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Abstract: Although techniques such as 8Rb™ flux provide a sensitive measure of K+ channel
activity, the relatively short half-life and high-energy emission, together with the quantities of
radioactive material generated, hinder the usefulness of flux-based formats in high throughput
screening efforts. This study elaborates on the utilization of flame AAS techniques for a
nonradioactive rubidium efflux assay for BKc, channels. Utilizing HEK293 cells expressing the
BKca a subunit, a 96-well cell-based nonradioactive rubidium efflux screen for channel openers and
inhibitors was established. Known BKc, channel openers, including NS1608, NS1619, and NS-8,
activated rubidium efflux with ECsq values ranging from 1 to 4 uM in both radioactive and
nonradioactive efflux formats. Compounds such as iberiotoxin, paxilline, and charybdotoxin inhibited
rubidium efflux responses evoked by the BKc, channel opener NS1608 in both radioactive and
nonradioactive efflux formats. The ICgy values of the inhibitors in AAS format were comparable to
those derived from 8Rb* efflux assays. The present studies show that the pharmacological profiles
of BK¢a channels assessed by AAS compare well with those obtained using the 8Rb™ efflux assay,
and support the utility of nonradioactive efflux format for higher throughput screening campaigns for

novel K channel modulators.

Introduction

oLTAGE-GATED KT CHANNELS serve as attractive
drug targets for a wide variety of central nervous
system, metabolic, and cardiovascular disorders.! These
channels represent a large and diverse class of membrane
proteins, organized into several families based upon their
primary amino acid sequence and biophysical character-
istics. In many excitable cell types, including smooth
muscles and neurons, activation of K* channels gener-
ally leads to membrane hyperpolarization and subsequent
tissue relaxation or inhibition of action potential genera-
tion, whereas inhibition of K* channels tends to increase
cellular excitability.
Among the K* channels, Kca, Katp, and KCNQ type

channels have been explored for the development of open-
ers for a variety of disorders, including cardiac ischemia,
epilepsy, stroke, hypertension, bladder overactivity, erec-
tile dysfunction, obesity, and diabetes. Although progress
in the development of selective K¢, channel openers has
somewhat lagged behind that of Katp channel openers,
the unique properties of K¢, channels, particularly that of
the large conductance type (KCNMAL, BKc,), makes
them an appealing target.2 However, more recently,
openers of BK¢, channels from diverse structural classes
targeted for diverse urological and central nervous system
disorders have emerged.>~7 BKc, channels are sensitive
to both membrane potential and intracellular calcium
concentrations. Organizationally, these channels contain
a six-transmembrane domain-spanning region with a
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pore-forming « subunit, which could be associated with
accessory 3 subunit.® The « subunit of the BK¢, chan-
nel was first cloned from Drosophila melanogaster and
subsequently from other species, including human. A sin-
gle gene is known to encode the BK¢, « subunit, whereas
multiple variants of B-subunits exist. Functional BK¢,
channels can be formed solely by expression of the a-
subunit at least in recombinant systems.

Over the years, functional analysis of BK¢, channels
has primarily used electrophysiological techniques. Al-
though critical to biophysical characterization of chan-
nels, the low throughput of this technology has thus far
made it impractical for high throughput screening cam-
paigns, despite more recent enhancements in Xenopus
oocyte multiplex systems and planar array-based record-
ing technologies.>'4 Advances in fluorescence-based
technology have enabled cellular assays for functional as-
sessment of activity via ion channels using Ca2* indica-
tor dyes such as fura-2, fluo-3, and fluo-4 and by volt-
age-sensitive dyes.'>-17 Radioligand binding assays have
also been widely used to screen for ion channel modula-
tors; however, radioligand binding formats are limited by
the availability and/or affinity of the radioligand. In ad-
dition, only compounds that can influence binding of the
radioligand can be discovered, thus missing activity of
allosteric channel modulators.

lon flux is a technique that has been successfully used
to assess functional ion channel activity more directly,
unlike fluorescent indicator measures that use an indirect
readout. Typically, this technique utilizes radiotracers
such as 22Na™, 4°Ca2*, and 8Rb™ for studying Na™,
Ca?*, and K™ channels, respectively. However, the use
of radioisotopes like rubidium itself has limitations for
high capacity screening. More recently, AAS techniques
have been developed for measuring rubidium efflux via
nonselective cation channels and K™ channels.18-20 AAS
uses light absorption to measure the concentration of gas-
phase atoms. Analyte atoms are vaporized by high heat,
which then absorbs light energy to transition to higher
energy levels; the concentration of ions is determined
from the amount of light absorption. Although this prin-
ciple has been well documented, utilization of this tech-
nique for pharmacological studies and screening appli-
cations has, thus far, been limited. In this study, we have
evaluated the profile of channel openers and inhibitors of
the BKc, channels by measuring cation efflux by stan-
dard radioactive 8Rb ™ efflux and by AAS determination
of nonradioactive rubidium efflux. These studies dem-
onstrate that the pharmacological profile of the agents de-
termined by both radioactive and nonradioactive assess-
ment of cation efflux compare well, and provide further
support that AAS provides a reliable alternative for as-
sessment of ion channel activity, with potential applica-
tion to medium throughput screening assays of K* chan-
nel modulators.
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Materials and Methods

Expression of BKc, a subunit and cell culture

Total RNA from human bladder (ABS, Wilmington,
DE, U.S.A.) was reverse-transcribed into cDNA using the
first-strand cDNA synthesis Superscript kit and primed us-
ing random hexamers according to the manufacturer’s
instructions (GibcoBRL, Gaithersburg, MD, U.S.A)).
Oligonucleotides (Genbank accession number AF025999)
specific for the BK¢, « subunit were designed and used
to amplify the « subunit from human bladder cDNA us-

ing the expanded long template PCR system (Boehringer <€

Mannheim, Indianapolis, IN, U.S.A.). A single PCR prod-
uct was obtained for the BK¢, « subunit (3,465 bp), which
was subcloned into a mammalian expression vector
(pcDNA 3.1-Zeo). The BKc, a subunit construct was se-
quenced to confirm identity. HEK293 cells were trans-
fected with the BK¢, « subunit using Lipofectamine as
suggested by the manufacturer (Life Technologies, Grand
Island, NY, U.S.A.). Forty-eight hours post transfection,
antibiotic-resistant clones were selected with 100 pg/ml
zeocin (Invitrogen, Carlsbad, CA, U.S.A.). Clones were
subsequently screened by whole-cell patch clamp to iden-
tify functional cell lines.

Cells were maintained in Dulbecco’s modified Eagle
medium (Life Technologies) supplemented with 10% fe-
tal bovine serum (Hyclone, Logan, UT, U.S.A.), 5 mM
L-glutamine (Invitrogen), and 100 wg/ml zeocin (Invit-
rogen). Cells were subcultured in Costar vented cap tis-
sue culture flasks (VWR Scientific Products, West
Chester, PA, U.S.A.) at 37°C in an atmosphere of 5%
C0,/95% air. When cells achieved 80-90% confluency,
adherent cells were removed from the tissue culture flask
with cell dissociation buffer (Invitrogen) and plated on
collagen-coated 96-well plates (Biocoat, VWR Scientific
Products) for 8Rb™ efflux and AAS.

Electrophysiological recording

The patch-clamp technigque was used to measure
membrane currents in whole-cell configurations as pre-
viously described.?%?? Fire-polished patch electrodes
had a resistance of 2-5 M Q when filled with pipette
solution, which contained the following (in mM): KCl,
140; MgCl,, 1; CaCl,, 0.1; EGTA, 1; HEPES, 10; pH
7.2 with NaOH, 285 mOsm. The bath solution con-
tained the following (in mM): NaCl, 135; KCI, 5;
CaCly, 2.5; MgCl,, 1.2; HEPES, 5; pH 7.4 with NaOH,
310 mOsm. The HEK?293 cells transfected with BK¢,
« subunits were voltage-clamped at a holding potential
of —80 mV. The changes in ionic currents in the pres-
ence of compounds were measured at the testing po-
tential from —80 mV to +80 mV for 500 ms. The whole
currents were amplified using an Axopatch 200B am-
plifier (Axon Instruments, Foster City, CA, U.S.A.) and
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low-pass filtered at 5 kHz (—3 dB, four pole Bessel fil-
ter) before digitization by Digidata 1200B at a sam-
pling rate of 10 kHz.

AAS assays

Flame AAS measurements were performed using an lon
Channel Reader 8000 (Aurora Biomed Inc., Vancouver,
BC, Canada). Cells were plated at 2.5-5.0 X 10* cells/well
in 96-well plates for 24-48 h prior to assay. Cells were
loaded with 1.0 mM cold RbCI (Sigma Chemical Co., St.
Louis, MO, U.S.A.) and incubated for 18-24 h in culture
media. In all experiments, the rubidium lamp was se-
lected and the spectrometer on ICR 8000 calibrated to a
wavelength of 780 nm, because at this wavelength non-
specific absorption does not contribute to the atomic ab-
sorption signal. Calibration of the instrument was ac-
complished using varying concentrations of unlabeled
rubidium. The rubidium standards were analyzed prior to
each experiment on the spectrometer. The photomulti-
plier tube was adjusted to a voltage meter reading of
70-80%, and the absorbance integration time was set to
15 s. Samples were diluted with 200 ul of assay buffer
containing the following (in mM): NaCl, 150; CaCly, 2;
NaH,PO,, 0.8; MgCl,, 1.0; HEPES, 25; pH 7.4. A vol-
ume of 200 wul of the diluted sample was injected into the
spectrometer, followed by a 200-ul wash with assay
buffer, and the absorbance and rubidium concentration
values were determined.

Radioactive rubidium (8Rb™) efflux assays

Cells were plated at 2.5-5.0 X 10* cells/well in 96-
well plates for 24-48 h prior to assay. Cells were loaded
with 1.0-2.0 uCi/well of the radiotracer 8Rb™ (NEN
Life Science Products, Boston, MA, U.S.A.) and incu-
bated for 18-24 h in culture media. Cells were then
washed three times with assay buffer containing the fol-
lowing (in mM) HEPES, 20; NaCl, 120; KCl, 5; CaCly,
2; MgCly, 1; MgSOy, 0.4; p-glucose, 20; ouabain, 0.01;
and adjusted with NaOH to pH 7.4. Assays were initi-
ated by the addition of appropriate concentrations of test
compounds. In cases where inhibitors were assessed, as-
says were initiated after a 10-min preincubation with the
inhibitor followed by a 30-min incubation with the test
compounds. For the measurements of 8Rb™ efflux, su-
pernatants were harvested and saved in 96—well Opti-
Plates (Packard Bioscience, Meriden, CT, U.S.A.). Cells
were subsequently lysed with 1.0 M NaOH and the su-
pernatants again saved in another 96-well Opti-Plate.
EcoLume liquid scintillation fluid (ICN, Costa Mesa, CA,
U.S.A.) was added in both sets of supernatants (efflux
and lysate), and the plates were counted on a Packard
TopCount (PerkinElmer Life Sciences, Downers Grove,
IL, U.S.A)). Each test concentration of compounds was
tested in duplicate wells.

Data analysis

The basal release was defined as percent Rb* released
from cells not exposed to test compounds. The percent ru-
bidium release was defined by measuring the amount of
Rb™ released in the well after stimulation divided by the

total amount of Rb* loaded per well (% rubidium = €

[buffer of stimulated cells]/[buffer from lysed cells] X
100). To account for potential variability of cell number
per well and loading efficiency, percent rubidium was cal-

culated and normalized per well. Rubidium efflux obtained <€

from both assays (8Rb™ efflux and AAS) in the presence
of test compounds was normalized to the maximal value
obtained in the presence of 10 wM ionomycin and ex-
pressed as a percent of control. The concentration-response
curves of changes in rubidium efflux from both assays
were analyzed by nonlinear regression using Prism (Graph-
Pad Software, Inc., San Diego, CA, U.S.A.) to obtain ECsgg
or ICsq values. Results are expressed as means = SEM.

Compounds

NS1619 [1-(2-hydroxy-5-trifluoromethylphenyl)-5-tri-
fluoromethyl-1,3-dihydro-benzoimidazol-2-one] tetraethy-
lammonium, charybdotoxin, iberiotoxin, ionomycin, and
other chemicals were obtained from Research Biochem-
icals International/Sigma Chemical Co. NS-8 [2-amino-
5-(2—fluorophenyl)-4-methyl-1H-pyrrole-3-carbonitrile],
NS1608 [N-(3-(trifluoromethyl)phenyl)-N’-(2-hydroxy-
5-chlorophenyl)urea], the aryl hydroxyoxindole ana-
logue, [3-(5-chloro-2-hydroxyphenyl)-3-hydroxy-6-tri-
fluoromethyl-1,3-dihydroindol-2-one, Compound 1], and
CGS-7181 were synthesized at Abbott Laboratories (Ab-
bott Park, IL, U.S.A.). Stock solutions of compounds
were prepared in 100% dimethyl sulfoxide and diluted in
buffer before use. Paxilline was obtained from Alexis
Biochemicals (San Diego, CA, U.S.A)).

Results and Discussion

Functional expression of BKc, currents in HEK293
transfected with BKc, a subunit was initially assessed by
whole-cell patch-clamp techniques. Cells were voltage-
clamped from a holding potential of —80 mV, and ionic
currents were measured from a test membrane potential
of —80 mV to +80 mV by whole-cell patch clamp. Steep
voltage-dependent increases in ionic currents were
recorded when test potentials were above —10 mV (Fig.
1). Addition of 10 uM NS1608 further evoked increases
in ionic currents. The mean increase in currents (at +40

mV) evoked by NS1608 was 503.8 = 48.0% (n = 5; Fig. <«

1). Charybdotoxin inhibited evoked currents with a mean

ICsq value of 9.1 = 0.1 nM (n = 5; Fig. 2). These results <€

demonstrate that the stable cell line expresses functional
BKc, currents.



As noted previously, rubidium (Rb*) functions as a
surrogate permeant ion through K* channels and other
nonselective cation channels. To evaluate the interactions
of reference K* channel openers and inhibitors, rubid-
ium efflux was assessed in the stably transfected HEK293
cell line identified above using both radioactive and non-
radioactive formats. Typically, flux responses exhibited
a consistent three- to four-fold window over basal levels
in both 8Rb* flux and AAS assays. In both cases, when
experiments were carried out with transfected and un-
transfected HEK?293 cells, increases in Rb* flux were ob-
served in transfected cells only (data not shown). Fur-
thermore, the evoked increases in Rb* flux by the opener,
NS1608, were found to be sensitive to iberiotoxin,

= charybdotoxin, and paxilline, suggesting that the flux is
@}mediated through BKc, channel activation (Fig. 3).

In addition to NS1608, various structurally diverse
BKc, openers, including aryl pyrrole NS-8 and benzim-
idazolone NS1619 (Fig. 4), were assessed in flux assays.
Addition of openers evoked concentration-dependent ef-
flux, under resting conditions without further manipula-
tions. The significant flux observed under normal phys-
iological conditions could possibly be attributed to the
robust expression of BK¢, currents, which generate out-
ward currents of 10 nA or greater at +80 mV. Although
the opening probability of BKc, channels is low at mem-
brane potential ranging from —20 to —40 mV, the high
expression of BK¢, channels may compensate, enabling
sufficient channel activity to evoke Rb™* flux. Indeed, lit-
tle or no Rb* flux was observed in the cell lines ex-
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FIG.1. NS1608 evoked increases in currents from HEK293
[-V curve
cells expressing BKc, a subunit. Whole-cell currents were
o= Control recorded at test potentials from —80 mV to +80 mV from
—e- NS1608 (10 uM) the holding potential of —80 mV in control, in the presence
—~ Wash of NS1608 (10 uM), and following washout (A). The -V
curve was generated by plotting steady-state currents versus
test potential (B). In control, evoked currents showed a steep
mV voltage dependency with measurable currents starting from
—10 mV. As depicted, NS1608 further evoked reversible in-
-80 -60 -40 -20 20 40 60 80 creases in BKc, currents. O, control; @, N1619 (10 uM); V,
-5 wash.

pressing low levels of BKc, channels (data not shown).
The openers tested evoked concentration-dependent in-
creases in radioactive Rb* efflux within the concentra-
tion range 0.01-100 M with ECsq values ranging from
0.98 + 0.28 uM to 4.30 * 0.59 uM (Table 1, Fig. 5).
As shown in Fig. 3, known blockers such as iberi-
otoxin, paxilline, and charybdotoxin attenuated opener-
evoked efflux responses. To determine the potency of
blockers to inhibit Rb* efflux, cells were preincubated

100-
§ %
E 60- Control
=
£ 40- STXM
oS ™ ETX 10 M I
20' JQnA
0 . . . . . 100 ms
-11-10 9 -8 -7 6 -5
Log [Charybdotoxin], (M)
FIG. 2. Concentration-dependent inhibition of BKc, currents

by charybdotoxin. Currents were recorded at a test potential of
+80 mV from a holding potential of —80 mV. Charybdotoxin
inhibited evoked currents with an ICsg value of 9.1 = 0.1 nM
(n = 5). The inset shows sample traces of whole-cell currents
recorded in the absence and presence of 1 nM and 10 nM
charybdotoxin (CTX) (as indicated).
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FIG. 3. Analysis of cation flux using 8Rb™ and AAS. Ra-
dioactive (A) and nonradioactive (B) Rb* flux assays were used
to characterize BKc, channels expressed in HEK293 cells.
NS1608 stimulated increases in Rb™* flux, which was three- to
fourfold higher than basal flux (nonstimulated). Increases in
Rb™ flux by NS1608 were sensitive to inhibition by iberiotoxin
(IbTx), charybdotoxin (CTX), and paxilline.

with various concentrations of blockers prior to challenge
with NS1608. Under these conditions, iberiotoxin, pax-
illine, and charybdotoxin all induced a concentration-de-
pendent inhibition of Rb* efflux (Table 1). The ICg
value of iberiotoxin to inhibit Rb* flux through BKc,
channels obtained from this study is comparable to that
in a previous report.'8 The indole alkaloid, paxilline, pre-
viously shown to enhance toxin binding,?? also inhibited
efflux with an ICg value of 7.59 + 0.24 nM.

The same set of openers and blockers was used to
characterize the pharmacology of efflux measured by
AAS. Again, in good agreement with radioactive efflux
results, the ECsq values for these compounds to evoke

Rb* efflux ranged from 0.91 % 0.42 uM to 1.14 + 0.31 4

uM (n = 5). Preincubation of cells with 100 nM iberi-
otoxin or 100 nM charybdotoxin prior to the addition of
NS1608 (30 wM) completely abolished efflux responses
as measured by AAS. Further, to assess the potency of
blockers for inhibition of Rb* flux, various concentra-
tions of inhibitors were tested. Iberiotoxin, paxilline,
and charybdotoxin all evoked concentration-dependent
inhibition of Rb* efflux elicited by NS1608 (Table 1).
Iberiotoxin and charybdotoxin inhibited efflux with

ICsp values of 12.3 = 0.25 nM and 24.0 = 0.21 nM. As €

summarized in Table 1, the potencies of openers and in-
hibitors obtained from AAS measurements compare
well with those measured using conventional radioac-
tive 8Rb ™" efflux assay. Previous studies have demon-
strated the roles of the B1 subunit in gating and phar-
macological properties of BK¢, channels.238 It is to be
noted that although the cell line used in this study ex-
presses only the BKc, a-subunit, the assay, in princi-
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R = CF3: NS-1619 (MaxiPost)
Eto,c. OH H
’N H N._NH,
o A IO, T
3 o]
oY -
CF3 NS-8
cl
NS1608 R=Cl: CGS-7184

R=Me: CGS-7181

FIG. 4. Structures of selected prototypical BKc, opener standards.
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TaBLE 1. PoTENcIES oF OPENERS AND INHIBITORS OF RuBIDIUM FLUux FRoM HEK293 CeLLs ExPREssING BK . @ SuBUNIT

Efflux format
Nonradioactive
Compound (AAS)
Opener NS1608 241 = 0.68 114 = 0.31
(ECs0, uM) NS1619 3.78 = 0.35 1.02 = 0.30
NS-8 4.26 = 0.24 0.93 = 0.19
Aryl oxindole analogue 4.29 + 0.59 0.91 + 0.42
(Compound 1) 0.98 = 0.30 1.02 = 0.26
CGS-7181

Inhibitor Iberiotoxin 153 £ 0.28 12.3 = 251
(I1Cs0, NM) Charybdotoxin 484 = 0.26 240 = 211
Paxilline 411 = 0.14 759 = 0.24

For inhibition studies, efflux was evoked by addition of 30 M NS1608. Values indicated are means = SEM of three to five

observations. For structures, see Fig. 4.

ple, could be extended to functional and pharmacolog-
ical studies of various Ba combinations.

In contrast to the selective and high-affinity interac-
tion of toxins such as the peptidyl blocker iberiotoxin,
compounds that open BKc, channels are largely weak
and not very selective. Benzimidazolone analogues such
as NS-4 and NS1619 are earlier known openers of BK¢,
channels. NS1619 activates BKc, currents at 10-30 uM
in vascular and nonvascular smooth muscle, although
over similar concentration ranges, the compound also in-
hibits delayed rectifiers and calcium currents in certain

A
1207w nst608
5 A NS1619
‘g‘ 1004 v Ns8
“; ¢ Compound 1
< 80 O Cas7181
X
3
E 60-
£
=
T 40-
Q2
=]
(4
204

9 8 7 6 5 4
Log [Compound], M

tissues. NS1608 is a diphenylurea analogue that enhances
BKc, activity by shifting current activation to more neg-
ative potentials at micromolar concentrations. Other
known BK, openers reported include glycosylated triter-
pene activators such as dehydrosoyasaponin-1. Several of
the earlier known BK¢, channel openers are also known
to possess ancillary pharmacology, which limits their util-
ity as therapeutic agents or as probes to study the in vivo
therapeutic relevance of BKc, channels.! The aryl pyr-
role NS-8 has been reported to activate BK¢, currents in
guinea pig bladder cells, relax guinea pig bladder strips,

B
1207 m Ns1608
3 A NS1619
E 1007 v Ns8
.g & Compound 1
< 80 O ces7181
x
3
£ 60
£
E
S 40
Kol
3
&

20+

-9 -8

Log [Compound], M

Radioactive (

FIG. 5. Concentration-dependent increases in rubidium efflux as measured by flame AAS (A) and by radioactivity (.*Rb™, B).
Cells were loaded with rubidium as described under Materials and Methods, and the effects of test compounds, were assessed
during 30-min incubation. Efflux was assessed using AAS or counting as appropriate. Potency values of the compounds are sum-
marized in Table 1. l, NS1608; A, NS1619; ¥, NS-8; ¢, Compound 1; [J, CGS-7181.
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and suppress the excitability of dorsal root ganglion neu-
rons. Novel aryl oxindole openers where the oxindole
moiety was replaced for the benzimidazolone have been
reported. Analogues such as BMS-204352 and BMS-
191011 have emerged and been shown to have neuro-
protective properties in animal models of stroke.2425
More recently, arylquinolinone BKc, openers have been
shown to relax corporal smooth muscle and to be effica-
cious in enhancing intracavernosal pressure in animal
models of erectile function.> Nonetheless, improvements
in potency and, importantly, selectivity continue to be
sought for these agents as efforts continue toward further
development as tools or therapeutic agents.

Of various screening technologies currently available,
cation flux assays provide a simple, yet reasonably reli-
able, means of assessing ligand interaction with ion chan-
nels. Although radioactive materials such as 86Rb™"
provide a sensitive measure of K* channel activity, its
profile, including a short half-life and a high-energy emis-
sion along with the quantities of radioactivity generated,
somewhat limits its usefulness in high throughput screen-
ing efforts. Our current studies show that the pharmaco-
logical profile of openers and blockers, assessed by AAS
assays utilizing the Aurora Biomed lon Channel Reader,
is comparable to that derived by radioactive 8Rb™ ef-
flux assay, and further supports the utility of the nonra-
dioactive efflux assay for high throughput screening cam-
paigns of K* channel active compounds.
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