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Investigation of hERG1b Influence on hERG Channel
Pharmacology at Physiological Temperature
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Objective: To compare the inhibitory potencies of selected drugs (chloroquine, fluoxetine, cisapride, and ebastine [EBA]) on human
Ether-a-go-go-Related Gene (hERG) potassium channel current carried by either hRERG1a or co-expressed hERG 1a/1b channel isoforms.
Materials and Methods: Measurements of hERG current (I, ,, ) were made at 37°C from HEK-293 cells expressing either the hERG1a
isoform or co-expressing hERG1a and 1b isoforms. A standard “square” waveform voltage protocol was used to elicit I, ., and tail current
measurements were used to construct concentration-response relations for each drug. Results: For fluoxetine, cisapride, and chloroquine,
the observed potencies of inhibition of I, .. . were similar between hERG1 and 1a/1b expression conditions. Further experiments in which
the hERG1Db isoform was expressed alone also failed to show different potencies from hERG1a for these drugs. Fluoxetine was also tested
at room temperature and showed similar potencies against hERG la and 1a/1b. EBA was more potent against hERG1a than hERG1a/1b
with respective half maximal inhibitory concentration (IC,)) values of 32 nM ( 95% confidence interval [CI] 24 nM-43 nM) and 185 nM
(CI 114 nM-304 nM), a 5.8-fold difference. At ambient temperature, EBA was also more potent against hERG1a than 1a/1b, with a 2.4-fold
difference in IC, . Conclusion: Comparison of these findings with prior planar patch-clamp data suggests that automated patch-clamp data
on hERG1a/1b versus hERG 1a at ambient temperature cannot automatically be extrapolated to manual patch clamp at 37°C. The results with
EBA highlight that, during hERG screening of novel drugs, there is a case for promising candidates to incorporate some measurements on
hERG1a/1b as well as hERG1a channels.
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isoform (I, .. ..,.,,,) €xhibits markedly faster deactivation than
those containing hERGla alone (I, . ,,)-""* In addition, I, _ .
carried by (h)ERG1a/1b channels has been reported to show
faster activation and faster recovery from inactivation than (h)

ERGla expressed alone.”

INTRODUCTION

In the human heart, the rapid delayed rectifier K* current (I, )
contributes significantly to ventricular action potential (AP)
repolarization and to set the duration of the QT interval of
the electrocardiogram.!'*! The pore-forming (o) subunit of

the I, channel is encoded by human Ether-a-go-go-Related
Gene (hERG) and functional channels are comprised of
hERG subunit tetramers.” Several (h)ERG1 isoforms have
now been identified; of these, only (h)ERG1a and (h)ERG1b
seem likely to comprise functional sarcolemmal I channel
proteins.*!" hERG la and 1b are alternate transcripts of
hERG, with the hERG1b isoform possessing a shorter, distinct
N terminus, which lacks the first 16 amino acid residues that
in la interact with the S4-S5 linker and modulate open-state
stability during channel gating.[*71>'4] Consequently, ionic
current (I ) carried by channels incorporating the hAERG1b

hERG
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Biochemical evidence for a role for hERG1b in native I,
includes co-immunoprecipitation of ventricular (h)ERG1b
protein with (h) ERG1a and their co-localization to the T-tubules
in ventricular myocytes.® In cardiomyocytes derived from
human-induced pluripotent stem cells (iPSCs), knockdown
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of hERG1b using shRNA has been shown to decrease I,
markedly.') Genetic screening of the (h)ERG1b-specific
exon in 269 unrelated long QT syndrome (LQTS) patients
with no identified mutations in the usual LQTS candidate
genes uncovered a patient with a (h)ERG1b exon-specific
N-terminal mutation (A8V); this greatly reduced both (h)
ERGI1b protein levels and (h) ERGla/1b whole-cell
conductance. A second hERG1b-specific mutation (R25W)
has recently been identified in a case of intrauterine fetal
death.l' These findings strongly implicate hERG1b as a
component of human cardiac I, channels. In recombinant
systems, hERG1a and 1b form functional heteromers rather
than co-existing as pools of distinct homomeric channels.
16815181 The hERG1b N terminus contains an “RXR”
endoplasmic reticulum (ER) retention signal that limits
the surface expression of homomeric hERG1b channels.!'®
hERG1a helps overcome this retention signal and promote
hERG1b trafficking to the cell surface,!'®! with hERGla/b
N terminal interactions occurring within the ER to enable
hetero-oligomerization.!!!

The I, /hERG channel is a major pharmacological target for
antiarrhythmic (Class Ia and III) drugs and also structurally
and therapeutically diverse noncardiac drugs linked to the
acquired (drug-induced) form of the LQTS (aLQTS) and
the related arrhythmia torsades de pointes (TdP).l'*?!! The
pharmacological promiscuity of hERG appears in part to be
attributable to the presence of aromatic amino acids in the
S6 helices, which facilitate drug interactions.?*?¥ Recent
cryo-EM data suggest that hERG possesses deep hydrophobic
pockets that surround the central cavity and that may contribute
to the channel’s sensitivity to diverse drugs.”! Due to the
strong link between I, /hERG channel block, aLQTS, and
TdP, all new pharmaceuticals undergo screening against I,/
[, ;r» MoOst commonly using automated patch-clamp recording
from hERG-expressing mammalian cell lines.*!! Virtually
all pharmacological studies have focused on the hERGla
isoform, but questions arise as to whether such investigations
should include experiments on channels incorporating
hERG1b. Some studies have suggested that (h)ERG1la/1b
heteromeric channels may exhibit a shift in sensitivity for
some hERG inhibitors.®?? Thus, in one study using manual
patch-clamp at ambient (room) temperature, the selective
I /1, srg inhibitor E-4031 was suggested to exhibit reduced
potency for (h) ERG1a/1b channels compared to hERG la
alone, a difference associated with a differential time course
of inhibition.”’ However, a recent independent study, also
conducted using manual patch-clamp at ambient temperature,
has reported no significant difference between hERG1a and
hERG1b in the effects of 50 and 100 nM E-4031.27 On the
other hand, a study using automated (planar) patch clamp
experiments at ambient temperature has reported differences
between hERG1a and hERG1a/1b in blocking potency for a
number of drugs.* Manual patch-clamp remains the “gold
standard” method for the assessment of hERG channel
pharmacology,”®"! and the present study was undertaken to

address the lack of comparative pharmacological data for
hERG1a and 1a/1b at mammalian physiological temperature.

MareriaLs AND METHODS

Maintenance of cells and cell transfection

All recordings were made from HEK-293 cells either stably
expressing hERGla alone (provided by Professor Craig
January) or transiently transfected with hERG1b alone or
together with hERG1a. The hERG1b plasmid construct was
provided by Professor Gail Robertson. Cells were passaged
using a nonenzymatic agent (Enzyme Free, Chemicon
International) and maintained as previously described.?®
Experiments on hERG 1la employed the stable cell line. For
experiments on homomeric 1b channels, 24 h after plating cells
out, they were transiently transfected with 0.5 ug of the hERG
1b construct using Lipofectamine™ LTX (Invitrogen, Fisher
Scientific, Loughborough, UK) according to the manufacturer’s
instructions. For experiments on co-expressed hERG1a/1b,
0.25 pug of each of the hERG la and 1b constructs were
co-transfected.” Expression plasmid encoding CD8 was also
added (in pIRES, donated by Dr. I Bar6 and Dr. J Barhanin) as a
successful marker of transfection. Cells were plated onto small
sterilized collagen-coated glass coverslips 6 h after transfection
and recordings were made after at least 24 h incubation at
37°C. Successfully transfected cells (positive to CD8) were
identified using Dynabeads® (Invitrogen).

Electrophysiological recordings

For whole-cell patch-clamp recording, cells were continuously
superfused at physiological temperature (37°C) or at
room temperature (22°C—24°C) with an external solution
containing (in mM): 140 NaCl, 4 KCl, 2.5 CaCl,, 1 MgCl,,
10 glucose, and 5 HEPES (titrated to pH 7.45 with NaOH).
Patch-pipettes (Corning 7052 glass, AM Systems, Sequim, US)
were pulled and heat polished (Narishige MF83, Narishige
Tokyo, Japan) to 2.5-4 MQ. The pipette dialysate
contained (in mM): 130 KCI, 1 MgClL,, 5 EGTA, 5 MgATP,
and 10 HEPES (titrated to pH 7.2 using KOH). Recordings
of hERG current (I, ., .) were made using an Axopatch 200
amplifier (Axon Instruments, Molecular devices, Sunnyvale,
CA, USA) and a CV201 head stage. Between 70% and 80%
of pipette series resistance was compensated. Voltage-clamp
commands were generated using “WinWCP” (John Dempster,
Strathclyde University).

Drug selection and preparation

Fluoxetine is a selective serotonin reuptake inhibitor that
has been associated with cases of tachycardia and syncope
through inhibition of the hERG channel.””! It was selected
for this study because in planar patch-clamp experiments
at ambient temperature, fluoxetine has been reported to
be more potent against hERG la/lb than against 1a.l®
Ebastine (EBA) is a second-generation H1 receptor antagonist
that produces modest prolongation of the QT interval at high
concentrations (5-10 fold clinical doses).% It was selected
for this study because, like fluoxetine, EBA has been reported
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in vitro to be more potent against hERG 1a/1b than against
1a.% Chloroquine is an antimalarial agent that like fluoxetine
exhibits a fast open hERG channel block?®" and can prolong
the QT interval >3 Cisapride is a gastric prokinetic drug
that exhibits high-affinity gated-state-dependent block of
the hERG channel,**3 produces QT interval prolongation,
and was withdrawn from clinical use due to cases of severe
cardiac arrhythmias.?*%37]

Chloroquine-diphosphate and fluoxetine hydrochloride (Sigma,
Paisley, UK) were dissolved in deionized water (Milli-Q,
Millipore Limited, Watford, UK) to produce stock solutions of,
respectively, 50 mM and 10 mM. Both cisapride monohydrate
and EBA (Sigma, UK) were dissolved in DMSO (Sigma, UK)
at a stock concentration of 10 mM. All stock solutions were
diluted to produce stock solutions ranging down to 1 mM
and at least to 1:1000 fold with Tyrode’s solution to achieve
concentrations stated in the Results section. External solutions
were applied using a home-built, warmed, and rapid solution
exchange device.

Concentration-response relations shown in the “Results”
section were not obtained as cumulative concentration-response
relations and, typically, one drug concentration was tested per
cell recording.

Electrophysiology data analysis
I .x tail amplitude was measured between the peak of the
tail and the current elicited by the brief prepulse

outward I . .
to —40 mV, in the absence of significant I, _ . activation.3%3")

Fractional block of the /... tail was determined using the
following equation:

Fractional block = 1 — (/... drug/]hERCmeml) (Equation 1)
where /i, A0, by o TEPTEsent “tail” current amplitudes

in control and drug containing solutions, respectively.

Concentration-response relations were fitted using the
following equation:

Fractional block = 1/(1+ (IC, /[DRUG])",) (Equation 2)

where half maximal inhibitory concentration (IC,)) is drug
producing half-maximal inhibition of the /,_ . tail and n, is the
Hill coefficient for the fit. Drug exposures were kept <10 min at
37°C and correction for current run-down was not performed.
Concentration-response relations for the different expression
conditions were measured at equivalent periods of drug
exposure, allowing “isochronal” concentration-response
relations to be constructed.

Mean values in the text are presented either as mean =+ standard
error of mean or (for IC,; and n, values) as mean +95%
confidence intervals (CIs). Statistical analysis was
performed using analysis of variance (ANOVA) or #-tests
as appropriate (GraphPad Prism v5, Graphpad Software
Inc, LaJolla, USA). P <0.05 was considered statistically
significant.

ResuLts

Concentration-dependent inhibition of hERG1a and
hERG1a/1b by ebastine at 37°C and 24°C

The sensitivity of [, . . to drugs was determined by repetitive
application (every 12 s) of a “standard” voltage protocol that
has been used in numerous prior [, . pharmacology studies
from our laboratory.!?#3%-4!1 The protocol comprised of a 2-s
depolarizing voltage command from a holding potential
of =80 mV to + 20 mV followed by a 4-s repolarizing
step to =40 mV. Each application of the protocol was
preceded by a brief (50 ms) prepulse from — 80 to — 40 mV
to monitor instantaneous leak current and thus facilitate
accurate I .. tail measurement (see Methods section).
Figure 1 shows typical examples of [, .. [Figure 1Ai] and
L sraiany [Figure 1Aii] elicited by repetitive applications
of the voltage protocol shown in the lower panels of
Figure 1Ai and Aii in the absence and presence of EBA.
Currents were recorded in control and after 8§ min of drug
superfusion, at quasi-steady-state block [0.1 uM EBA in
Figure 1A]. For each concentration, the mean fractional
block of outward I, .. tail at =40 mV was calculated using
equation 1 and plotted as shown in Figure 1B and fitted
with equation 2 to obtain concentration-response relations.
The fit to the concentration-response plot for inhibition
of I ;r61, Yielded an IC, of 32 nM (CI 24 nM-43 nM)
and an n, of 0.79 (CI 0.66-0.93). For hERG1a/1b, it
was 185 nM (CI 114 nM-304 nM) (P < 0.01) (n,) of
0.67 (C10.35-0.97). Thus, the IC,  for hERG1a/1b was ~5.8
fold that of hERG la alone. To characterize further the
consequences of co-expression of hERGla with hERG1b,
we studied the time course of I, ., , inhibition and effect of
drug block on I ... time constants of deactivation for the
two expression conditions. Tail currents on repolarization
to —40 mV were fitted using a bi-exponential to derive
the fast T, and slow T, time constants of deactivation in
control and after 8-min perfusion of EBA 0.1 uM. As
previously reported, time constant values of declining
L, crGrans ON TEpolarization to —40 mV showed marked
acceleration of hERG1a/1b channel deactivation compared
to hERG1a.*!! At 8 min of exposure, 0.1 uM EBA reduced
Lsraia BY 75.7% & 3.8% (n = 8); the time constants of
deactivation on repolarization to — 40 mV were accelerated
by this drug concentration: T, was 242.4 £ 22.6 ms in
control and 187.6 + 21.3 ms in EBA (n = 8; P < 0.001 vs.
control). T, in control was 1527.2 + 136.2 ms (n = 8) and
860 = 92.7 ms in EBA (n = 8; P < 0.001 vs. control).
During 8 min of comparable recording of [, ., in control
solution, there was no significant change in deactivation
time-course (data not shown). Superfusion of EBA at
the same concentration produced 45.2 + 5.7% block of
L creiwn (=55 P<0.01 vs. 1a) with no significant change
to deactivation rate (no significant difference [NSD] vs.
control for both time constants). Time courses of inhibition
were determined as the fraction of inhibited tail current
on repolarization to — 40 mV against the time of drug
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Figure 1: (A) Representative traces for |, ...

(Ai) and |, cpq1,1, (Aii) before and during exposure to 0.1 uM ebastine at 37°C. Lower panels show voltage

protocols used. (B) Isochronal concentration-response relationships at 8 min of drug exposure. hERG 1a (circles; IC,, 32 nM [confidence interval
24-43 nM]) and hERG 1a/1b (diamonds; IC,,185 nM [confidence interval 114-304 nM]; P < 0.05 vs. 1a) (n = 4-6 cells per concentration), with
n, values of 0.79 (confidence interval 0.66-0.93) for hERG1a and of 0.67 (confidence interval 0.35-0.97) for hERG 1a/1b

application (data not shown); a single exponential fit to the
averaged plots yielded a time constant T of 246.5 + 17.4
s (n = 8 cells) for hERG1a and of 207.9 + 39.1 s for
hERG1a/lb (n =5 cells; [NSD], P> 0.05 vs. la).

Co-expression of hRERG 1a with hERG1Db has previously been
associated with a>4-fold leftward shift in IC_ compared to hERG
la in planar patch-clamp experiments at room temperature.*
To enable comparison with that study, we determined sensitivity
to EBA at room temperature of both hERG1a and hERG1a/1b.
Figure 2Ai and Aii show typical records for I . inhibition
by 1 uM EBA for hERGla [Figure 2Ai] and hERG
a/1b [Figure 2Aii] at 24°C. Concentration-response data
were obtained at 8§ min of drug exposure and are shown in
Figure 2B. These yielded an IC_, of 820 nM (CI 446-1.5
UM) (n=4-5 cells per concentration; n, = 0.72 [C1 0.67-1.11])
for hERG laand 1.93 uM (CI 1.23-3.02 uM) (n=4-5 cells per
concentration; P < 0.05; n,, = 1.19 [CI 0.65-1.73]) for 1a/1b.
Thus, at ambient temperature, co-expression of hERG 1a with
1b resulted in a directionally (rightward) similar shift in IC,
to that seen at 37°C, although it was smaller (2.4 fold that for
hERG 1a) in magnitude.

Concentration-dependent inhibition of hERG1a and
hERG1a/1b by fluoxetine, chloroquine, and cisapride at
37°C

We also compared the effects of fluoxetine on I, . carried
by hERG1a and co-expressed hERG 1a/1b. Figure 3A shows
representative traces before application (control) and in the
presence of fluoxetine (1 uM) for hERG1a [Figure 3Ai] and
hERG1a/1b [Figure 3Aii]. Inhibition of the elicited current
typically reached a quasi-steady-state block within 3 min
of drug superfusion. Isochronal concentration-response
relations for fluoxetine effects on hERGla and la/lb are
shown in Figure 3B. For hERGl1a, the derived IC,, was
1.40 uM (CI 1.20-1.65 uM) and a Hill coefficient n, of
1.62 (CI 1.17-2.07), which is in good agreement with
previously reported data.*”? Co-expression of hERGla
with hERG1b was associated with a negligible shiftin I . .
sensitivity to fluoxetine with an IC_ value for inhibition of
L crgran, ©F 1.36 UM (C10.99-1.87 uM) (P> 0.05 vs. 1a; with
an n,, for the fit of 0.93 [CI 0.64-1.22]). We also assessed the
effect of fluoxetine on deactivation rate of I carried by

hERG
hERG1a and hERG1a/1b channels. For I the estimated

hERG1a’
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Figure 2: (A) Representative traces for |, ..., (Al) and |, ..., (Aii) before and during exposure to 1 uM ebastine at 24°C. Lower panels show voltage
protocols used. (B) Isochronal concentration-response relationships at 8 min of drug exposure. hERG 1a (circles; IC,,820 nM [confidence interval
0.45-1.5 uM]) and hERG 1a/1b (diamonds; IC,,1.93 uM [confidence interval 1.23-3.02 uM]) showed differences in inhibitory potency (P < 0.05;
n = 4-5 cells per concentration) with n,, values of 0.72 (confidence interval 0.67-1.11) for hERG1a and of 1.19 (confidence interval 0.65-1.73) for

hERG 1a/1b

fast time constant T, was 176.0 + 38.2 ms in control versus
227.7+62.4ms (n=6, P>0.05 vs. control) in drug. Similarly,
the slow time constant T, before and after drug application
remained unchanged: T, was 1236.5 & 287.8 ms (n = 6) and
1414.3 £ 360.1 ms (n = 6 cells; P> 0.05 vs. in control) in
control and drug, respectively. Fits to deactivating I ...
tails yielded a t, of 74.1 £9.3 ms (n =6, P < 0.05 vs. I
and a T, of 832.1 £ 87.8 ms (n =6, P < 0.05 vs. [ ...
Similar to hERG1a, both time constants remained unchanged
after drug application with estimated values for T, and T, of,
respectively, 73.9 £ 7.2 ms (n = 6; P > 0.05 vs. in control)
and 776.6 £ 63.2 ms (n = 6; P> 0.05 vs. in control). The time
course of hERG current inhibition by fluoxetine (1 uM) was
similar between hERG 1la and 1a/lb, with time constants
of inhibition of 78.3 £ 19.9 s (n = 5 cells) for hERGla
and 86.1 = 15.2 s (n = 6 cells; NSD, P > 0.05 vs. la) for
hERGla/1b.

hERG1 a)

Thus, in recordings at 37°C, fluoxetine inhibited [, . carried
by co-expressed hERG1a/lb with similar potency and time

course to that carried by hERG 1a alone. This differs from

prior work with planar patch-clamp at ambient temperature,
in which fluoxetine was reported to be more potent against
hERG 1a/1b than against 1a.[2]

Similar experiments were carried out to assess the potency
of chloroquine [Figure 4]. We found chloroquine to inhibit
hERG1a and hERGl1a/1b at 37°C with isochronal IC, values,
respectively, of 0.89 uM (CI 0.63-1.27 uM) (n = 4-5 cells
per concentration; n, = 0.75 [CI 0.55-0.95]) and 1.43 uM
(C11.02-2.0 uM) (P> 0.05 vs. 1a; n=5-7 cells per concentration;
n,=0.81[CI0.58-1.05]). The time constants of I, .., . inhibition by
1 uM chloroquine were, respectively, 62.5+21.5sand 82.0+£23.6
s(n=>5and 5; NS, vs. 1a P>0.05). No change to the time constants
of deactivation on repolarization to —40 mV was observed.

We also investigated the sensitivity of both channel expression
conditions to cisapride [Figure 5]. Cisapride was found to
inhibithERG1a with an IC, 0f40.8 nM (CI26.2-63.7 nM) and
ann, of 0.85 (CI0.47-1.23) (n = 5-7 cells per concentration).
30 nM of cisapride inhibited I ., with a time constant T of
147.1 £ 29.4 s (n = 8 cells) and was not associated with a
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Figure 3: (A) Representative traces for | (Ai) and |

hERG1a hERG1a/1b

(Aii) before and during exposure to 1 uM fluoxetine at 37°C. Lower panels show

voltage protocols used. (B) Isochronal concentration-response relationships at 3 min of drug exposure. hERG 1a (circles; IC,, 1.40 uM [confidence
interval 1.20-1.65 uM]) and hERG 1a/1b (diamonds; IC, 1.36 uM [confidence interval 0.99-1.87 uM]) showed similar IC,; values (7 = 4-6 cells
per concentration; P > 0.05), and an apparently modest but statistically insignificant difference in n,: n, = 1.6 (confidence interval 1.17-2.07) for
hERG1a and n, = 0.9 (confidence interval 0.64-1.22) for hERG 1a/1b [P > 0.05 for analysis of variance comparison of these values and that for

hERG 1b in Figure 6]

change in [, .. rate of deactivation (P > 0.05 vs. control).
hERG 1a/1b channels were inhibited with an IC,  of 52.4
nM (CI 33.5-82.0 nM) (P > 0.05 vs. 1a, n = 4-10 cells per
concentration) and n,, of 0.65 (CI 0.37-0.94). Time course
of inhibition of I ... .. by 30 nM cisapride was similar to
that of [ .., (t=119.9 £25.4 s; n =8 cells; NSD, vs. [ ...
P >0.05) The time course of deactivation of I .. . under
drug superfusion was similar to that measured before drug

exposure (n = 8 cells; P> 0.05 vs. control).

Concentration-dependent inhibition of hERG1b by
fluoxetine, chloroquine, and cisapride at 37°C

Unlike EBA, fluoxetine, chloroquine, and cisapride showed
little difference in I .., inhibitory potency between hERGla
and hERG1a/1b expression conditions. There is considerable
electrophysiological and biochemical evidence that hERGla
and 1b form functional heteromers rather than co-exist in the cell
membrane as pools of distinct homomeric channels.[*!842 Thus,
physiologically relevant information on the effect of hERG1b
on drug sensitivity is most likely to derive from comparisons of

hERG la with co-expressed hERG1a/1b [Figures 1-5], rather
than from comparisons with homomeric hERG 1b channels.
However, we reasoned that any influence of hERG1b on
drug potency might be anticipated to be most evident under
conditions in which the hERG1b isoform is expressed alone and
that such experiments may therefore have utility for studying
inhibitory potency of drugs for which differences from hERG la
were not seen using co-expressed hERG la/1b. Consequently,
we conducted further experiments with fluoxetine, chloroquine,
and cisapride on hERG1b in the absence of co-transfected
hERGla. Figure 6A shows representative traces of I . .. before
application (control) and after quasi-steady-state of block by 1
uM fluoxetine [Figure 6Ai], 1 uM chloroquine [Figure 6Aii],
or 30 nM cisapride [Figure 6Aiii]. Similar to I, .. and
L srGranes the time course of I, .~ deactivation was assessed
using bi-exponential curve fitting of the time course of
current decline on repolarization to —40 mV. As anticipated
for hERG 1b alone, both deactivation time constants were

faster than those for I ... and I .. = ['>%IFits to plots
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Figure 4: (A) Representative traces for |, ... (

Ai) and |, ..+, (Ail) before and during exposure to 1 uM chloroquine at 37°C. Lower panels show

voltage protocols used. (B) Isochronal concentration-response relationships at 3 min of drug exposure for chloroquine inhibition of hERG1a (circles;
IC,,0.89 uM [confidence interval 0.63-1.27 uM]) and hERG1a/1b (diamonds; IC,, 1.43 uM [confidence interval 1.02-2 uM]) n = 4-7 cells per
concentration (P > 0.05 vs. 1a). Hill coefficients yielded from the fit to dose responses curves were n, = 0.75 (confidence interval 0.55-0.93) for

hERG1a and n, = 0.81 (confidence interval 0.58-1.05) for hERG 1a1b

of declining current yielded an average T, of 16.8 + 3.2
ms (n = 6; P <0.001 vs. 1a) and a 7, of 506.9 = 109.5
ms (n=6; P<0.001 vs. 1a). The relative contribution of fast
deactivation increased to 93.3 +2.2% (n=6; P <0.001 vs. 1a)
from 44.8 + 6.0% (n = 6) for la and for 65.3 = 6.0% (n = 6,
P < 0.05 vs. la) for la/lb. Thus, under our conditions,
L crar, €Xhibited distinct features that are consistent with the
hERGIb isoform’s known properties. IC, s for inhibition
of I ..., Were derived from the concentration response
curves shown in Figure 6B. Sensitivity to fluoxetine was
similar to that of I ., ., with an estimated IC, for inhibition

of I, ey OF 1.18 uM (CI 0.87-1.60 uM) (n = 4-6 cells per
concentration, P > 0.05 vs. 1a; n, = 1.23 [CI 0.61-1.84]).
Chloroquine and cisapride also showed no significant changes
in IC, for inhibition of I, ., .. For chloroquine, the derived
IC,, was 1.11 uM (CI 0.51-2.41 uM) (n = 4-5 cells per
concentration, P > 0.05 vs. 1a; n, = 0.63 [CI 0.28-0.94])
and 54.5 nM (CI 37.6-79.0 nM) (n = 5-6 cells per
concentration, P > 0.05 vs. la; n,, = 1.20 [CI 0.46-1.94])
for cisapride. Time constants for inhibition time course

were similar to that of I, ., ., for each of the three drugs tested.

In addition, both fast and slow time constants of deactivation
of I, ., ON repolarization to —40 mV remained unchanged

after drug application.

Concentration-dependent inhibition of hERG1a, hERG1a/1b,
and hERG1b by fluoxetine at room temperature

Prior data suggestive of differential pharmacological
sensitivity of heteromeric 1a/1b versus homomeric 1a channels
were carried out at room temperature.*?® Fluoxetine, in
particular, was highlighted as a drug that was more potent
against hERGla/lb than la in planar patch-clamp at room
temperature.?®! We therefore conducted additional experiments
on fluoxetine at room temperature. Figure 7Ai-Aiii shows
typical traces of currents recorded from cells expressing
la, co-expressed la/lb, or 1b alone in control and after
quasi-steady-state of block was reached following perfusion
of 3 uM fluoxetine at 24°C. Isochronal concentration-response
relations [Figure 7B] for inhibition of 1a, 1a/1b, and 1b I .
tails yielded IC, s of 1.87 uM (CI 1.48-2.37 uM) (n =46 cells
per concentration; n, = 0.89 [CI 0.67-1.11]) for 1a,
3.02 uM (CI12.20-4.14 puM) (n = 4-6 cells per concentration;
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Figure 5: (A) Representative traces for | ... (A) and | ..., (Aii)
before and during exposure to 30 nM cisapride at 37°C. Lower panels
show voltage protocols used. (B) Isochronal concentration-response
relationships at 5 min drug exposure. hERG 1a (circles; IC,,40.8
nM [confidence interval 26.2-63.7 nM]) and hERG 1a/1b (diamonds;
IC,, 52.4 nM [confidence interval 33.5-82 nM]) showed similar IC,,
values (7 = 4-10 cells per concentration) (P > 0.05 vs. 1a), with
n, values of 0.85 (confidence interval 0.47-1.23) for hERG1a and of
0.65 (confidence interval 0.37-0.94) for hERG 1a/1b

P>0.05vs. la;n, = 1.03 [CI 0.62-1.44]) for 1a/1b, and 3.31
UM (CI 2.55—-4.35 uM) for 1b (n=4-7 cells per concentration;
P>0.05vs. la; n, = 0.92 [CI 0.59-1.24]). Thus, at ambient
temperature, co-expression with 1b was associated with a
statistically insignificant change in sensitivity to fluoxetine.

Discussion

The need to establish accurate hERG half maximal
inhibitory concentration values for drug block

Pharmacological inhibition of I /I, ... is a well-accepted
surrogate marker for drug-induced proarrhythmic risk, to the
extent that an in vitro 1 /1, .. . assay is a mandatory component
of current preclinical safety testing of drug candidates under
the current ICH S7B guidelines.?'#451 However, it is well
established that comparatively few individuals who receive
particular drugs manifest clinically significant QT interval
prolongation or TdP arrhythmia and that multiple risk
factors determine the overall drug response.***8! The precise
relationship between I, . inhibition and TdP is complex and
also depends both on whether or not a drug can affect other
cardiac ion channels that offset its action on hERG and on the
relative potency of the drug against hERG and its intended
target(s).?'4 Through a comprehensive analysis of preclinical
and human data, Redfern ef al. reported that the majority of
hERG-interacting drugs without reports of TdP in humans
exhibited a >30-fold separation between hERG IC, and
effective therapeutic free plasma concentrations,*’! suggesting

that a minimal safety margin of 30 fold between C__ and
hERG IC, may be adequate for compounds in development.
It follows that, in the calculation of a drug’s safety margin, the
precise value of a compound’s IC, against [, , /I, assumes
some importance. This issue is complicated, however, by the
fact that IC values can differ between expression systems,
experimental conditions (particularly temperature), stimulus
protocol, and due to interlaboratory variability.®*> Virtually,
all studies of hERG channel pharmacology have used the
hERG 1a isoform, and the growing evidence that native I
may involve both hERG la and 1b isoforms!®*%!3-16] raises a
question as to whether or not drug screens for hERG activity
should continue to rely on hERG la alone or incorporate
work on heteromeric hERG la/l1b channels? This question
is particularly timely, as the existing safety testing paradigm
is currently under consideration and may be replaced with a
highly specified preclinical approach integrating data from a
number of different recombinant channels, hiPSC myocytes,
and mathematical modeling: The Comprehensive in vitro
Proarrhythmic Assay (CiPA) paradigm.7

Comparison between the present study and previous
studies

Although manual patch-clamp has the limitation of being
low throughput, it remains the gold standard approach for
evaluating drug actions on hERG.! The present study utilized
a standard voltage protocol and temperature to compare the
blocking potency of selected drugs against hERGla and
co-expressed hERG1a/1b. An important feature of the use of
mammalian cell line recordings at physiological temperature
for such experiments is that these conditions minimize
differences between properties of recombinant hERGla
channels and native I, " Under these conditions, only one
of the four drugs examined here showed any statistically
significant difference in [, ., IC, between hERG la and
hERG1a/1b conditions. With our standard protocol, cisapride,
chloroquine, and fluoxetine showed no significant difference
in potency between hERG1a and hERG1a/1b at physiological
temperature. Nor did the hERG 1b isoform alone exhibit
altered potency compared to hERG 1a for any of these three
drugs. EBA, on the other hand, showed a >5-fold difference
between hERG1a and hERG1a/1b IC, at 37°C and >2-fold
difference at room temperature. Plasma C__ values for EBA
after 5 days of daily oral dosing (20 mg) have been reported to
reach ~13 nM (5.98 ng/ml).*” With our IC,  values, this would
yield safety margin values of between ~2.5 (for hERG 1a) and
14 (for hERG 1a/1b) at physiological temperature. The Kd for
EBA against native guinea pig I, of 140 nM would give a safety
margin of ~11,7 closer to that seen here for hERG 1a/1b than
for hRERG 1la alone. A prior study using automated patch-clamp
reported differences between hERG1 and hERG 1a/lb in
EBA potency, but with uM IC, values (i.e., higher values
than seen here for either isoform at physiological temperature
or, previously, for native cardiomyocytes!®”). Our isochronal
concentration-response relations showed higher IC, values for
EBA at room temperature than at 37°C, which may, at least in
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Figure 6: (A) Representative traces for inhibition of |

werary DY fluoxeting 1 uM (Ai) chloroquine 1 uM (Aii) and cisapride 30 nM (Aiii) at 37°C.
Lower panels show voltage protocols used. (B) Isochronal concentration-response relationships. Fluoxetine inhibited |

with an IC,, of 1.18

hERG1b

uM (confidence interval 0.87-1.60 uM) (n, = 1.23 [confidence interval 0.61-1.84]; n = 4-6 cells per concentration), chloroquing with an IC, of
1.11 uM (confidence interval 0.51-2.41 uM) (n,, = 0.63 [confidence interval 0.28-0.94]; n = 4-5 cells per concentration) and cisapride with an IC,
of 54.5 nM (confidence interval 37.6-79 nM) (n, = 1.2 [0.46-1.94]; n = 5-6 cells per concentration)

part, involve temperature-dependent differences in solubility
of the drug!®? and/or reflect more gradual development of
block at the lower temperature. Importantly, in contrast to our
observations at both physiological and room temperature, the
prior published planar patch-clamp data suggested a greater
inhibitory potency of EBA against hRERG 1a/1b than 1a.%% The
same automated patch-clamp study prior reported fluoxetine
to be more potent against hERG 1a/1b than against hERG 1a,
which contrasts with our data at both ambient and physiological
temperatures. The basis for these differences between studies
is not clear, but may be attributable to differences in recording
method or voltage protocol.

It should be noted that the fact that we saw no significant
deviation from hERG 1la fluoxetine potency even when
hERG 1b was expressed alone argues strongly against marked
differences in fluoxetine inhibitory potency between hERG la
and 1b under physiologically relevant conditions.

One prior manual patch-clamp study reported a slower
time course of inhibition of hERGla/lb than hERG la
by the methanesulphonanilide E-4031 and a 4-fold higher
IC,, for hERGla/lb at ambient temperature.””’ Subsequent

planar patch-clamp recordings also showed differences
between hERG 1la and la/1b for E-4031 and the related
methanesulphonanilide dofetilide.? This class of drugs binds
within the hERG channel’s inner cavity, interacting strongly
with S6 aromatic residues (Y652 and F656) as well as other
residues in the S6 and pore-helical regions.[**? In structural
terms, hERG la and 1b differ from one another solely in the N
terminal region and so have complete sequence identity over
the canonical drug-binding site.[*”'?I Thus, the same canonical
drug-binding site residues within the pore are available in both
hERG1a and 1b isoforms. The reported difference between
hERG la/l1band hERG lain E-4031 sensitivity was accounted
for by in a kinetic model by inclusion of “N-liganded”
states in the hERG1a model that were absent in hERG1a/1b
heteromers.”! This issue is complicated, however, by data from
amore recent study employing manual patch-clamp that found
similar effects of E-4031 at 50 and 100 nM on hERGla and
1b isoforms.” Of the drugs investigated in the present study,
chloroquine and cisapride have been demonstrated to interact
strongly with aromatic residues in the canonical drug-binding
site.B16L63] Mutation of F656 has also been found strongly

to impair pharmacological block of I .. by fluoxetine.!*”
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Lower panels show voltage protocols used. (B) Concentration-response relationships. At room temperature, fluoxetine inhibited 1a (open circles) with an
IC,, of 1.87 uM (confidence interval 1.48-2.37 uM). hERG 1a/1b (triangles) and hERG 1b (squares) dose-response relationships showed similar IC,,

values (7 = 4-7 cells per concentration) and were inhibited, respectivel
1a) and an IC, of 3.31 uM (confidence interval 2.55-4.35 uM) (P > 0

Thus, binding residues are likely to be similar for these drugs
between hERG1a and 1b channel proteins. We have recently
reported that the HCN-channel inhibitor ivabradine inhibits
hERGla and 1a/1b with similar IC,  values and that drug
also interacts with canonical aromatic-binding residues.?"
The process of hERG channel inactivation is important for
optimal interactions of a number of drugs with their binding
site on the channel.?'??! In principle, inactivation dependence
of inhibition could be influenced for hERG1a/1b by the fact
that hERG 1la/lb heteromers have fewer N termini that can
interact with the S4-S5 linker and stabilize inactivation.[>'* By
extension, this difference would be anticipated to be greater
for homomeric 1b channels. Thus, one might speculate that, at
least under our conditions, differences between hERG 1la and
1a/1b or 1b channel kinetics due to the different N termini are
insufficient to alter significantly the potency of chloroquine,
cisapride, or fluoxetine binding, but are sufficient to reduce
EBA binding to the heteromeric channel. To our knowledge,

y, with an IC,, of 3.02 uM (confidence interval 2.20-4.14 uM) (P > 0.05 vs.
.05vs. 13)

the binding site for EBA on hERG has not yet been mapped,
though on the basis of only weak voltage dependence of
inhibition of I_, it has been suggested that the drug might not
interact with the pore region of the channel.*”

One markedly hERG 1b selective inhibitor, CD-160130, has
been identified,?”! inhibiting hERG1b with an approximate
8-fold the potency against hERG 1a.?” The actions of that
drug are resistant to mutation of F656, suggesting that it binds
elsewhere from the canonical binding site, though its action does
not seem dependent on the hERG1b unique N terminus.?” CD-
160130 has not yet been tested on hERG1a/1b heteromers.”

ImpLicATIONS AND CONCLUSIONS

Three of the four drugs investigated in the present study
showed similar inhibitory potency between hERG la,
hERG1a/1b, and hERG 1b, with a standard hERG screening
protocol. Our results with fluoxetine and EBA are notable,
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as they indicate that data in respect of comparative hERGla
and la/1b sensitivities obtained with planar patch-clamp at
ambient temperature®! cannot automatically be extrapolated to
manual patch-clamp at 37°C. That said, we do not exclude the
possibility that drugs which exhibit little difference in hERG1a
and hERG 1a/lb in blocking potency with the protocol
deployed in this study might show differences between the two
channel isoforms with different voltage stimulation protocols.
Indeed, limited additional experiments using a ventricular
AP waveform as the voltage command showed no difference
between la and 1a/1b in inhibition of peak I, . fluoxetine at
a single concentration (1 uM); cisapride however (the action
of which on hERGla has been found to be highly protocol
dependent®!) showed greater block of hERG1a/lb than la
during the AP waveform at 30 nM (data not shown). Our EBA
data indicate that it is possible to obtain significant differences
in potency for some drugs between hERG 1a and hERG1a/1b,
with the recording conditions employed here. Moreover, our
EBA data suggest that, even at a single (ambient) temperature,
results may not be readily extrapolated from automated to
manual patch-clamp. We did not test EBA against hERG 1b
alone because (i) the difference in potency between la and
la/1b was marked and native I channels are not comprised
of hERG1b alone and (ii) recordings of hERG 1b alone were
comparatively difficult to obtain (presumably due to the RXR
ER retention motif on this isoform!'®’) — consequently, we
restricted hERG1b recordings to the drugs that showed no
difference between hERGla and hERG1a/1b. On the basis
of the current findings, future structure-function work with
EBA is warranted to determine its binding site(s) on the hERG
channel, comparing the hERG 1la and 1b isoforms.

In terms of preclinical screening of novel drugs, it might be
argued that differences in potencies between hERGla and
la/1b are relatively modest and are likely to fall within a
range similar to interlaboratory, interprotocol, or preparation
differences for hRERG1a. This might suggest that experiments
on hERGla alone are sufficiently reliable for screening of
novel chemical entities. For the most part such as assertion
might hold; however, there are likely to be some exceptions,
perhaps particularly in the case of drugs that may not interact
primarily with the canonical pore-binding site. Therefore, for
the most promising novel compounds, it would be prudent
either to incorporate additional concentration-response
measurements for hERG1a/1b for comparison with hERG
la, or to incorporate AP measurements to place hERG1a data
in the context of physiological events in native tissue. The
CiPA initiative embodies such an approach through the use of
hIPSC-derived myocytes, which express human I, comprised
of both hERG1a and 1b isoforms.[']
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