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Diverse non-cardiac drugs adversely influence cardiac electrophysiology by inhibiting repolarising K* currents mediated by
channels encoded by the human ether-a-go-go-related gene (hERG). In this study, pharmacological blockade of hERG K*
channel current (Z;zrg) by a novel investigative serotonin-selective reuptake inhibitor (SSRI), CONA-437, was investigated.
Whole-cell patch-clamp measurements of /;zrc were made from human embryonic kidney (HEK 293) cells expressing wild-
type (WT) or mutant forms of the hERG channel. With a step-ramp voltage-command, peak /;zrg Was inhibited with an 1Cs,
of 1.34 uM at 35 +1°C; the ICs, with the same protocol was not significantly different at room temperature. Voltage-
command waveform selection had only a modest effect on the potency of Igrg block: the ICs, with a ventricular action
potential command was 0.72 puM. ferg blockade developed rapidly with time following membrane depolarisation and
showed a weak dependence on voltage, accompanied by a shift of ~—5 mV in voltage-dependence of activation. There was
no significant effect of CONA-437 on voltage-dependence of /g inactivation, though at some voltages an apparent
acceleration of the time-course of inactivation was observed. Significantly, mutation of the S6 aromatic amino acid residues
Y652 and F656 had only a modest effect on /grg blockade by CONA-437 (a 3—4 fold shift in affinity). CONA-437 at up to
30 uM had no significant effect on either Na, 1.5 sodium channels or L-type calcium channels. In conclusion, the novel SSRI
CONA-437 is particularly notable as a gating-dependent hERG channel inhibitor for which neither S6 aromatic amino-acid
constituent of the canonical drug binding site on the hERG channel appears obligatory for Iz inhibition to occur.
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cardiovascular, L-type calcium channels

INTRODUCTION channels (4, 5). hERG (human ether-a-go-go-related gene) is the

cloned counterpart of channels responsible for the rapid delayed

Drug induced prolongation of the rate-corrected QT interval
(QT¢-I) on the electrocardiogram (ECG) is associated with an
increased risk of the potentially fatal arrhythmia, Torsade de
Pointes (TdP); (1-3). As the incidence of TdP for QT-I
prolonging drugs is generally rather low (2), surrogate markers of
QTc-I prolongation and TdP are generally used when testing the
pro-arrhythmic propensity of novel chemical entities. The
predictive accuracy of surrogate markers is a matter of great
importance to drug development and safety (3, 4). A core
component of pre-clinical cardiac safety testing, consistent with
the S7B guidelines released by the International Conference on
Harmonisation (ICH) is an in vitro electrophysiological assay to
assess inhibitory effects of drugs on recombinant hERG K*

* These authors contributed equally to this work

rectifier K* channel current ‘I,’, which plays a key role in
ventricular action potential repolarisation (6, 7). It is now widely
accepted that the majority of cases of drug-induced QT
prolongation are due to blockade of this channel by therapeutically
and structurally diverse drugs (3, 4, 8). The high susceptibility of
the hERG channel to pharmacological blockade is attributable in
part to the channel’s large inner cavity and in part to the presence
of distinct aromatic amino-acid residues (Y652 and F656) in the
S6 helices that facilitate drug binding (4, 8, 9).

Amongst the non-cardiac drugs now known to be associated
with adverse cardiac events (10, 11) through modifying cardiac
electrophysiology (12) and linked to acute pharmacological
inhibition of hERG channels are antidepressants including the
serotonin-selective reuptake inhibitors (SSRIs) fluoxetine (13-
15), citalopram (14) and fluvoxamine (16). Citalopram and
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fluvoxamine have been shown to produce acute hERG channel
current (Igrg) inhibition that develops much more rapidly on
membrane potential depolarisation than that produced by
archetypal high affinity methanesulphonanilide hERG inhibitors
such as dofetilide and E-4031 (14, 17, 18)). Fluvoxamine also
appears to be particularly notable and unusual amongst identified
hERG inhibitors (16) in that mutation of S6 aromatic residues
only partially attenuates the potency of its very rapidly
developing hERG channel blockade (16). The extent to which
fluvoxamine is representative of other SSRIs in this regard is
unclear, however, as fluoxetine inhibition of /,grg has been shown
to be markedly reduced by mutation of F656 (15). CONA-437 [4-
(3-methoxy-4-methylsulfanyl-phenoxy)-pyridin-3-ylmethyl]-
dimethyl-amine is an investigative SSRI that preliminary tests
have indicated exerts rapidly developing ligrg inhibition (19).
The present study was conducted in order to characterise in detail
the time-, voltage- and protocol-dependence of acute Igrg
inhibition by CONA-437 and to establish the sensitivity of the
drug’s hERG channel inhibition to mutation of the Y652 and
F656 S6 aromatic residues. The results of the study establish
CONA-437 to be a gating-dependent inhibitor of hRERG channels
that shows a comparatively limited dependence of inhibition on
interactions with S6 aromatic amino-acid residues.

MATERIALS AND METHODS
Cell culture

Human embryonic kidney 293 cells stably expressing hRERG

Human embryonic kidney (HEK) 293 cells stably expressing
hERGla (K,11.1a), were obtained from Dr. Craig. T. January
(University of Wisconsin) (20). The creation of HEK 293 cell
lines stably expressing the S6 mutations F656A and Y652A to
hERGla has been described previously (16). Cells were
maintained using minimum essential medium with Earle’s salts
(MEM) supplemented with 10% foetal calf serum, 2 mM L-
glutamine, 1 mM sodium pyruvate, 1x non-essential amino acids
and 0.4 mg.ml! Geneticin (G-418) and kept at 37°C in a
humidified atmosphere of 5% CO,. For patch clamp
experiments, cells were plated onto glass coverslips placed in 30
mm Petri dishes and used within 72 hours of plating.

Chinese hamster ovary cells stably expressing Na,1.5

Chinese hamster ovary (CHO) cells stably transfected with
the human SCNS5A gene, which encodes Na,1.5 channels, were
obtained from ChanTest Corporation. The cell line was grown in
Ham’s F-12 with L-glutamine with 10% foetal bovine serum,
2% Penicillin-Streptomycin, and 0.5% Geneticin, and was
maintained at ~37°C in a humidified atmosphere containing 5%
CO,. The cells were passaged every 3-5 days based on
confluence. On the day of the experiment, 80—100% confluent
cells were harvested from a 175 cm? culture flask using
Detachin™. After 10 minutes of exposure to Detachin™ at
37°C, the cells were centrifuged for 2 minutes at 1000 RPM. The
supernatant was removed and the cell pellet was reconstituted in
5-8 ml of serum free media with 2.5% of 1 M HEPES and
placed on the Qstirrer™ and allowed to recover. After a ~30
minute recovery period, experiments were initiated.

HIC2 cells
The rat cardiac HOC2 cell line was utilized in a L-type

calcium channel assay (ATCC; Cat # CRL-1446). H9C2 cells
were grown in DMEM containing 10% (v/v) heat-inactivated

foetal bovine serum (FBS). Cells were expanded, harvested
using TrypLE, resuspended in the same media containing 10%
(v/v) DMSO and were frozen at a concentration of 5 million per
ml at a rate of —1°C/minute (until —80°C).

hERG electrophysiology

Cells were continuously superfused with extracellular solution
(ECS) of the following composition (mM): NaCl 130; KCl 4;
CaCl, 2; MgCl, 1; glucose 10; HEPES 5; (titrated to pH 7.4 with
NaOH). In ECS containing elevated potassium ([K*],), elevated
K* was compensated for by a corresponding reduction in external
Nat, such that the concentration of KCI was 94 mM and NaCl was
50 mM (21, 22). The patch pipette (intracellular) solution (ICS)
contained (in mM): KCI 130; MgATP 5; MgCl, 1; HEPES 10;
EGTA 5; (titrated to pH 7.2 with KOH). Liquid junction potential
values were calculated of +4.8 mV and —1.8 mV in standard
ECS/ICS and high K* ECS/ICS (JPCalc); (23). As these values
were small, no corrections were performed. When filled with ICS,
the patch pipettes had a tip resistance of 1.5-4 MQ. Whole-cell
patch clamp recordings of membrane currents were made using
either a Multiclamp 700A or an Axopatch 200B amplifier (Axon
Instruments Molecular Devices Corporation, Foster City, CA).
Currents were filtered at 1 kHz, digitised at 5 kHz (unless
otherwise stated) and data acquired using either a Digidata 1322A
(used with a Multiclamp 700A amplifier) or a Digidata 1200 (used
with an Axopatch 200B amplifier). The pClamp suite of software
(versions 8 and 9.2; Axon Instruments Molecular Devices
Corporation) was used to generate voltage clamp protocols,
acquire data and analyse current traces. Series resistance
compensation was routinely applied to at least 75% and tips of
pipettes were coated in a parafilm and mineral oil emulsion to
reduce stray capacitance. On achieving the whole-cell
configuration, pulses were repeatedly applied until stable evoked
current responses were obtained; experiments then commenced. A
control period was recorded in ECS and then CONA-437 was
applied until steady state effects were achieved. All experiments
were carried out at 35 +£1°C, unless otherwise stated.

Na,1.5 electrophysiology

Na,1.5 current was elicited and recorded using the automated
QPatch HT™ system. The suspended cells in the Qstirrer™ were
transferred to 48 individual recording chambers on a QPlate 48™
containing extracellular recording saline composed of (in mM):
NaCl 138, KCl1 5.3, CaCl, 1.3, MgCl, 0.5, glucose 5.6, HEPES 5,
MgSO0, 0.4, KH,PO, 0.44, NaHCO; 4.2, Na,HPO, 0.34 adjusted
to pH 7.4 £0.1 with NaOH. Membrane currents were measured at
room temperature (~22°C) using the QPlate 48™ electrode array,
filled with intracellular recording saline composed of (in mM):
130 KCl, 1 MgCl,, 10 HEPES, 5 Mg-ATP, and 5 EGTA; adjusted
to pH 7.2 £0.1 with KOH.

Na,1.5 current (/y,) was elicited with a voltage step to —20
mV for 30 ms from a holding potential of —80 mV. Test pulses
were delivered at a frequency of 1 Hz. At least 5 minutes of
control recordings were performed prior to the first exposure of
the cell to test compound. Four drug concentrations were tested
on each cell, each exposure lasting 5 minutes or until steady-
state effects were observed. The Class Ic antiarrhythmic drug
propafenone was employed as a positive control.

Cell based functional L-type calcium channel assay

Calcium channel activity was measured in the cardiac HOC2
cell line which was maintained in Dulbecco’s Modified Eagle
Medium containing 10% (v/v) heat-inactivated foetal bovine
serum and glutamine (2 mM). Cells were plated into 384-well



black, clear-bottom tissue culture treated plates (Greiner,
Germany) at a density of 5000 cells per well (100 pul) and were
left to grow for 72 hours prior to the start of the experiment.

Media was removed from the plates and 20 pl of Hank’s
balanced salt solution (Invitrogen, USA) containing 20 mM
HEPES and Calcium-5 dye (Molecular Devices, USA) was
added to each well. The plates were returned to the incubator for
1 hour to allow dye loading. Subsequently, 5 ul of compound or
vehicle was added to each well. Following a further 15 min
incubation at room temperature, the plate was transferred to a
FLIPR® Tetra fluorescent plate reader. 25 ul of a KCI buffer
(KCl, 140 mM; MgCl,, 1 mM; HEPES, 20 mM; glucose, 10
mM, CaCl,, 10 mM) was added to each well using the FLIPR to
depolarize the cells. The real-time change in fluorescence was
measured every second for a total of 120 s. The dihydropyridine
L-type Ca?" channel blocker nifedipine was employed as a
positive control.
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Data analysis

Data were analysed using Clampfit v9.2 (Axon Instruments
Molecular Devices Corporation), QPatch assay software v5.0,
Excel 2000 (Microsoft) and Origin v.6.0 (Microcal) software.
Data are presented as mean + S.E.M. with the exception of ICs,
and ny, which are expressed as mean and 95% confidence
intervals (CI). n denotes the number of cells recorded from or
wells (plate-based Ca?" assay). Statistical comparisons were
made using a two-tailed Student’s t-test or one-way analysis of
variance (ANOVA) with a Bonferroni post test (* indicates
P<0.05, ** indicates P<0.01 and *** indicates P<0.001).

Drugs and reagents

CONA-437 [4-(3-methoxy-4-methylsulfanyl-phenoxy)-
pyridin-3-ylmethyl]-dimethyl-amine was dissolved in DMSO to
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(b) This graph illustrates the effects of
cumulative concentrations of CONA-
437 (1 and 10 pM) on peak hERG
amplitude with time. Dofetilide (10
uM) was added at the end of the
experiment as a positive control.

(c) Cumulative concentration—response
curves to CONA-437 at RT and at 35
+1°C. Data are shown fitted to a
Hill equation of the form
y=[(A—A)/(1+(x/C)")]+A, where A,
and A, are 0 and 100% inhibition,

1
1200

o RT
® 35C

o

0.01 01 1 10
[CONA-437] / yM

100

respectively, C is the ICs, concentration
and ny is the Hill coefficient (n=2-7
cells per concentration).




514

prepare a stock solution of 10 mM. Further dilutions were then
made in DMSO to give the desired test concentrations with a
final DMSO concentration of 0.1%. Dofetilide was prepared as
a 10 mM stock solution in DMSO and diluted down to a final
concentration of 10 pM. Solutions were either made up fresh
each experimental day or small aliquots were stored at —80°C
and defrosted only once. CONA-437 and dofetilide were both
synthesised in house at Pfizer Inc. Propafenone and nifedipine
were purchased from Sigma-Aldrich. Tissue culture reagents
were obtained from Invitrogen or Sigma-Aldrich.

RESULTS

Dose-dependence of CONA-437 inhibition of Ligrg is
temperature-independent

A ‘step-ramp’ protocol identical to that used in prior /grg
pharmacology studies from our laboratories (24, 25) was used to
evoke /i in control conditions and in the presence of CONA-
437, as illustrated in Fig. la. Cells were voltage-clamped at —80
mV and depolarised to +20 mV for 1 s followed by a repolarising
ramp back to —-80 mV at a rate of 0.5 mV/ms. The voltage
command was applied every 4 s. Izrg Was measured both at the

end of the depolarising step and as peak current during the
repolarising ramp phase of the voltage protocol. The effects of
CONA-437 on Izzg When recording at 35 +£1°C were compared
to those on currents recorded at room temperature (~22°C). To
establish a concentration-response relationship, increasing
concentrations of CONA-437 were cumulatively applied to the
bath until steady-state effect was achieved (24). A supra-
maximal concentration of dofetilide (10 uM) was also applied at
the end of each experiment as a positive control (Fig. 1b) (24).
Dofetilide is known to become trapped in Ix/hERG channels
with poor recovery of block at negative voltages (26). CONA-
437 washout was therefore not investigated in this study. For
each concentration of CONA-437, steady-state percentage
inhibition was evaluated when 3 consecutive sweeps were
superimposed on one another (24). Mean percentage block
values were calculated for both depolarising step and peak /grg
at each concentration. There was no significant difference
between mean % block of depolarising step and peak Igrg
currents at each concentration of CONA-437 (data not shown).
Concentration-response curves were constructed for peak /igrg,
and a Hill equation fitted to the data, yielding an ICs, of 1.34 pM
(95% CI: 0.98-1.83 uM) and a Hill coefficient (ng) of 0.9 at 35
+1°C and an ICsy 0 0.99 uM (95% CI: 0.78-1.24 uM) and ny of
0.8 at room temperature (Fig. Ic). The derived ICs, values at the
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Fig. 2. Potency of CONA-437 is
influenced by different voltage
waveforms.
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two temperatures were not statistically significantly different
from one another (P=0.84).

Comparison of potency of L inhibition by CONA-437
between different voltage waveforms

There is evidence that the observed potency of some hERG
inhibiting drugs in electrophysiological experiments is influenced
by the voltage protocol used (25, 27-29). In order to determine
whether or not this is the case for CONA-437, we conducted
experiments using different voltage commands to stimulate hERG
channels. Thus, in addition to the step-ramp protocol employed in
Fig. 1, we used a ‘step-step’ protocol where cells were depolarised
from a holding potential of —80 mV to +20 mV for 2 s followed
by a 4 s step to 40 mV to elicit outward /g tails: this was
applied every 12 s (Fig. 2a; left-hand panel). We also applied a
physiological ventricular action potential (VAP) waveform
recorded from guinea pig papillary muscle to elicit hERG currents
(Fig. 2a; right-hand panel). The effects of CONA-437 on the peak
Ligrg tails were measured and concentration-response relationships
generated, as illustrated in Fig. 2b. We observed small, although
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not statistically significant, differences in potency using differing
voltage protocols (VAP, ICsy: 0.72 uM, (95% CI: 0.61-0.84), ny
0.81; “step-step” protocol, ICsq: 2.42 uM, (95% CI: 1.97-2.97), ny
0.79), compared to that generated using the “step-ramp” protocol.
Iigre tails elicited by the step-step protocol in Fig. 2a were fitted
with a bi-exponential function to obtain fast and slow time-
constants of deactivation (t; and 1, respectively) in the absence
and presence of 3 uM CONA-437. 1 was 161.4+32.9 ms in
control and 226.8 +34.3 ms in CONA-437 (p<0.05), whilst 1, was
similar in control and CONA-437 (1222 +80 ms and 1138 +£82 ms
respectively; no significant difference). Thus, the fast component
of deactivation became slower in the presence of CONA-437,
without any change to the slower component.

CONA-437 inhibition of hERG current is weakly voltage-
dependent

The effect of CONA-437 on voltage-dependence of /g
activation was investigated by applying depolarising voltage
steps of 2 s duration from a holding potential of -80 mV to a
range of test potentials starting at -60 mV and increased in 10
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(a) Upper panel shows the voltage
command used. The lower panels
show representative examples of
current traces recorded in the absence
and presence of 3 uM CONA-437.
For clarity not all current traces are
shown.

(b) Activation curves for tail currents
in control and in the presence of 3 uM
CONA-437. Peak tail currents for
each individual cell were normalised
to the maximum obtained in the
absence of drug, and fitted with a
Boltzmann function of the form
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bars and tail currents by the open bars.
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mV increments (Fig. 3a). Some lgrg blocking compounds
exhibit a clear voltage-dependence illustrated by a shift in
channel activation and V) values. It has been reported in
some studies that a time-dependent shift in channel activation
may occur in the absence of drug (16, 30). Consequently,
sufficient time (at least 6 minutes) was allowed to elapse to
ensure stable current-voltage relationships to be recorded, thus
allowing the study of possible effects of CONA-437 on voltage-
dependent activation, independent of time-dependent changes.
We measured depolarising step /jgrg amplitudes and peak
Lere tails upon repolarisation to —40 mV in the absence and
presence of 3 uM CONA-437. Representative examples of
current traces are shown in Fig. 3a. Current-voltage (I-V)
relationships for both depolarising step and peak tail currents
were plotted; Fig. 3b shows, the I-V relationship for peak /fgrg
tails. The peak tail current data obtained from individual cells
were fitted to a Boltzmann function and V.., and slope factors
were derived. The mean V .y Was —24.3 £0.3 mV under control
conditions and in the presence of CONA-437 was significantly
shifted to —29.3 £1.5 mV (n=4, P=0.04) whilst the slope factors
in control and drug were not significantly different: 6.1£0.1 mV

and 5.840.4 mV, respectively (P=0.59). Fig. 3c shows the
magnitude of inhibition of peak tail and depolarising step
currents by 3 pM CONA-437 at different test potentials. At —30
mV, significant block of tail currents was observed (40.4
+10.6%; n=4). The extent of block was significantly enhanced as
the membrane became more depolarised and reached a plateau
level at —10 mV (66.6+7.9%; P<0.05) suggesting that block is
weakly voltage-dependent. Furthermore, the extent of inhibition
of depolarising step currents also exhibited weak voltage-
dependence.

Time-dependence of hERG inhibition by CONA-437

In order to investigate the time-dependence of CONA-437
block of lgrg, We used a long duration voltage-command to
ascertain whether inhibition was maintained during sustained
depolarisation. Cells were stepped to 0 mV for 10 s from a
holding potential of -80 mV and a control current was recorded
in the absence of CONA-437. Membrane potential was then held
at —80mV whilst CONA-437 was applied, and after 5 minutes in
CONA-437 in the absence of pulsing the protocol was then
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Fig. 4. Time-dependence of hERG blockade by CONA-437.

(a) Cells were depolarised from the holding potential of —-80 mV to 0 mV for 10 s. This voltage command was repeated until a steady-
state response was observed. 3 uM CONA-437 was then bath-applied for 5 minutes whilst the channels were voltage clamped at
—80 mV. The voltage command was then again repeated in the presence of CONA-437. The representative traces in the upper panel
indicate the last pulse prior to, and the first pulse during application of 3 uM CONA-437. The lower panel shows mean development
of block over time by 3 uM CONA-437 from 4 experiments. Full block was observed within less than 1 s and was maintained for the

10 s duration.

(b) Development of block during the first second of the pulse from a representative cell. Each individual experiment was fit by a single

exponential yielding an overall mean tau of 54.7£9.5 ms.



repeated (Fig. 4a, upper panel). Block of lzrg Was observed
during the step to 0 mV (Fig. 4a; lower panel) and the extent of
block did not change with application of subsequent long
depolarisations (data not shown). /zzg block developed rapidly
within the first 1 second of the pulse (Fig. 4b) and could be fit to
a single exponential function. A single exponential fit to the
development of block in each of the 4 experiments yielded a
mean T value of 54.7£9.5 ms (n=4). We used an ANOVA to
examine whether the development of block was time-dependent
and found that at later time points (>1s) the degree of block was
significantly greater suggesting that block was time-dependent.
Analysis of the data demonstrated that block exhibited
significant time-dependence (P=0.001). The extent of block at
various time points during the entire 10 seconds depolarising
step was calculated for 3 uM CONA-437 and was found to
remain constant between 1 and 10 s (Fig. 4a, lower panel).
Time-dependent inhibition of lgrg during this protocol was
accompanied by acceleration of development of the current on
depolarisation: in five further experiments the time-to-peak of
Ligrg following depolarisation to 0 mV was 479.2 £69.8ms in
control and 201.9£3.0 ms in CONA-437. This may reflect
acceleration of I g activation in the presence of the drug and/or
the consequences of time-dependent inhibition.
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To investigate further the time-dependence of block by
CONA-437 at the shorter pulse durations, cells were depolarised
to +40 mV for either 30 or 200 ms from a holding potential of
—80 mV and Izg peak tail currents were observed on
repolarisation to —40 mV. This protocol was applied under
control conditions and after a 5 minute application of 3 pM
CONA-437 whilst cells were voltage-clamped at —80 mV. Fig.
Sa shows the currents obtained and the corresponding voltage
commands. The amplitude of tail currents evoked at 40 mV was
measured in the absence and presence of 3 uM CONA-437 and
the effects of drug expressed as percentage inhibition of peak tail
currents (Fig. 5b). We observed that 3 pM CONA-437 produced
a significant attenuation of Igrg even after only a 30 ms
depolarising step (35.8+5.1%, n=5, P=0.001) and that inhibition
was significantly increased as pulse duration was increased
(P<0.02).

Effects of CONA-437 on lygyg inactivation

Data from the experiments described above provide evidence
that CONA-437 blockade of Izrg in a manner consistent with
rapid gating-dependent inhibition, with the presence of significant
inhibition with brief (30 ms) depolarisation also raising the

a
30ms
30ms 200ms
Tt bvadon -
Control 3uM CONA-437
200pA|
+40mV +40mV 100ms
-40mV -40mV
-80mV -80mV
! ‘30 201) O‘ ‘30 20‘0 20‘00
Time (ms) Time (ms)
b g ] |

E 60
"—_:_ 7
£
©

o

§ 40 T
-
5}
s
= 201
S
=
£
® 0

30ms 200ms 2000ms
Length of depolarising step

Fig. 5. State-dependence of hERG blockade by CONA-437.

(a) Cells were briefly depolarised from a holding potential of —80 mV to +40 mV for either 30 or 200 ms before repolarising to —40
mV to elicit tail currents. Peak tail currents were measured in control conditions and after equilibration of cells in 3 uM CONA-437,
whilst cells were voltage-clamped at —80 mV. The representative traces show the increase in peak tail current with duration of the
depolarising step in the absence (left hand traces) and presence (right hand traces) of CONA-437.

(b) Summary of mean data from these experiments (n=4—12 cells) where mean % inhibition of peak tail currents is plotted as a function
of pulse duration. With a 30 ms step, 35.8+5.1% inhibition was achieved. As pulse duration was lengthened, inhibition was significantly

increased (200 ms: 50.0+£2.39%; P=0.018).
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possibility of a component of closed channel block. To investigate
further the state-dependence of CONA-437 block of fjprg We
examined the agent’s effect on inactivation kinetics of /zrg using
two additional voltage protocols. With the first of these, we
examined whether CONA-437 had any effects on the voltage-
dependence of hERG current inactivation. Cells were depolarised
to +40 mV for 500 ms from a holding potential of —80 mV, 2 ms
pulses were then applied to test potentials between —140 mV and
+30 mV in 10 mV increments, followed by a second 500 ms step
to +40 mV. /i gxg elicited during the final depolarising step to +40
mV was measured and normalised to the maximum current
observed. The normalised values were then plotted as a function
of test potential to generate steady-state inactivation relations for
each cell in the absence and presence of CONA-437 (3 uM) and
Vinney values calculated. Fig. 6a upper panel shows
representative currents in control and CONA-437, focusing on

current elicited during the second step to +40 mV following the
ladder of brief repolarising steps (shown as an inset to Fig. 6a).
Mean inactivation relations in the absence and presence of
CONA-437 (3 uM) are also shown in Fig. 6a: CONA-437 had no
statistically significant effect on the mean Ve values (=59.3
+9.2 mV and —59.2 £4.5 mV, n=4, respectively) or on the slope
factors for the relation (18.7 1.3 mV and 20.6 1.2 mV,
respectively). In experiments to examine the effects of CONA-437
on the time course of /rg inactivation, we used a voltage protocol
which allowed us to measure time constants of inactivation at
different test potentials. Cells were depolarised to +50 mV for 500
ms from a holding potential of —-80 mV and then briefly (2 ms)
stepped to —100 mV followed by a subsequent step to test
potentials ranging from —50 mV to +50 mV. Representative
current traces in the absence and presence of 3 uM CONA-437 are
shown in Fig. 6b (upper panel). For each test potential, the time-
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Fig. 6. Effects of CONA-437 on
hERG current inactivation.

(a) Following a 500 ms step to +40
mV, 2 ms pulses were applied to
potentials between —140 mV and +30
mV in 10 mV increments, followed by
a second 500 ms step to +40 mV
(inset). Example of current recordings
was displayed at the top (control on
the left, and 3 pM CONA-437 on the
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right). Current amplitudes elicited
during the final step to +40 mV were
measured, normalised and plotted as a
function of the preceding test
potential to yield a steady-state
inactivation curve. This experiment
was conducted under control
conditions (in filled circles) and in the
presence of 3 uM CONA-437 (in
open circles). The mean Vyyae Under
control conditions was —59.3 £9.2 mV
(slope 18.7 mV) and in the presence
of CONA-437, —59.2+4.5 mV (slope
20.6 mV).

(b) Example traces in the upper panel
illustrate the effects of CONA-437 on
inactivation kinetics. Cells were
depolarised to +50 mV for 500 ms and
then briefly stepped to —100 mV
followed by a subsequent step to test
potentials ranging from —50 mV to
+50 mV (inset). For clarity not all
current traces are shown. The outward
currents elicited during this final step
were then fitted to a single
exponential function to yield a time
constant at each test potential. Time

+10mV

3uM CONA-437

T T

-20 0 20
Test potential (mV)

.
-40

constants were then plotted versus test
potential as shown in the lower part of
this panel (n=4 cells).




course of inactivation of fprg elicited during the second
depolarising step was fitted to a single exponential function
yielding inactivation time constants at each test potential, in the
presence and absence of drug. We found that CONA-437
significantly accelerated the time course of inactivation at
potentials more negative than, and including, +10 mV (Fig. 6b,
lower panel).

Using S6 helix mutants to investigate block of the hRERG
channel by CONA-437

In order further to understand the mechanism of gz block by
CONA-437 we examined the effects of mutations of the pore-S6
aromatic amino acid residues, Tyr652 and Phe656 to alanine
residues (Y652A and F656A). For these experiments we used
HEK 293 cell lines stably expressing either hERG-Y652A or
hERG-F656A as previously described (16, 24). The Y652A
mutant was tested using the standard ‘step-step’ protocol as
described in Fig. 2 and we used a drug concentration which would
produce very extensive blockade of wild-type (WT) hERG
channels (applying 30 uM CONA-437; >10-fold the ICs, value for
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WT Iligrg in Fig. 2). Representative current traces, as shown in
Fig. 7a, indicate the effects of 30 pM CONA-437 on WT-hERG
channels (left-hand panel) and on Y652A channels (right-hand
panel). For the WT-hERG channels 30 uM CONA-437 produced
94 +1.4% inhibition of Igrg (n=3) compared to 48+6.1%
inhibition in cells transfected with the Y652A channel (n=6), an
ICs, value was estimated for the block of Y652A channels of 33.6
UM, an approximate three-fold shift in potency. We also examined
the effects of CONA-437 on F656A hERG channels. For these
experiments we used 94 mM external K+ in order to maximise
current carried by the low expressing F656A mutant, as previously
reported (16, 24). Currents were evoked using a modified ‘step-
step’ protocol where cells were repolarised from +20 mV to —120
mV for 500 ms prior to returning membrane potential to —80 mV;
inhibition of peak /grg Was measured for inward tail currents at
—120 mV. We found that measuring tail currents at —120 mV in
high external K* (94 mM) dramatically attenuated block of WT-
hERG channels, 30 uM CONA-437 caused approximately 50%
inhibition of frg (data not shown). To determine whether the
inward tails or high external K* ([K'],) is responsible for
attenuated block of the WT-hERG channels, we carried out similar
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Fig. 7. Partial attenuation of CONA-
437 block by F656A and Y652A.
(a) Representative current traces
showing the effects of a maximal
concentration of CONA-437 (30 uM)
on WT channels (left) and on Y652A
channels (right). Experiments were
performed in the presence of 4 mM
external K* and the voltage protocol is
shown as an inset.
(b) Currents were evoked using a
modified ‘step-step’ protocol (see
inset). Representative current traces
shown indicate the effects of a
maximal concentration of CONA-437
(250 uM) on WT channels (left) and
on F656A  channels  (right).
Experiments were performed in the
presence of 94 mM external K* to
maximise the low expression of the
F656A mutant (hence, inward tail
currents).
(c) Magnitude of Lgpg inhibition by
CONA-437 for the mutants tested,
compared to the effects on the WT
channel.
° (d) Concentration - response curve to
. :EEE:&TSGA CONA-437 for hERG-WT and
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-log [CONA-437] Hill equation (as described in the
legend to Fig. I).
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experiments in ECS (4 mM K*). 30 uM CONA-437 caused 73.7
+3.8% inhibition of /jzrg (data not shown). This attenuation of
block in high K* is similar to that observed previously for other
drugs including fluvoxamine, E-4031, amiodarone and
dronedarone (31, 32) and is consistent with drug displacement
with increased inward flux of K* ions.

Due to the effect of raised [K*]. on CONA-437 blockade of
inward lgrg, for subsequent experiments we used a higher
CONA-437 concentration of 250 uM. The representative current
traces in Fig. 7b illustrate the effects of 250 uM CONA-437 on
WT channels (left-hand panel) and on F656A channels (right-hand
panel). In the WT channels 250 uM CONA-437 produced 77
+2.1% inhibition of /igzg (n=6) compared to 56+2.1% inhibition in
cells transfected with the F656A channel (n=8). The data for
experiments using Y652A and F656A cell lines are summarised in
the bar-chart in Fig. 7c. We generated a concentration-response
curve to CONA-437 in 94mM external K* for both WT-hERG and
F656A channels. We observed a significant decrease in potency of
CONA-437, as shown in Fig. 7d (right-hand panel), with ICs,
values of 41.4 uM (95% CI: 29.1-58.9 uM) and 176 uM (95% CI:
143-217 pM) on hERG-WT and F656A mutant channels,
respectively (an approximate 4-fold change in potency).

Effects on Na,1.5 and L-type Ca’* channels

Some hERG blocking compounds exert mixed ion channel
blocking effects (MICE) that, if on inward cation currents (L-type
Ca?" current, Iy,), could feasibly offset hERG-mediated drug
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S5X 40 (n=4), whereas the positive control propafenone
€0 7] produced a concentration-dependent inhibition of
28| Na,1.5 with an ICs; of 1.30 pM.
3 (b) Summary data of L-type Ca?" channel activity by
0 CONA-437 and the positive control of nifedipine were
— T T T T T T T T T 1 1 plotted. While the positive control showed a
12 11 10 9 -8 -7 6 5 4 concentration-dependent inhibition of L-type Ca?"
Log [Compound] (M) cl_lannel activity with an ICsy of 8.7 nM, CONA-437
displayed no effect at up to 30 pM.

actions on cardiac repolarisation; indeed, a recent study has
provided evidence that comparison of concentration-response data
on hERG with data on Ca,1.2 and Na, 1.5 improves predictivity of
hERG data in respect of arrhythmia risk (33). Consequently, we
performed additional experiments to test effects of CONA-437 on
these two channels. CONA-437 at up to 30 uM did not produce
any statistically significant effect on Iy, (11.9 n3.8% change at 30
uM, n=4, Fig. 8a; P>0.05 against no change), or L-type Ca?"
channel activity (at 30 pM 103.5 + 1.8% of control activity, n=4,
Fig. 8b; P>0.05 against no change to control activity). By contrast,
the positive control propafenone produced a concentration-
dependent inhibition of Na,1.5 current (ICs, of 1.3 uM and ny of
0.9; Fig. 8a), and nifedipine demonstrated an inhibition of L-type
Ca?* channel activity in a concentration-dependent manner (with
an ICs, of 8.7 nM and ny of 1.1; Fig. 8b).

DISCUSSION

Serotonin can produce marked modulation of neuronal
activity and neuronal targets for serotonin continue to be identified
(34). In this study we have focused not on serotonin itself, but
rather on a novel investigative SSRI, CONA-437, demonstrating
and characterising the mechanism of acute block of hERG
channels by this compound. We found that, under similar
conditions, CONA-437 exhibits a similar potency against hERG
to a previously reported SSRI, fluvoxamine (2.42 uM and 3.8 uM,
respectively) (16), a potency which is broadly comparable to those



seen for other SSRIs - citalopram (14) and fluoxetine (15, 35), also
studied in mammalian expression systems. Fluoxetine has also
been reported to inhibit hERG channel trafficking (15, 35). Data
for fluvoxamine on hERG trafficking are not available and the
focus of the present study (on acute pharmacological actions on
Lirg) precluded the study of CONA-437 in this regard. It has been
suggested that both experimental temperature and voltage-clamp
waveform profile can influence the observed potency of ligrg
blockade (25, 27, 28). However, recording temperature did not
significantly alter potency of CONA-437 (22°C: 0.99 uM; 35°C:
1.34 uM). Moreover, the use of different voltage protocols to elicit
hERG currents did not have a statistically significant effect on
potency (VAP 0.72 uM versus step-ramp 1.34 uM; VAP 0.72 uM
versus step-step 2.42 uM): the observed shifts (~3-fold) were
small in comparison to some agents previously studied (25, 27,
28). With tritiated tryptamine as serotonin transporter substrate,
CONA-437 inhibits the human serotonin reuptake inhibitor
expressed in HEK 293 cells with an ICs, of ~7 nM (Pfizer Inc,
unpublished), which is markedly (~100-fold) less than the hERG
ICs, with any protocol studied here; however, the compound’s
effects on other monoamine transporters occur at concentrations at
which substantial hERG blockade would be anticipated (ICs, for
human norepinephrine transporter of 6.5 uM and for human
dopamine transporter of >40 uM; Pfizer Inc, unpublished).
Structurally diverse compounds can have off-target effects that
involve unexpected actions on Na* or Ca?* channels (36, 37). For
drugs that produce hERG/Iy, K* channel inhibition, accompanying
pharmacological effects on Na* or Ca?* channels can, in principle,
mitigate hERG/Ig, blockade (33). However, our experiments
showed that CONA-437 at up to 30 uM had no significant effect
on Na,1.5 current or L-type Ca*" channel activity and thus the
drug’s effect on I, is not likely to be balanced by concomitant
actions on opposing inward currents (33).

Strong protocol-dependence of Irs blockade has been
reported for drugs that exhibit marked use-dependent blocking
kinetics (25, 29). For example, under similar conditions to the
present study cisapride was found to exhibit ICs, values that
varied ~10-fold between ventricular AP and step protocols (25).
CONA-437 differs from cisapride in exhibiting much more
rapidly developing blockade on membrane depolarisation and
this characteristic of the drug’s action is likely to minimise the
influence on inhibitory potency of different voltage stimulus
waveforms. The observation that CONA-437 produces
significant fgrg inhibition with very brief (30 ms) membrane
depolarisation is comparable to prior data for fluvoxamine (16)
and indicates considerably faster onset of action than reported for
either citalopram or fluoxetine (13, 14). Collectively, our data
provide evidence that, similar to fluvoxamine (16), CONA-437 is
likely to exhibit a mixed state-dependence of channel block. figrg
inhibition by CONA-437 was weakly voltage-dependent: a ~5
mV leftward shift in the activation curve was observed and there
was a significant accentuation of the magnitude of inhibition at
more depolarised potentials. These findings would suggest that
channel opening influences CONA-437 binding. Although the
lack of a significant shift in voltage-dependence of inactivation
suggests that CONA-437 did not act to stabilise hERG channel
inactivation, the onset of inactivation appeared to be significantly
accelerated by CONA-437 (Fig. 6). This suggests either that the
transition rate between the open and inactive states is accelerated
upon binding of CONA-437 to the channel, or that the apparent
acceleration of inactivation reflects rapid development of open
channel block during depolarisation. Thus, our data on WT /igrg
recorded in standard ECS suggest that CONA-437 exhibits rapid
open hERG channel block, although a component of closed
channel block cannot be ruled out, since very rapidly developing
open channel block and closed channel block cannot readily be
distinguished from one another (16, 38). The attenuation of
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CONA-437 blocking potency of Ijgrg high [K*]. may, however,
suggest a predominantly open channel blocking mechanism: it is
both suggestive of drug binding in/close to the ion conduction
pathway and is consistent with reduced ability of the drug to bind
to open channels through electrostatic repulsion or ‘knock off” of
CONA-437 from its binding site, when the direction of K* flux is
inward and enhanced through raised [K*]..

A striking aspect of the data in the present study is that /zzg
blockade by CONA-437 was only modestly affected by mutation
of the S6 residues Y652A and F656A. These residues in the S6
region of the channel constitute key components of the canonical
drug binding site on the hERG channel as, for almost all hERG-
blocking drugs tested to date, mutation of one or both of these
residues has caused either a complete or a dramatic attenuation
of'blockade (8, 9). For example, the gz blocking potency of the
high affinity blocker MK-499 was decreased by 94- and 650-
fold by Y652A and F656A respectively, with cisapride and
terfenadine also reported to be highly sensitive (39). The potency
of chloroquine was reduced approximately 500-fold by each
mutation (40) and a number other drugs including (amongst
others) fluoxetine (15), lidoflazine (21), clemastine (22), E-4031
and dofetilide (41), ibutilide and clofilium (42), are highly
sensitive to mutation of one or both of these residues.

The SSRI fluvoxamine has been considered to be an exception
amongst /g blockers in that Y652A and F656A mutations only
partially attenuate fprg carried by these mutant channels at drug
concentrations that produce profound inhibition of WT /igrg (16).
In this study, we estimated the ICs, of CONA-437 for the block of
Y652A and F656A channels to be raised ~3—4 fold compared to
WT-hERG. This reduction in potency is rather modest compared to
that occurring for the majority of hERG blockers studied
previously, suggesting that - as for the structurally distinct SSRI
fluvoxamine - neither Y652 nor F656 is an obligatory component
of the drug binding site. Obligatory components of the drug
binding site on the hERG channel for CONA-437 therefore remain
to be elucidated. Interestingly, both fluvoxamine and a dronedarone
(a benzofuran /grg blocker, the action of which is also relatively
insensitive to mutation of Y652 and F656 (32)) share in common
with CONA-437 the property of attenuated /grg block in high
[K*]. conditions. This may indicate that binding in/near the ion
conduction pathway (most likely in the channel’s inner cavity,
rendered accessible on channel gating) can occur without a critical
dependence on either Y652 or F656. A detailed understanding of
the molecular determinants of /g blockade is of prime
importance if, in the future, hERG inhibition is to be avoided early
during the drug design and development process (8). CONA-437
may therefore provide a useful pharmacological tool for future
studies, in order better to understand how some agents can exert
rapidly developing /grg inhibition by interacting with the channel
without a critical dependence on the Y652 or F656 residues.
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