of such channels in target tissues
of interest.

The voltage-gated delayed rectifier potassium channel, delayed-type hypersensitivity in a porcine modsl Since
Kv1.3! found in human T lymphocytes is a potential target peptides are not ideal as systemic drugs, several groups have
for development of an immunosuppressdnt?). Kvl.3 sets  searched for small molecular weight inhibitors of Kv1.3 that
the resting potential in these cel®)(and peptidyl blockers  might exhibit immunosuppressant effects similar to those of
of Kv1.3 such as margatoxin (MgTX) cause membrane MgTX. Investigators at both SterlirgWinthrop 6) and
depolarization. Depolarization is thought to reduce the pfizer (7) have identified synthetic small molecules that
electrochemical driving force for Gaentry and limit the inhibit Kv1.3. However, no compound yet reported appears

opening of calcium-release activated?C(CRAC) channels 4 fyfill the requirements for developing a drug with this
(3). Block of Kv1.3 also prevents Kcounterion movement mechanism of action.

that facilitates C& entry @). These processes lead to )
attenuation of the rise in Gaobserved after activation of Kvl.3 is one of seven known members of the Kvl
the T-cell receptor, and as a consequence, to diminution in(ShakeJ family, among nine described families of six
lymphokine release and synthesl, (and to inhibition of transmembrane voltage-gated potassium channels identified
through molecular cloning technique8).( Channels may
*To whom correspondence should be addressed. consist of'elther homq— or hetgrotetramgrs of pore forming
+ Contributed equally to this work. (o) subunits from within a particular family. Kvl channels
§ Department of Natural Product Chemistry. in human T cells are homotetramers of Kv19, (while in

' Department of Medicinal Chemistry. i ] iati i
1 Tris, tris(hydroxymethyl)aminomethane; HEPES, 4-(2-hydroxy- brain they exist as heterotetramers consisting mainly of Kv1.1

ethyl)-1-piperazineethanesulfonic acid; Kv, voltage-gated potassium and KVl'z (0-13). In ad(jition, some Cha.nnel complexes
channel; Kvl, Kv2, Kv3, and Kv4 series, voltage-gated potassium contain accessorg subunits 8, 10, 14) which can affect

channels of th&shakey Shab Shaw and Shalfamilies, respectively,  poth the biophysical and pharmacological properties of the
maxi-K channel, high-conductance, calcium-activated potassium chan-

nel: diHC, dihydrocorreolide; diTC, ditritiocorreolide; MgTX, marga- ~ POré-forming subunits. High-affinity peptidyl inhibitors have
toxin; [22]MgTX, monoiodinated margatoxin*$,JMgTX, diiodinated provided significant information about these chann&B).(

margatoxin; ChTX, charybdotoxin; AgTX-1, agitoxin-1, AGTX-2,  However, potent, small-molecule channel modulators that
agitoxin-2; o-DaTX, a-dendrotoxin; IbTX, iberiotoxin; BSA, bovine ' P !

serum albuminmyctag, amino acid sequence EQKLISEEDL; WIN bind to distinct sites from the pore-blocking peptides would
17317-3, 1-benzyl-4-pentylimino, 7-chloro-1,4-dihydroquinoline. extend the scope of such studies.
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Triterpene Kv1.3 Inhibitors

Goetz et al. have recently described the purification and
structural elucidation of a nortriterpene inhibitor of Kv1.3
that was isolated from the Costa Rican tr@pachea correae
(16). The main active component, correolide, is a pentacyclic
triterpenoid. Correolide is heavily oxygenated, displaying five
acetoxy moieties and an epoxide group. Despite its complex-
ity, correolide, along with analogues and derivatives, has
been the focus of a series of studies to identify a compound
for the development of a novel immunosuppressant.

Herein, we present the initial biochemical characterization
of correolide and several other structurally related molecules
as inhibitors of Kv1.3. This molecule is highly selective as
an inhibitor of the Kvl1 family and is devoid of activity
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(12), or brain (L3) were prepared as previously described.
Human brain synaptic membranes, prepared as described for
rat brain (L3), were obtained from tissue provided by Drs.
H.-G. Knaus and H. Glossmann, University of Innsbruck.

86Rb" Efflux Assay®Rb' efflux from CHO/Kv1.3 cells
was performed essentially as describ8d Test compound
in low-potassium buffer (in millimolar, 4.6 KCI, 126.9 NacCl,
1 CaC}, 2 MgCl, and 10 HEPES, pH 7.2, adjusted with
NaOH) was added, and the mixture was preincubated for
10 min or other periods of time as indicatééRb" efflux
was initiated by depolarization of the cells with high-
potassium buffer (final concentration, in millimolar, 63.25
KCI, 69.2 NaCl, 1 CaGl 2 MgCk, and 10 HEPES, adjusted

against many other receptor and ion channel targets. We alsqg pH 7.2 with NaOH) in the presence of test compound

report on a radiolabeled correolide derivativi&{]C20—29
dihydrocorreolide (diTC), which is useful as a ligand for the
study of Kv1 family channels. We show that one molecule
of diTC binds per Kv1.3 channel tetramer and that this
binding site is allosterically coupled to other sites on the
channel. DIiTC also labels Kv1 channels in brain and can be
used to determine the subunit composition of these channels

Correolide depolarizes human T cells to the same extent as

do peptidyl inhibitors of Kv1.3, supporting development of
this structural class as a novel immunosuppressant agent
Correolide is an important new tool for characterizing the
structure of Kvl series channels and for studying their
function in target tissues of interest.

EXPERIMENTAL PROCEDURES

Materials

Correolide and naturally occurring correolide derivatives
were isolated as described by Goetz et &6).(Analogues
and derivatives of correolide, including C2@9 dihydro-
correolide (diHC) were prepared according to the methods
of Baker et al. {7—19). [?BH]C20—29 dihydrocorreolide was
prepared by the Radiochemical Synthesis group, Merck and
Co., at a specific activity of 30.6 Ci/mmol by catalytic
hydrogenation. MgTX, agitoxin 1 (AgTX-1), agitoxin 2
(AgTX-2), and kaliotoxin (KTX) were prepared as part of a
fusion protein inE. coli, cleaved, and purified as described
(20). Charybdotoxin (ChTX) and iberiotoxin (IbTX) were
purchased from Peninsula Laboratories andendrotoxin
(a-DaTX) from Sigma Chemicals (St Louis, MO). MgTX
was radiolabeled with N&7 as describedq). Na?3, 8RbCl,
and PH]tetraphenylphosphonium ions were purchased from
NEN Life Science Products. All tissue culture media were
from Life Technologies. All other reagents were obtained
from commercial sources and were of the highest purity
commercially available.

Methods

Cell Lines CHO cells stably transfected with Kv1.3 (CHO/
Kv1.3) were prepared as describe?il HEK 293 cells
stably transfected with either Kv1.1, 1.4, 1.5, or 1.6 were
obtained from Professor Olaf Pongs (ZentrumMolekulare
Neurobiologie, Hamburg, Germany), whereas the cell line
stably transfected with Kv1.2 was prepared as described for
CHO/Kv1.3 @1).

Plasma Membrane Preparationdlasma membranes
derived from either CHO/Kv1.3 cell®), HEK/Kv1.3 cells

(normal, 15 min). Activity was determined by the percent
inhibition of efflux that is inhibitable by 50 nM MgTX€Rb*"
efflux from HEK-293 cells containing either Kv1.1, 1.2, 1.5,
or 1.6 channels was performed under similar conditions
except that the concentration of potassium in the depolar-
ization buffer was raised to 100 mM, with a concomitant
reduction in sodium.

[3H]C20—29 Dihydrocorreolide (diTC) Binding Assay
The interaction of diTC with membranes derived from either
CHO/Kv1.3 or human brain synaptosomes was measured in
a medium consisting of (in millimolar): 4.6 KCI, 135 NacCl,
20 HEPES, pH 7.4 with NaOH, and 0.02% BSA. Nonspecific
binding was determined in the presence ofMunlabeled
ligand (diHC) or correolide. Incubations were carried out at
room temperature for the indicated periods of time, in a total
volume of 0.2 mL. At the end of the incubation period,
samples were diluted with 4 mL of ice-cold binding solution,
membranes were collected on 25 mm Whatman GF/C glass
fiber filters and then washed twice with ice-cold binding
solution. Radioactivity associated with the filter was deter-
mined by liquid scintillation techniques. For dissociation
experiments, membranes were preincubated with diTC until
equilibrium was established. Measurement of dissociation
kinetics was initiated by addition of 1@M diHC, and
samples were incubated at room temperature for different
periods of time. DiITC binding to CHO/Kv1.3 cells was
determined under the same conditions as those described for
[*29,]MgTX binding (see below). Other details are given in
the figure legends.

[*2%,)MgTX Binding Assay Diiodomargatoxin ({?9,]-
MgTX) was used in binding studies with either CHO/Kv1.3
cells or membranes prepared from this sourt&l,JMgTX
is more potent than the monoiodinated for?Y{[MgTX)
under the high ionic strength conditions of the binding assay,
and exhibits a better signal-to-noise ratio th&IMgTX
when these studies are carried out in near physiological salt
concentrations that favor cell stability over the extended
period necessary to achieve equilibriu@). Briefly, incuba-
tions were carried out in a medium consisting of (in
millimolar) 4.6 KCI, 106 NaCl, 20 HEPES, pH 7.4 with
NaOH, and 0.2% BSA, in a total volume of 0.2 mL.
Nonspecific binding was determined in the presence of 10
nM MgTX. After a 1 hincubation at 37C (cells) or room
temperature (membranes), samples were diluted with 4 mL
of ice-cold quench buffer (in millimolar, 200 NaCl and 20
Tris, pH 7.4 with HCI) and cells or membranes were
collected on 25 mm GF/C filters that had been presoaked in
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Ficure 1: Correolide analogues and inhibition $Rb* efflux from CHO/Kv1.3 cells. Four nortriterpenes were isolated friBpachea

correa R; = Ac, correolide and C1tC12 dehydrocorreolide; R= H, C4 desacetyl correolide and C4 desacetyl, €C12
dehydrocorreolide. The hydrogenation product of correolideRc), C20—C29 dihydrocorreolide (diHC or diTC), and a weak analogue

of correolide, C4 desacetyl correolide, THF C3 acid were prepared by synthetic procedures. (A) Cells loadeRlbiitrere washed in

low potassium buffer in the absence or presence of corrediidel), C11-12 dehydrocorreolide®, O), C4 desacetyl correolida( A),

C4 desacetyl, C1112 dehydrocorreolide®) and C4 desacetyl correolide, THF C3 acw) for either 10 min (filled symbols) o4 h (open
symbols). Efflux was initiated by addition of high potassium buffer in the presence of test compounds, and cells were incubated at room
temperature for 15 min. Inhibition §fRb" efflux was assessed relative to untreated controls8{d+ preloaded CHO/Kv1.3 cells were
preincubated for 10 min with increasing concentrations of either corredifler(MgTX (®) in low potassium buffer. Efflux was initiated

by addition of high potassium buffer to cells treated with either correolide or MgTX, or to an untreated control, and cells were incubated
at room temperature for different time periodssJ@alues were based upon the untreated control at any particular time point.

1.0% polyethylenimine. Filters were washed twice in ice- RESULTS
C.Old quench buff_er. The am‘.’“r.“ of Iigan_d present_ on the Identification and Selectity of Nortriterpene K1.3
filter was determined by radiation detection technigues. Inhibitors. The nortriterpene correolide series of compounds
ImmunoprecipitationPolyclonal antibodies raised against was discovered as part of an ongoing search for novel natural
Kv1l.1-1.6 were produced as previously describ@d)( product inhibitors of Kv1.316). There were four products
Human brain synaptic membranes were incubated overnightisolated from roots and bark of the Costa Rican tBgachea
with 80 nM diTC at ambient temperature and solubilized in correaethat inhibited®*Rb" efflux from CHO/Kv1.3 cells:
20 mM Tris-HCI, pH 7.4, 400 mM KCI, and 2.0% digitonin. ~ correolide, C1+C12 dehydrocorreolide, C4 desacetyl corre-
Solubilized material was separated by centrifugation, diluted olide and C4 desacetyl, and C1C12 dehydrocorreolide
4.5-fold with 20 mM Tris-HCI, pH 7.4, and 0.1% digitonin, ~ (Figure 1). A biologically inactive correolide analogue, C4
and incubated with respective anti-Kv1 antibodies that had desacetyl correolide, THF C3 acid, was prepared by trans-
been bound to protein A-sepharose. All other experimental forming the A-ring lactone of C4 desacetyl correolide to a

conditions have been previously describ@a)( tetrahydrofuran C3 carboxylic acid9. o
Correolide and C1212 dehydrocorreolide display similar

Membrane Potential Measurementehe distribution of — hotencies as inhibitors 8fRb* efflux from CHO/Kv1.3 cells
the lipophilic cation fH]tetraphenylphosphonium in human  ith ICses of 86 and 75 nM, respectively (Figure 1A). These
peripheral blood T lymphocytes was measured as previouslycompounds are 14- and 66-fold, respectively, more potent
described %). than their C4 desacetyl congeners. Titration of inhibitory

Protein DeterminationMembrane protein was determined ~activity reveals monophasic profiles and Hill coefficients of

Weissmann23), as modified by Newman et al24). correolide or C1112 dehydrocorreolide can be reversed by

. o o washing cells. Compounds were preincubated with CHO/
~Data Analysis Equilibrium binding models and curve  ky1 3 cells for 10 min, and cells were washed several times
fitting of the experimental data have been previously pefore depolarization with high-potassium buffer to begin
described9). For association experiments, kinetic parameters efflux. Under these conditions, about 50% of the block
were determined by nonlinear least-squares fitting to Bound produced by saturating concentrations (850 nM) of correolide
= Beq(1 — exp[-In(2) x time/Thalf)], where Beq is the  or C11-12 dehydrocorreolide could be reversed.
amount bound at equilibrium and Thalf is the time at which  For specificity studies, correolide was tested in 108
Bound= 0.5Beq. The time course of dissociation was fitted receptor ligand binding and enzymatic assays in a standard
to the equation Boung BndO x exp[—In(2) x time/Thalf], PanLabs screen. There was no significant inhibitory activity
where BndO is the amount of ligand bound at tireO. (>25%) against any of these targets when testedie 4a
Modulation of diTC binding by KCI was fit to arbitrary  concentration approximately 40-fold higher than its Kv1.3
parameters, not based on any mathematically derived modellCso value (data not shown). It was most potent in blocking
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ligand binding to NMDA receptors (23%), sodium channels  The potency of correolide also increases with time after
(21%), 2b adrenergic receptors (21%), IL-6 receptors (24%), opening of the channel. When titrations of correolide
and 5-HT1 receptors (21%). Correolide had little or no effect inhibition are monitored after a standard 10 min preincuba-
in various other binding assays monitoring neurotransmitter tion in low potassium buffer, but terminated at short times

or hormone receptors, enzyme assays measuring kinase(10 and 30 s) after depolarizatiof®Rb" efflux is less
phosphatase or synthetase activities, or on drug/toxin bindingpotently inhibited as indicated by the highst@alues shown
to ion channels. The latter targets include assays directedin Figure 1B. Titrations performed at successively longer
against ligand-gated channels, L and N-type calcium channelsdepolarization times show progressively lowegd@alues.
and voltage-gated, ATP-dependent and small conductanceThis increased potency of block with time after depolarization

calcium-activated (apamin-sensitive) potassium channels.

may indicate that correolide is a better inhibitor of a

The effects of this structural class on a number of different conformational state of the channel which develops after
ion channels were studied in further detail. Correolide has channel opening. In marked contrast, MgTX, which is

no effect on the functional activity of either GABAor
NMDA channels expressed in Ltk cells at 30 and i,
respectively. Neither correolide nor G312 dehydrocorre-
olide has any effect on isradipine or diltiazem binding to
the L-type calcium channel in purified porcine cardiac
sarcolemmal membranes (up to 100). In voltage-clamp
measurements of L- and T-type calcium channels in guine
pig atrial myocytes, correolide at@V did not block channel
activity. Although correolide displayed some activity in Pan

Labs screens where batrachatoxin binding to rat brain sodium

channels was monitored, it is inactive at 1/ on
veratridine-stimulated®®Na* flux through rat brain IIA
sodium channels stably expressed in CHO céll).(This
compound at 1M has weak blocking effects on the high

conductance, calcium-activated potassium channel of primary

bovine aortic smooth muscle cells, and at N does not

affect the small conductance, calcium-activated potassium
channel present in human T lymphocytes. When measured
in isolated guinea pig ventricular myocytes at a concentration

of 10 uM, correolide did not blocky:, Iks, Of Ik;.

While correolide shows significant selectivity against a
variety of ion channels, it is far less selective against Kvl
series channels. [¥Rb" efflux assays employing cell lines

expected to block different states of Kv1.3 equally well, does
not vary in potency under this protocol (Figure 1B).

It might be expected that an inhibitor of Kv1.3 would
affect binding of inhibitory peptides to this channel since
other small molecule inhibitors have been found to do so
(6). However, neither correolide nor CTC12 dehydro-

acorreolide had any affect of?fl.JMgTX binding to mem-

branes prepared from either CHO/Kv1.3 cells (up ta:R0
or Jurkat cells. Similarly, data from the Pan Labs screen
revealed that correolide had no effect on ChTX binding to
Kv1.X channels in rat brain synaptosomal membrane vesicles.
[3H]C20—29 Dihydrocorreolide Binding Characteristics
A tritium-labeled analogueiH]C20—29 dihydrocorreolide
(diTC; diHC with '™H; Figure 1), was prepared by reduction
of the exocyclic C26-C29 double bond in the presence of
a Wilkinson’s catalyst17). Under physiological NaCl and
KCI concentrations, diTC associates with CHO/Kv1.3 mem-
branes in a specific, saturable fashion with a large total to
nonspecific binding ratio (Figure 2A). No specific binding
was detected with membranes prepared from nontransfected
CHO cells. The binding characteristics of diTC in CHO/
Kv1l.3 membranes are conventional as indicated by a
monophasic saturation curve (Figure 2A) and a linear
Rosenthat-Scatchard analysis (not shown). The equilibrium

stably expressing Kv1.1, Kv1.2, Kv1.5, and Kv1.6 channels, Kq determined for diTC binding is 11 nM.

the IGsgs for correolide-mediated channel inhibition are 430,

700, 1150, and 450 nM, respectively. Conditions for these

assays are identical to those for the Kv¥Rb" efflux assay,

Association rates of diTC with CHO/Kv1.3 plasma
membranes were determined under pseudo-first-order condi-
tions at 97 nM, approximately 10 times tKg value of diTC

except higher concentrations of potassium are required to(half time, 5.4 mink, of 1.19 x 10-2 min~! nM~%; Figure

maximally open the channels. Flux assays for Kv1.4 were 55 inset). Dissociation of diTC from CHO/Kv1.3 plasma
problematic due to the very short open time of this channel ,ampranes is monophasic, has a half-time of 51.1 min, and

and no meaningful titration of correolide was possible. Of
the other Kv series channels studied, correolide (%) did

not interact with Kv3.2 or Kv4 and was 20-fold weaker

against Kv2.1 than Kv1.3 in diTC binding experiments (see
below).

Characterization of the Interaction of Correolide with
Kv1.3. Potency of inhibition of®®Rb* efflux from CHO/
Kv1.3 cells increases with time of preincubation. The
correolides were preincubated for either 10 or 240 min
followed by an efflux period of 15 min in depolarizing buffer.
In the experiment shown in Figure 1A, the potency of
correolide increases 7-fold (icof 12 nM). Similarly, the
potency of C1+C12 dehydrocorreolide increases 2-fold.

yields a first-order rate constarikt,; of 1.36 x 1072 min~2,
Dissociation of diTC from intact CHO/Kv1.3 cells has a
similar half-time of 57 min, under essentially identical
binding conditions (data not shown). TKg determined for
diTC binding in membranes from the combination of
association and dissociation constants is 11.4 nM, which is
very close to the 11 nM value determined in equilibrium
saturation binding studies.

To determine the effect of Kon the interaction of diTC
with Kv1.3 channels, ligand binding was monitored in the
presence of KCI concentrations ranging from:2@ to 300
mM (Figure 2B). Except for 300 mM KCI, the total
concentration of KCl and NaCl was maintained at 135 mM.

However, the potency of the more hydrophilic C4 desacetyl Stimulation of diTC binding occurs from 1M to 10 mM
correolide does not increase upon extended exposure to CHOKCI, and decreases at higher KCI concentrations.

Kv1.3 cells. Although some correolide analogues display

From the data presented above, it is apparent that diTC

increased potencies with longer incubations, standard assayand MgTX bind to different sites on Kv1.3. One MgTX
protocols were set at the 10 min preincubation to facilitate molecule is thought to bind per channel tetran#s)( To

high-throughput assays.

determine the relative ratio of MgTX and diTC binding sites,
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Ficure 2: DITC binding to plasma membranes prepared from CHO/Kv1.3 cells. (A) Equilibrium binding. Membranes were incubated with
increasing concentrations of diTC in the abserl ¢r presence®) of 10 uM diHC at room temperature fal h asdescribed in the
Experimental Procedures. Specific binding),(determined as the difference between total and nonspecific binding, was fit as described in
the Experimental Procedures. (Inset) Kinetics of binding. Both associafipard dissociation®) experiments were performed at room
temperature. For association, membranes were incubated with 97 nM diTC for the indicated periods of time. Nonspecific binding, determined
in the presence of 1AM diHC, is time invariant and has been subtracted from the experimental points. After preincubation with diTC,
dissociation kinetic reactions were initiated by addition ofu diHC. The fit of specific binding data, as described in the Experimental
Procedures, yields a pseudo-first-order association rate conktahiof 0.001 19 nM! min-1, with a t;;, of 5.4 min, and a first-order
dissociation rate constark () of 0.0136 mirt?, with aty;, of 51.1 min, giving aKqy (k-1/k}+1) of 11.4 nM. (B) KCI dependence of diTC

binding to Kv1.3. HEK 293/Kv1.3 plasma membranes were incubated with diTC in a medium consisting of 135 mM NaCl and 20 mM
TrisHCI, pH 7.2, in the absenc©j or presencel) of increasing concentrations of KCI. (C) Binding d#3,)MgTX and diTC to CHO/

Kv1.3 cells. [24,)MgTX (@) or diTC (@) was incubated with CHO/Kv1.3 cells f@ h atroom temperature. The incubation medium
described in the Experimental Procedures was identical for both ligands. Binding parameters were determined by Rosenthal-Scatchard
analysis. DITC: Byax = 132 000 sites/cellKg = 30 nM. [}23,]JMgTX: Bmax = 135 000 sites/cellKy = 22.5 pM.

intact CHO/Kv1.3 cells were employed because vesicles arequently, equilibrium experiments with synaptic membranes
of mixed membrane polarity and Kv1.3 inhibitory peptides were performed with overnight incubations. In addition,
penetrate plasma membrane vesicles poorly, unlike thedissociation of ligand occurs with a half time of 12 h and
correolides (see Figure 4A and below). Maximal binding was yields ak-; of 9.3 x 104 min~'. The K4 calculated from
determined by RosenthaBcatchard analysis and shows these values is 3.7 nM, which is in good agreement with the
approximately 130 000 binding sites/cell for both ligands Ky measured in equilibrium saturation binding. Incubation
(Figure 2C). This equivalence d@qax indicates that the  of diTC overnight with CHO/Kv1.3 plasma membranes did
triterpenes, like the peptidyl inhibitors, bind to the channel not change the observeldy in this preparation. Nearly
tetramer with a 1:1 stoichiometry. Th& for diTC was 30 identical equilibrium and kinetic-binding parameters for diTC
nM, a value that is 3-fold higher than that measured for are observed with rat brain synaptic membranes (data not
binding of ligand to plasma membranes prepared from the shown).

same cell type. Th&, for [*?9,]MgTX at 22.5 pM is in the To determine whether diTC binding in brain occurs to Kv2
same range as has been reported for toxin binding to Kv1.3or Kv3 series channels, membranes were prepared from COS
in plasma membrane®9)( cells transiently transfected with Kv2.1 or Kv3.2 in which a

Purified rat brain synaptic membrane preparations have myctag was incorporated at the C terminus. Although both
previously been used to characterize the binding of Kv1.X channels were well expressed according to Western analysis
selective peptides and are predominantly heteromultimeric for myc expression, binding of diTC was detected only to
complexes of Kv1.1 and Kv1.2 channeld(12). In addition, membranes containing Kv2.1 channels. The affinity of diTC
this preparation contains channels from the Kv2, Kv3 and for Kv2.1 as compared to Kv1.3 was reduced 20-fd{d ¢f
Kv4 families 27). However, Kvl channels in human brain 200 nM). No binding was observed with 10 nM diTC to
membranes have not been similarly characterized and diTChuman cardiac ventricular muscle sarcolemmal membrane
was used as a probe for this purpose. Binding of diTC to vesicles, known to contain Kv2 and Kv4 series chanrizfs (
synaptic membranes was observed to be specific and29) (protein < 5 mg/mL). DiTC did not bind to purified
saturable and to occur to a single population of sites. As sarcolemmal membrane preparations derived from either
shown in Figure 3A, diTC binds to this membrane prepara- bovine aortic or tracheal smooth muscle, rich sources of the
tion with an affinity (Kg = 5.2 nM) similar to that measured  high conductance calcium activated (maxi K) channgG (
for Kv1.3. However, the association and dissociation kinetics 31), nor did it bind to plasma membranes derived from
of diTC binding to synaptic membranes are markedly COS-1 cells transiently transfected withand 5 subunits
different from those measured with Kv1.3 (Figure 3A, inset). of the maxi K channel32).

The association rate constant (26104 min~! nM™?) is The specificity of diTC for Kv1 channels in human brain
5-fold slower than for Kv1.3 (Figure 3A, inset). Conse- synaptic membranes was determined in immunoprecipitation
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Ficure 3: DITC binding to human brain synaptic membranes. (A) Equilibrium binding. Human brain synaptic membranes were incubated
with increasing concentrations of diTC for 20 h at room temperature. Nonspecific bir@jnddtermined in the presence of AM diHC

is subtracted from total bindindl) to determine specific bindingA). (Inset) Kinetics of binding. For association); membranes were
incubated with 10 nM diTC for the indicated periods of time at room temperature. After incubation with diTC, dissodgtiaag

initiated by addition of 1M diHC and samples were incubated at room temperature for the indicated periods of time. Fit of specific
binding data as described in the Experimental Procedures yields a pseudo-first-order association rate ks {00 255 nitt

min~1, with aty, of 111 min and a first-order dissociation rate consté&nt)(of 0.0093 mim?, with at;;, of 745 min. TheKy, calculated

ask_y/ kyq, is 3.7 nM. (B) Immunoprecipitation of solubilized diTC binding sites from human brain membranes. Digitonin-solubilized
human brain diTC receptors were precipitated using saturating concentrations of the indicated anti-Kv1 or anti-maxi-K channel antibodies,
as indicated in the Experimental Procedures. The percent of total receptors precipitated, defined by the sum of receptors present in the
pellet and those in the supernatant, under each specific condition, is indicated.
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Ficure 4. Pharmacology of diTC binding to Kv1.3 or human brain synaptic membranes. Membranes derived from CHO/Kv1.3 cells (A)
or human brain synaptosomes (B) were incubated with 10 nM diTC in the absence or presence of increasing concentrations of either
AgTX-1 (2), AgTX-2 (@), ChTX (), a-DaTX (a), IbTX (O), or MgTX (). Incubations in A were carried outrf@ h and in B for 20

h at room temperature. Inhibition of binding was assessed relative to an untreated control. Half-maximal inhibitory concentrations in
nanomolarity: (A) MgTX, 2.7; ChTX, 11.4; AgTX-1, 4.8; AgTX-2, 7.4; (B) MgTX, 0.32; ChTX, 1.3; AgTX-1, 0.31, AgTX-2, &-DaTX,

0.92. For comparison, diHC caused complete inhibition of diTC binding witg\@lues of 11 and 9.1 nM in panels A and B, respectively.

experiments (Figure 3B). Between 70 and 80% of solubilized provided about the same amount of additional immunopre-
diTC binding sites can be precipitated by either Kv1.1, cipitation, which was greater than 90%. Antibodies raised
Kv1.2, or Kv1.4 antibodies, whereas a much smaller amount against either the. subunit of the maxi K channel or Kv1.5

was precipitated by anti-Kv1.3 or anti-Kv1.6 antibodies. were unable to immunoprecipitate diTC-binding sites. These
Combinations of Kv1.1, Kvl.2 and Kv1.4 antibodies all data indicate that most of the diTC binding in human brain
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£ to be isolated from a natural product source. This compound
& 18,0004 ® blocks Kv1.3 in flux experiments, and a radiolabeled
] ® derivative, diTC, is a high-affinity ligand for this channel.

£ 14,000 While correolide is 4-14-fold weaker in inhibiting?®Rb*

E : efflux through other Kv1 series channels, it is highly selective
z 10,000- against all other channel and receptor assays in which it was
=) e tested. Correolide has a large complex structure with several
Z 6000 ®° potentially reactive functionalities. However, the reversibility

3 3 of both channel block and ligand binding indicates that
= correolide does not react covalently with Kv1.3. Equivalence

[Correolide] nM of maximal binding of diTC and MgTX implies that one
FIGURE 5: Effect of correolide on membrane potential in human correolide molecule binds per channel tetramer and is
peripheral blood T lymphocytes. Purified human T cells were sufficient to block the channel. The binding constant for diTC
incubated fo 4 h with PH]TPP* in the absence or presence of s of higher affinity than its potency in blockirf§Rb* efflux
increasing concentrations of correolid®)( Cells were assayed for through Kv1.3, but this difference decreases with increased
[BH]TPP* content. The effect of saturating concentrations (50 nM) . S . .
of MgTX is indicated ©). premcgbat_lon time in the flux assay. Increase in potency of
] o correolide in the efflux assay with time after addition of high
is to heterotetramers consisting of Kv1.1, Kv1,2, and Kv1.4 ,assium suggests that correolide interacts better with Kv1.3
subunits with small contributions of Kv1.6 or Kv1.3. in a depolarized state than at resting potential. DITC also
_ Molecular Pharmacology of diTC Bindingeveral pep-  pings to Kv1 channels in human brain synaptic membranes,
tides have been shown to be potent inhibitors of KvB3 (bt immunoprecipitation and binding experiments indicate
26, 33-36). A series of these peptides were analyzed for o ¢iTC identifies other Kvl channels besides Kv1.3 in
their ability to affect diTC binding to CHO/KVL.3 plasma s preparation. The ability of correolide to depolarize
membranes. As shown in Figure 4A, four known Kv1.3 h,nan peripheral blood T lymphocytes to the same level as
'nh'_b"Fory peptides, MgTX, ChTX,'AgTX-l_, and AgTX-2', MgTX predicts that correolide will block T-cell activation
exhibit potent block of diTC binding. Their rank order is  jn’3 manner similar to that of the peptidyl Kv1.3 inhibitors.
similar to that observed for inhibition of]MgTX binding : , )

In the evaluation of different structural motifs, the

(9). Two peptides have no effect on diTC binding; IbTX, a ) .
selective blocker of the maxi K chann@?, anda-DaTX, equivalency of the C ring unsaturated G2 dehydro-
an inhibitor of Kv1.1, Kv1.2, and Kv1.636, 38, 39). The correolide with correolide suggests that the structural con-

Kv1.3 blocking peptides, which are known to bind in the straints within this portion of the C ring are not important
outer vestibule of the channel, only inhibit half of diTc for channel blocking activity. However, the C4 substitution
binding. In contrast, diHC blocks diTC binding completely 2PP€ars critical for potency as indicated by the loss of activity

with an 1G of 11 nM. Complementary experiments were of the C4 des_acetyl versions of correolld_e and €12 _
performed by monitoring diTC binding to human brain dehydrocorrgoh.de.z. 'I;he+C4 desacetyl correolide THF_C_:3 acid
synaptic membranes (Figure 4B). Similar to the results shown ©nly weakly inhibits®®Rb" efflux under standard conditions.
above, the five peptides known to block brain Kvi.X  Correolide analogues have several potentially reactive
channels 10, 13) inhibited only half of the diTC binding in ~ functionalities such as the E-ring epoxide, the exocyclic
these membranes. Compounds that were strongly inhibitoryC20—29 double bond, and an unsaturated carbearbon
in both sets of experiments, MgTX, ChTX, AgTX-1, and bond positionedo/f to the lactone carbonyl, which is a
AgTX-2, are more potent in their inhibition of diTC binding potential site for Michael addition. Several lines of evidence
to synaptic membranes than to Kv1.3, consistent with their suggest that these groups do not participate in covalent
potency against brain recepto83.(The maxi K blocker IbTX modification of Kv1.3. First, C4 desacetyl correolide, THF
also has no affect on diTC binding to synaptic membranes. C3 acid, with most of the potentially reactive moieties, is
Unlike the observation with Kv1.3 membranes, diTC binding very weak in thé®Rb* efflux assay (Figure 1A). Note that
to synaptic membranes is inhibited byDaTX, consistent  other members of the THF A ring series of compounds exist
with the reported selectivity af-DaTX for Kv1.1 and Kv1.2 that are quite active as Kv1.3 inhibitors (in preparation). The
channels 10, 39). high selectivity of correolide against non-Kv1 family chan-
Effects of Correolide on Human Peripheral Blood T nels, the partial depolarization of human T cells, and the
LymphocytesSimilar to the effect of peptidyl blockers of  reversibility of both binding and block of flux all indicate
Kv1.3, correolide depolarizes human peripheral blood T that the potentially reactive structural moieties of this
lymphocytes as measured by the reduction®efitietraphe- molecule are largely benign.

nylphosphonium ion partitioning across the plasma mem-  Tne increased potency of correolide in tHRb* efflux
brane (Figure 5). The concentration dependence is steep aggssay with time of preincubation indicates that equilibrium
has been observed with the peptide channel blockgrs ( is not reached under the standard 10 min preincubation
Correolide exhibits an Efg of 400 nM and depolarizes the  protocol. Correolide also increases in potency with time after
T cells to the same extent as a saturating concentration Ofinitiating the efflux assay. Increasing the potency of corre-
MgTX. olide at longer post depolarization times suggests that a
DISCUSSION significant amount of blo_ck occurs a_fter_most of the channels
have gone through opening or inactivation cycles. These data

The nortriterpene correolide is the first potent, small predict that correolide prefers to bind to some state of the

molecular weight inhibitor of Kv1 series potassium channels channel other than the closed state.

100
10,0004
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Correolide exhibits a complex interaction with peptide to be a high-affinity probe for Kv1.4 and Kv1.5 channels,
binding to the outer vestibule of the pore of Kv1.3. This the contribution of these proteins to Kv1 channel complexes
molecule shows no measurable effect BAJMgTX binding can now be assessed. Interestingly, Kv1.5 does not appear
to plasma membranes prepared from either Jurkat or CHO/to be present in human brain synaptic membranes, while
Kv1.3 cells. However, reverse coupling is shown by peptide Kv1.4 appears to be present in complexes with Kv1.1 and
toxin inhibition of diTC binding to plasma membranes. Only Kv1.2 channels. Similar results have been obtained for
half of the diTC binding is inhibited, presumably because immunoprecipitation of diTC bound to rat brain synaptic
plasma membranes are vesicles of mixed sidedness (roughlynembranes (data not shown).

50:50, outside outinside out) that are permeable to diTC,  The only other small molecular weight inhibitor of Kv1.3
but not to the peptides. Potencies of various inhibitory ot has been well characterized in the literature is WIN
peptides are approximately what would be expected undery7317.3, an iminodihydroquinoline from SterlingVinthrop
the near physiological salt conditions employed for the assay () that was discovered as an inhibitor of ChTX binding to
9. Thesg data suggest that binding of _peptide to the pore j,rkat cells (IGo = 80 nM). WIN 17317-3 was reported to
of Kv1.3 induces a channel conformation that alters the gg|ectively block only Kv1.3 and Kv1.4 among all other Kv1
structure qf the nortriterpene receptor to inhibit the interaction ggries channels testedD]. WIN 17317-3 is a use-dependent
of correolide. , , , blocker and inhibits Kv1.3 with an I of 350 nM when

_ An additional c_ouplln_g between correolide gnﬁ-&ndmg_ measured by patch voltage-clamp techniq@sif addition,
sites on Kv1.3 is indicated by the potentiation of diTC this compound was reported to have immunosuppressant
binding to plasma membranes as a function of potassium gcivity in in vitro protocols with human T cells. However,
concentration. It has previously been shown that low levels \y N 17317-3 was found to be a potent blocker of voltage-
of K* (optimum at 3-10 mM) are absolutely required for 45164 sodium channel#, 42), which would compromise
the binding of peptide ligands to Kv1.3)( The same K its ability to be analyzed for imimunosuppressant activity in

concentration range enhances diTC binding, but is not, e animal models. Furthermore, WIN 17317-3 does not
absolutely necessary for the interaction of this ligand with 5ok human T cell activation in the same fashion as the

the channel. One possible explanation is thatdihds to a Kv1.3 inhibitory peptides, suggesting some nonspecific

site i_n' the pore Whose occupancy is necessary to stabilize g aractions in these cell based assays (G. Koo et al.,
specific conformation of the channel. The decreased StimUIa'unpublished observations).

tion observed at higher concentrations of KCI may be an , . )

indication of inhibitory action at a different site on the _ [<v1.3 sets theresting potential in human peripheral blood

channel. T lymphocytes at approximately50 mV (2). It has been
shown that peptides that block Kv1.3 depolarize human T

Only a single MgTX is thought to interact with the I ;
tetrameric Kv1.3 channel and is believed to bind across all C€lS 10 approximately-30 mV where other conductances
maintain this depolarized resting potential. It is predicted,

four of the identicabt subunits through multiple attachment ; S
sites in the outer vestibule of the por@6|. Thus, the therefore, that selective small molecule Kv1.3 inhibitors

equivalence of maximal diTC and MgTX binding to CHO/ would al_so depolarize T cells to this same potential. The
Kv1.3 cells, coupled with the Hill coefficient of 1 observed observation that the extent of depolarization by correolide

in the5Rb" efflux experiments, is consistent with occupancy is the same as that produced by a saturating concentration
of a single site by the correolides to effect block of the ©f MITX suggests that the correolides should be expected
channel. As discussed above, the correolide- and peptide{© @t as immunosuppressants in the same manner as has
binding sites are likely to be different, but the limitation of P€en demonstrated with MgTX.,(5).
a single correolide-binding site implies some interaction  This observation that correolide depolarizes human T cells
across multiple subunits. Although available data cannot to the same level as MgTX is significant, in that it is
distinguish among different models, the interactions of consistent with depolarization being affected only through
correolide with multiple subunits could involve direct binding block of Kv1.3 and not through any other mechanism. Our
to several subunits, block of access to other binding sites,experience indicates that less selective Kv1.3 inhibitors
or indirect allosteric interactions mediated through a single depolarize human T cells to 0 mV and probably have effects
subunit interaction. Nonetheless, it is postulated that corre- on additional targets in these cells. Thus, the correolide class
olides share with MgTX the ability to affect several subunits of compounds appears to have appropriate characteristics for
simultaneously. development of an immunosuppressant. Since homotet-
The specificity of correolide for Kvl channels is further rameric Kv1.3 is the only known Kv series channel present
demonstrated in immunoprecipitation experiments with solu- in human T lymphocytesd( 34, 43, 44) and since correolide
bilized human brain diTC-binding sites. Most of the diTC is selective as a voltage-gated potassium channel inhibitor
binding can be immunoprecipitated by a combination of inthese cells, itis predicted to work the same way as peptidyl
Kv1l.1, Kv1.2, and Kv1.4 antibodies. These data suggest thatinhibitors in both in vitro and in vivo immunological assays.
other types of voltage-gated’kchannels such as Kv2, Kv3, Data to be reported completely support this expectation (G.
and Kv4 do not contribute to the high-affinity receptor for Koo et al., in preparation). At50 to —60 mV, a few open
diTC. Although peptidyl blockers of Kv1 channels have been Kv1.3 channels will maintain the resting potential. Cell
useful in determining the subunit composition of such depolarization can occur upon preferential binding of inhibi-
channels in rat brainl(, 12), some channels such as Kv1.4 tors to channels after they have opened, suggesting a feed-
and Kv1.5 are not sensitive to those inhibitors. Therefore, forward mechanism for correolide action. This is an ideal
the possible existence of homomultimeric Kv1.4 and Kv1.5 mechanism for Kv1.3 inhibitors being developed as immu-
channels has not been determined. Since diTC is expectechosuppressants.



4930 Biochemistry, Vol. 38, No. 16, 1999

ACKNOWLEDGMENT

The authors would like to thank Drs. C. Cohen, E. Ertel,
R. Leonard, O. McManus, J. Salata, M. Smith, and K.
Wafford for their help in performing ion channel selectivity

assays with correolide, Dr. M. Hanner for his assistance with

the transient expression experiments of Kv and maxi-K
channels in COS-1 cells and Dr. G. Koo for allowing us to

cite unpublished immunological data. In addition, the authors

would like to thank Drs. H.-G. Knaus and H. Glossmann
for supplying human brain and heart tissue from which
membranes were prepared.

REFERENCES

1.Lin, C. S,, Boltz, R. C., Blake, J. T., Nguyen, M., Talento,
A., Fischer, P. A., Springer, M. S., Sigal, N. H., Slaughter, R.
S., Garcia, M. L., Kaczorowski, G. J., and Koo, G. C. (1993)
J. Exp. Med. 177637-645.

. Leonard, R. J., Garcia, M. L., Slaughter, R. S., and Reuben,

2
J. P. (1992Proc. Natl. Acad. Sci. U.S.A. 820094-10098.

3. Partiseti, M., Ledeist, F., Hivroz, C., Fischer, A., Korn, H.,
and Choquet, D. (1994). Biol. Chem. 2693232732335.

4. Slaughter, R. S., Garcia, M. L., and Kaczorowski, G. J. (1996)
Curr. Pharmaceut. Design,510-623.

5. Koo, G. C., Blake, J. T., Talento, A., Nguyen, M., Lin, S.,
Sirotina, A., Shah, K., Mulvany, K., Hora, D., Cunningham,
P., Wunderler, D. L., McManus, O. B., Slaughter, R.,
Bugianesi, R., Felix, J., Garcia, M., Williamson, J., Kaczo-
rowski, G., Sigal, N. H., Springer, M. S., and Feeney, W.
(1997)J. Immunol. 1585120-5128.

6. Hill, R. J., Grant, A. M., Volberg, W., Rapp, L., Faltynek, C.,
Miller, D., Pagani, K., Baizman, E., Wang, S., Guiles, J. W.,
and Krafte, D. S. (1995Mol. Pharm. 48 98—104.

7.Burgess, L. E., Koch, K., Cooper, K., Biggers, M. S.,
Ramchandani, M., Smitrovich, J. H., Gilbert, E. J., Bruns, M.
J., Mather, R. J., Donovan, C. B., and Hanson, D. C. (1997)
Bioorg. Med. Chem. Lett.,7.047-1052.

8. Salinas, M., Duprat, F., Heurteaux, C., Hugnot, J. P., and
Lazdunski, M. (1997)). Biol. Chem. 27224371-24379.

9. Helms, L. M. H., Felix, J. P., Bugianesi, R. M., Garcia, M.
L., Stevens, S., Leonard, R. J., Knaus, H. G., Koch, R.,

Wanner, S. G., Kaczorowski, G. J., and Slaughter, R. S. (1997)

Biochemistry 363737-3744.

Dolly, J. O., and Parcej, D. N. (1998)Bioenerg. Biomembr.

28, 231-253.

Koch, R. O., Wanner, S. G., Koschak, A., Hanner, M.,

Schwarzer, C., Kaczorowski, G. J., Slaughter, R. S., Garcia,

M. L., and Knaus, H. G. (1997). Biol. Chem. 27227577

27581.

Koschak, A., Bugianesi, R. M., Mitterdorfer, J., Kaczorowski,

G. J., Garcia, M. L., and Knaus, H. G. (1998)Biol. Chem.

273 2639-2644.

Knaus, H. G., Koch, R., Eberhart, A., Kaczorowski, G. J.,

Garcia, M. L., and Slaughter, R. S. (199ijpchemistry 34

13627-13634.

14.1som, L. L., Jongh, K. S. D., and Catterall, W. A. (1994)
Neuron 12 1183-1194.

15. Garcia, M. L., Hanner, M., Knaus, H.-G., Koch, R., Schmal-
hofer, W., Slaughter, R. S., and Kaczorowski, G. J. (1996)
Adv. Pharmacol. 39425-471.

16. Goetz, M. A., Hensens, O. D., Zink, D. L., Borris, R. P.,
Morales, F., TamayoCastillo, G., Slaughter, R. S., Felix, J.,
and Ball, R. G. (1998)etrahedron Lett. 392895-2898.

17. Baker, R. K., Bao, J. M., Kayser, F., Parsons, W. H., and
Rupprecht, K. (1998) U.S. Patent 5,363,478, Merck & Co.,
Inc.

18. Baker, R. K., Bao, J. M., Kayser, F., Parsons, W. H., and
Rupprecht, K. (1998) in U.S. Patent 5,679,705, Merck & Co.,
Inc.

10.
11.

12.

13.

Felix et al.

19. Baker, R. K., Bao, J. M., Kayser, F., Parsons, W. H., and
Rupprecht, K. (1998) in U.S. Patent 5,679,156, Merck & Co.,
Inc.

20. Koschak, A., Koch, R. O., Liu, J., Kaczorowski, G. J.,
Reinhart, P. H., Garcia, M. L., and Knaus, H. G. (1997)
Biochemistry 361943-1952.

21. Defarias, F. P., Stevens, S. P., and Leonard, R. J. (1995)
Receptors Channels 273-281.

22. Knaus, H.-G., Folander, K., Garcia-Calvo, M., Garcia, M. L.,
Kaczorowski, G. J., Smith, M., and Swanson, R. (1994)
Biol. Chem. 26917274-17278.

23. Schaffner, W., and Weissmann, C. (19A8gl. Biochem. 56
502-514.

24. Newman, M. J., Foster, D. L., Wilson, T. H., and Kaback, H.
R. (1982)J. Biol. Chem. 25611804-11808.

25. West, J. W., Scheuer, T., Maechler, L., and Catterall, W. A.
(1992) Neuron 8 59-70.

26. Alyar, J., Withka, J. M., Rizzi, J. P., Singleton, D. H., Andrews,
G. C,, Lin, W,, Boyd, J., Hanson, D. C., Simon, M., Dethlefs,
B., Lee, C. L., Hall, J. E., Gutman, G. A., and Chandy, K. G.
(1995)Neuron 15 1169-1181.

27. Chandy, K. G., and Gutman, G. A. (1995) Htandbook of
Receptors and Channgslorth, R. A., Ed.) CRC Press, Boca
Raton.

28. Brahmajothi, M. V., Morales, M. J., Rasmusson, R. L.,
Campbell, D. L., and Strauss, H. C. (19%@ce-Pacing Clin.
Electrophysiol. 20388—-396.

29. Sanguinetti, M. C., Johnson, J. H., Hammerland, L. G.,
Kelbaugh, P. R., Volkmann, R. A., Saccomano, N. A., and
Mueller, A. L. (1997)Mol. Pharm. 51 491—-498.

30. Garcia-Calvo, M., Knaus, H. G., Garcia, M. L., Kaczorowski,
G. J., and Kempner, E. S. (1998)oc. Natl. Acad. Sci. U.S.A.
91, 4718-4722.

31. Vazquez, J., Feigenbaum, P., Katz, G., King, V. F., Reuben,
J. P., Roy-Contancin, L., Slaughter, R. S., Kaczorowski, G.
J., and Garcia, M. L. (1989). Biol. Chem. 26420902~
20909.

32. Hanner, M., Schmalhofer, W. A., Munujos, P., Knaus, H. G.,
Kaczorowski, G. J., and Garcia, M. L. (199oc. Natl. Acad.
Sci. U.S.A. 942853-2858.

33. Garcia, M. L., Garcia-Calvo, M., Hidalgo, P., Lee, A., and
MacKinnon, R. (1994 Biochemistry 336834-6839.

34. Price, M., Lee, S. C., and Deutsch, C. (1988)c. Natl. Acad.
Sci. U.S.A. 8610171-10175.

35. Sands, S. B., Lewis, R. S., and Cahalan, M. D. (198%en.
Physiol. 93 1061-1074.

36. Grissmer, S., Nguyen, A. N., Aiyar, J., Hanson, D. C., Mather,
R. J., Gutman, G. A., Karmilowicz, M. J., Auperin, D. D.,
and Chandy, K. G. (1994)Mol. Pharm. 45 1227
1234.

37. Galvez, A., Gimenez-Gallego, G., Reuben, J. P., Roy-
Contancin, L., Feigenbaum, P., Kaczorowski, G. J., and Garcia,
M. L. (1990) J. Biol. Chem. 26511083-11090.

38. Pongs, O. (1992)rends Pharm. Sci. 13859-365.

39. Harvey, A. L. (1997)Gen. Pharmacol. 287—12.

40. Nguyen, A., Kath, J. C., Hanson, D. C., Biggers, M. S,
Canniff, P. C., Donovan, C. B., Mather, R. J., Bruns, M. J.,
Rauer, H., Aiyar, J., Lepplewienhues, A., Gutman, G. A,
Grissmer, S., Cahalan, M. D., and Chandy, K. G. (1946).
Pharm. 50 1672-1679.

41. Castle, N. A,, Yu, W., Amato, G., and Wagoner, P. K. (1997)
Biophys. J. 72A141.

42. Wanner, S. G., Smith, M. M., Rupprecht, K., Baker, R.,
Glossmann, H., Kaczorowski, G. J., Garcia, M. L., and Knaus,
H. G. (1997)Biophys. J. 72A364.

43. Leonard, R., Garcia, M. L., Slaughter, R., and Reuben, J. P.
(1992)Biophys. J. 61A380.

44. Cahalan, M. D., and Chandy, K. G. (19€@rr. Opin. Biotech.

8, 749-756.

BI1982954W



