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1 Halofantrine is a widely used antimalarial agent which has been associated with prolongation of
the ‘QT interval’ of the electrocardiogram (ECG), torsades de pointes and sudden death. Whilst QT
prolongation is consistent with halofantrine-induced increases in cardiac ventricular action potential
duration, the cellular mechanism for these observations has not been previously reported.

2 The delayed rectifier potassium channel, Ig,, is a primary site of action of drugs causing QT
prolongation and is encoded by the human-ether-a-go-go-related gene (HERG). We examined the
effects of halofantrine on HERG potassium channels stably expressed in Chinese hamster ovary
(CHO-K1) cells.

3 Halofantrine blocked HERG tail currents elicited on repolarization to —60 mV from +30 mV
with an ICsy of 196.9 nM. The therapeutic plasma concentration range for halofantrine is 1.67—
2.98 uM.

4 Channel inhibition by halofantrine exhibited time-, voltage- and use-dependence. Halofantrine
did not alter the time course of channel activation or deactivation, but inactivation was accelerated
and there was a 20 mV hyperpolarizing shift in the mid-activation potential of steady-state
inactivation. Block was enhanced by pulses that render channels inactivated, and channel blockade
increased with increasing duration of depolarizing pulses.

5 We conclude that HERG channel inhibition by halofantrine is the likely underlying cellular
mechanism for QT prolongation. Our data suggest preferential binding of halofantrine to the open

and inactivated channel states.
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Introduction

Between 300 and 500 million people in the world are infected
with malaria, and 1.5—-2.7 million people die from it every year
(Pellegrini & Ruff, 1999). Halofantrine is a 9-phenanthrene-
methanol antimalarial agent which is particularly effective
against drug-resistant falciparum and vivax malaria. It has
been in wide clinical use since 1984 and clinical trials have
involved at least 3 million patients in more than 30 countries
(Kano et al., 1995). In 1993, Nosten (Nosten et al., 1993),
reported cardiac side effects associated with halofantrine
treatment, (including one sudden death), in a group of patients
on the Thai-Burmese border. Since then there have been
several reports of prolongation of the ‘QT interval’ of the
electrocardiogram (ECG), torsades de pointes and fatal
cardiac arrests in patients taking halofantrine (Castot et al.,
1993; Monlun et al., 1993; WHO, 1993; Monlun et al., 1995).

One mechanism by which drugs can prolong the QT interval
is through blockade of one or more repolarizing outward
potassium channel currents in ventricular myocytes (Rampe et
al., 1998). Of these, the delayed-rectifier, I, is a common site
of action of drugs causing QT lengthening and torsades de
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pointes (Roden, 1993; Thomas,1994; Woosley, 1996). There
are two types of Iy, rapidly activating, ‘Ix,’, and slowly
activating, ‘I’ (Sanguinetti & Jurkiewicz, 1990). Drugs that
cause torsades de pointes appear to selectively block Ik, over
Ik (e.g. dofetilide (Carmeliet, 1992; Williams & Beatch, 1997);
quinidine (Balser ez al., 1991); E4031 and sotalol (Sanguinetti
& Jurkiewicz, 1990; Wettwer et al., 1992); terfenadine (Ming &
Nordin, 1995; Berul & Morad, 1995).

Recently, the gene encoding the major subunit of the Iy,
channel has been identified as the human ether-a-go-go-related
gene, HERG, and it is strongly expressed in the heart
(Sanguinetti et al., 1995; Curran et al., 1995). When transfected
into heterologous cell lines, HERG expresses a potassium
channel with properties similar to native I, (Sanguinetti et al.,
1995; Trudeau et al., 1995). The profile of HERG and native
Ik, currents during the ventricular action potential have been
recorded in action potential clamp experiments (Zhou et al.,
1998; Hancox et al., 1998). These studies show that both
HERG and native I, currents develop progressively during
the action potential plateau to reach a maximum amplitude
during phases 2 and 3 (plateau and terminal repolarization
phase) of the action potential. The recorded profiles provide
direct demonstrations of the crucial role of HERG/Ik, in
ventricular action potential repolarization, and suggest similar
profiles between cloned and native channels.
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The finding that HERG encodes I, is of particular clinical
relevance as mutations in HERG cause a major form of the
congenital long QT syndrome (Curran et al., 1995) and
blockade of HERG by drugs is the likely mechanism
underlying the acquired long QT syndrome. Indeed recent
studies from several groups including our own have shown
potent inhibition of transfected HERG channels by Class 111
(QT prolonging) antiarrhythmic drugs such as dofetilide
(Snyders & Chaudhary, 1996; Ficker et al., 1998) and
amiodarone (Kiehn et al., 1999), as well as many non-cardiac
drugs known to cause QT prolongation such as haloperidol
(Suessbrich et al., 1997), thoridazine (Drolet et al., 1999),
sertindole (Rampe et al., 1998), terfenadine, astemizole
(Suessbrich et al., 1996), cisapride (Mohammad et al., 1997;
Rampe et al., 1997; Walker et al., 1999a) and ketoconazole
(Dumaine et al., 1998).

The cellular mechanism underlying QT prolongation and
torsades de pointes associated with halofantrine has not been
previously reported. We therefore investigated the effects of
halofantrine on HERG channels stably expressed in Chinese
hamster ovary (CHO-K1) cells.

Methods

These have previously been reported by us in detail, including
a full biophysical characterization of the HERG channel
(Walker et al., 1999b).

Molecular biology

The CHO-KI1 cells (American Type Culture Collection,
Bethesda, MD, U.S.A.) used in the following experiments
were maintained in Dulbecco’s modified Eagle’s medium-F12
(DMEM-F12, Gibco, BRL, Gaithersburg, MD, U.S.A.),
supplemented with 5% foetal calf serum. Eukaryotic
expression of HERG was performed by directionally cloning
the coding region of the HERG gene (gift from Dr G.
Robertson, Department of Physiology, University of
Wisconsin Medical School, Madison WI, U.S.A.) into the
expression vector pRc¢/CMV (Invitrogen, San Diego, CA,
U.S.A.), which also carries the G418 resistance gene. This
construct was then transfected into CHO-K1 cells. Cell
monolayers in 35 mm?’ dishes were transfected using 9 ul
Lipofectamine Reagent (Gibco, BRL) and 1 ug DNA.
Stably transfected cells were then selected with 1000 pug ml™!
G418 (Boehringer, Mannheim). These were subcloned to
isolate individual cell clones which expressed substantial
HERG-related potassium current. Individual subclones were
maintained long-term in tissue culture and used for the
patch clamping experiments to be described below.

Electrophysiology

Currents were recorded at room temperature (20-—22°C),
using the whole-cell patch-clamp technique. CHO-K1 cells
plated on coverslips were placed at the bottom of a 2 ml
perfusion chamber mounted on the stage of an inverted
phase-contrast microscope (Nikon Diaphot, Nikon Corpora-
tion, Tokyo, Japan). Electrodes were positioned using a
micromanipulator (Narishige WB 90, Tokyo, Japan). A
silver/silver-chloride reference electrode was placed directly
in the perfusion chamber. Membrane potentials were
adjusted by —15 mV to correct for the junction potential
between high K™ pipette and external bath solution
(calculated wusing commercial software, JpCalc, Barry,

1994). Cells were patched using micropipettes fabricated
from thin-walled borosilicate glass (Vitrex Microhematocrit
Tubes, Modulohm 1/S, Denmark) with a vertical pipette
puller (Model 720, David Kopf Instruments, CA, U.S.A.).
Tip diameters varied between 0.9 and 1.5 um (pipette
resistance =5.9+2.9 MQ, n=24). Currents were amplified
and filtered at 2 kHz with a 4-pole Bessel filter (—3dB
point) using an Axopatch 1D amplifier (Axon Instruments,
Foster City, CA, U.S.A.). Currents were sampled at
0.25 kHz for the prolonged depolarization (40-s) protocol
and 1 kHz for all other protocols. Stimulation protocols and
data acquisition were carried out using a microcomputer
(IBM Pentium), running commercial software and hardware
(pClamp6.0/ Digidata 1200, Axon Instruments Inc. and
Scientific Solutions Inc., Foster City, CA, U.S.A.) Whole-
cell capacitance was determined from capacitative transient
decay in current recordings following voltage steps of
+10 mV from the holding potential. The median CHO-K1
cell capacitance was 47.7 pF (range 11.2—209 pF). At least
80% series resistance compensation was achieved in all
reported experiments (series resistance 13.3+6.4 MQ before
compensation). Leak subtraction was performed in some
experiments by applying three hyperpolarizing pre-pulses
before the test pulses (P/3 subtraction protocol).

Solutions and drugs

The intracellular pipette solution contains (mMm): K
gluconate 120, KCI 20, MgATP 1.5, EGTA 5, N-2-
hydroxylethylpiperazine-N'-2-ethanesulphonic acid (HEPES)
10, adjusted to pH 7.3. The superfusion solution contains
(mM): NaCl 130, KCI 4.8, MgCl, 1.2, NaH,PO, 1.2, HEPES
10, glucose 12.5, CaCl, 1.0, adjusted to pH 7.4. Halofantrine
was made as stock solution dissolved in absolute ethanol
(maximum final ethanol concentration =0.1% v v~') and
stored at —4°C. In preliminary experiments, we confirmed
that ethanol at 0.1% v v~! had no effect on the parameters
under study.

Statistics

Current analyses were performed using the Clampfit module
of pClamp software. Data are expressed as mean +s.e.mean
for n experiments. Statistical analyses were performed using
Prism 2.0 (Graphpad Software, San Diego, CA, U.S.A).
Unpaired t-tests were used for comparisons of two groups
and repeated measures ANOVA with post-hoc comparison
of means using Dunnett’s test for multiple group compar-
isons. A P value <0.05 was considered significant. The
amplitude of the activating current was calculated as the
difference between the initial current recorded just after the
step depolarization and the maximum reached at the end of
the step. Similarly, the amplitude of the tail current was
recorded as the difference between the peak and steady state
current after repolarization to —60 mV. The voltage-
dependence of current activation was determined by fitting
the values of the normalized tail currents to a Boltzmann
function:

I=1/(1 +exp[(V1/2 = Vt)/kK]), (1)

where I represents the relative tail current, V1/2, the voltage
at which the current was half activated, Vt, the test potential
and k, the slope factor. The relationship between drug
concentration and current blockade was determined by
fitting values to a Hill equation after normalization of
post-drug current to control current:
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Idrug/Icontrol _ 1/[1 + 10108(]C50—D)n] (2)

where [ represents the relative tail current, ICsy the
concentration required for 50% channel blockade, D the
drug concentration and n the Hill coefficient.

Results

CHO-KI1 cells transfected with HERG possess a potassium
channel with activation and rectification properties very
similar to endogenous Ik, and also to HERG-transfected cells
previously described (e.g. Human embryonic kidney 293,
Snyders & Chaudhary, 1996; Xenopus Oocytes, Suessbrich et
al., 1997, CHO-K1, Walker et al.,1999b). When activated by
step depolarizations, these channels yielded activating outward
currents which decreased in amplitude at potentials positive to
0 mV due to rapid C-type inactivation (Smith et al., 1996;
Spector et al., 1996). The steady state current-voltage (I-V),
curve has a bell-shaped waveform which peaked at 0 mV. On
repolarization, large tail currents were elicited as a result of
fast relief from inactivation combined with slow deactivation
(Sanguinetti er al., 1995). The tail current I-V curve has a
typical sigmoid shape, that is, tail currents increased with
voltage and then reached plateau for membrane potentials
positive to +10 mV.

Halofantrine applied to the superfusate blocked both
HERG activating and tail currents (Figure 1a,b). Analysis of
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peak tail currents, elicited on repolarization to —60 mV after
3.9-s prepulses from —80 mV to +30 mV, revealed concen-
tration-dependent inhibition by halofantrine with an ICs,
value of 1969 nm (95% CI 151.8—245.8 nM) and Hill
coefficient —0.96+0.06 (Figure lc. n=>5). The blocking effects
of halofantrine was very slow to washout and only slightly
reversible (21.1+6.3% recovery after 20 min, n=7).

Onset of block

Cells were held at —80 mV to keep channels in the closed state
during wash-in of 300 nM halofantrine. The solution flow rate
was 1 ml min~! ensuring complete exchange of the bath within
30 s. After 3 min without stimulation, the first 40-s depolariza-
tion to 0 mV yielded only a small reduction in activating
current (<12%, n=5). However, blockade progressively
increased with subsequent pulses until steady state was reached
after about 6 min (Figure 2).

Voltage dependence

We studied the voltage-dependence of block by halofantrine by
analysing the effects of the drug on the HERG current-voltage
relationship. We first used a standard protocol in which
activating currents were elicited by 3.9-s depolarizing pulses
from a holding potential of —80 mV to potentials between
—50 mV and +30 mV. Tail currents were elicited by
repolarization to —60 mV (Figure 3a, top panel). Voltage
steps were delivered at an interpulse interval of 20 s. Individual
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Figure 1 HERG channel blockade by halofantrine. Currents were elicited before, (a), and after 300 nm halofantrine, (b), using the
potocol shown. Depolarizing steps 3.9-s in duration were applied from a holding potential of —80 mV, to test potentials from — 50
to +30 mV in 10-mV increments. Tail currents were generated by repolarization to —60 mV for 10 s. (c) HERG tail currents
recorded after repolarization to —60 mV from + 30 mV in the presence of varying concentrations of halofantrine were normalized
to the control amplitude (Inao-/ Leontror) @and plotted against drug concentration to yield the dose response. A Hill equation fit yielded
an ICso of 196.9 nMm (95% CI: 151.8—245.8 nMm) and Hill slope of —0.96+0.06 (n=75).
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peak tail currents were normalized to the maximal control
amplitude and fitted with a Boltzmann function (Figure 3a,
middle panel). The voltage required for half-maximal
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Figure 2 Pulse-dependent development of block with 300 nm
halofantrine. During wash-in of halofantrine, the cell was held at
—80 mV for 3 min without stimulation. A series of steps (40 s at
0 mV, 20 s at —60 mV) were then applied at 60-s intervals.
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activation (V,,) was shifted from —17.54+0.4 mV under
control conditions to —23.4+2.5 mV after 300 nM halofan-
trine (P <0.05, n=15). The reduction in tail current by 300 nM
halofantrine increased significantly from 24 +13% at —30 mV
to 71+6% at +30 mV (P<0.05, n=35; Figure 3a, bottom
panel). Halofantrine therefore exerted a voltage-dependent
block on HERG. The degree of blockade was more
pronounced with stronger depolarization from —30 mV to
+30 mV as channels were rendered inactivated at positive
potentials. This suggests interaction of halofantrine with the
inactivated state. If so, removal of inactivation might eliminate
the voltage-dependence of channel blockade. To investigate
this, we used a protocol which allowed us to plot an
instantaneous I-V relationship (Figure 3b, top panel). Cells
were first depolarized to +30 mV for 500 ms to inactivate the
channels. Following this, a short 40-ms repolarizing step to
—80 mV removed inactivation without allowing sufficient time
for deactivation (Smith ez al, 1996). After this brief
repolarizing step, a series of 1-s test pulses were delivered to
potentials between — 100 mV and +40 mV. Currents recorded
at the test pulses were fitted by single exponential functions
and the peak amplitude obtained was plotted against test
potentials to yield instantaneous I-V curves. With inactivation
removed, the I-V relationship was linear (Figure 3b, middle
panel) and HERG channel blockade was significantly less
(Figure 3b, bottom) when compared with the standard I-V
protocol (Figure 3a, bottom panel). For example, at +20 mV,
300 nM halofantrine reduced HERG currents by 68.1+6.1%
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Figure 3 Voltage-dependent block of HERG by halofantrine. (a) Top: Standard current-voltage (I-V) protocol. Relative I-V
relationships for peak tail currents in controls and halofantrine 300 nm were fitted with a Boltzmann function. V,, shifted from
—17.54+0.4 mV in controls to —23.44+2.5 mV after halofantrine, P<0.05, n=135). Bottom: Fraction of control tail currents blocked
at every given potential increased from 24 +13% at —30 mV to 71+6% at +30 mV (P<0.05, n=5). (b) Top: Instantaneous I-V
protocol yielding linear I-V relationship. Bottom: Fraction of control current blocked was significantly less compared with (a).
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Figure 4 Use-dependent block of HERG by 300 nm halofantrine.
Tail currents were recorded at —60 mV after a 500-ms pre-pulse
from —80 mV to +30 mV at 0.1 Hz and 0.5 Hz. Before the first
depolarization, cells were superfused for 2 min to allow complete
exchange of the bath.
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Figure 5 Effect of halofantrine on HERG current during prolonged
depolarization. (a) Representative current traces (control and after
300 nM halofantrine) generated by a 40-s depolarizing step to
+10 mV. (b) ‘Difference’ current obtained by subtracting the current
after halofantrine from the control current.

with the ‘standard’ protocol but only 34.8 +8.9% with the
‘instantaneous’ protocol (P<0.05, n=75).

Use dependence

To analyse use-dependent block, HERG channels were
activated by 500-ms depolarizing steps from —80 mV to
+30 mV at frequencies of 0.1 and 0.5 Hz in the presence of
300 nM halofantrine. Immediately after each step, tail current
amplitudes were measured following repolarization to
—60 mV. Figure 4 indicates that the time course by which
HERG channel blockade occurs is dependent upon the
stimulation frequency (After 150s, 16.6+3.5% block at
0.1 Hz versus 56.44+11.8% block at 0.5 Hz, P<0.05, n=6).
Therefore, block by halofantrine exhibits positive use-
dependence.

Effect of halofantrine during prolonged depolarization
Figure 5a shows the effect of halofantrine on HERG current

amplitude during prolonged depolarizing steps. Halofantrine,
300 nM was applied for 3 min to cells held at —80 mV without

stimulation. Current was then activated by 40-s depolariza-
tions to + 10 mV. The first pulse after this equilibration period
showed no effect on the initial time course of current activation
and the initial peak current was only reduced slightly
(10+1.9% block, n=5). However, there is a time-dependent
decline in current during the depolarizing step. A single
exponential fit to this decaying current yielded a time constant
of 16.85+2.07 s (n=15). Figure 5b shows the time course of the
‘difference’ current obtained by subtraction of the activating
currents (control—halofantrine). A single exponential fit to this
‘difference’ current yielded a time constant of 14.42+2.31 s
(n=>5).

Development of channel blockade

To further examine the time course of onset of the time-
dependent block on HERG, we used an envelope of tails
protocol. Peak tail current amplitude was measured after a
series of consecutive depolarizing steps to +30 mV, the
duration of which was progressively increased in 80-ms
increments, followed by a 5-s return to —60 mV to maximize
the tail current (Figure 6). This protocol removed inactivation
and allowed us to analyse the effects of halofantrine on the
fully-activated current. Figure 6a shows that under control
conditions, with depolarizing steps >520 ms, peak tail
currents reached steady state, that is, HERG channels were
maximally activated. 300 nM halofantrine caused a small
reduction (18+0.03%, n="7) in peak tail current after the
first (shortest) depolarizing pulse duration of 40 ms (Figure
6¢). Although HERG channel activation was maximal after
depolarizations >520 ms in duration, HERG blockade by
300 nM halofantrine continued to increase progressively with
longer depolarizing pulse durations (20+7.6% block after a
120-ms step versus 59.5+4.5% after a 1880-ms step (P <0.05,
n="17, Figure 6c). Therefore the fraction of open channels does
not exclusively determine the degree of blockade. To measure
the onset of the block, currents were normalized to their
maximal amplitude and fitted with a sum of two exponentials
(Figure 6d). With 300 nM halofantrine, we obtained values of
164.6+13.4 ms and 455.8+56.1 ms. The control currents
could be well fitted with a single exponential function with a
time constant of 140.6 4+ 3.6 ms.

Effect on kinetics

The use-, voltage- and time-dependence of halofantrine block of
HERG channel suggest that the drug binds to the inactivated
and/or open states (Rampe et al., 1997; Toyama et al., 1997,
Suessbrich et al., 1997). Therefore we studied the effects of
300 nM halofantrine on the time course of activation,
deactivation and inactivation. Halofantrine 300 nM did not
significantly alter the time course of channel activation or
deactivation at the potentials studied (P =ns,n=4-8, Figure 7).
We next studied channel inactivation using a ‘dual-pulse
protocol’. Currents were recorded after a 500-ms depolarization
to +30 mV from a holding potential of -80 mV, followed by a
40-ms hyperpolarizing step to —80 mV to relieve inactivation
without allowing sufficient time for deactivation, then a second
depolarization to potentials between —100 mV and +40 mV
(Figure 8b). The time course for the onset of inactivation was
determined by fitting a single exponential function to the tail
current elicited after the second depolarizing step. In the
presence of halofantrine 300 nM, there was a significant
acceleration in the time course for onset of inactivation at most
potentials. At —30 mV, Tipacivation Was 13.6+1.2 ms under
control conditions versus 10.4+40.3 ms with 300 nM halofan-
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Figure 7 Effect of halofantrine on activation and deactivation time
constants. Single exponential functions were fitted to activating
currents generated as in Figure | to yield activation time constants.
Time constants of deactivation were obtained by fitting a double
exponential function to the deactivating tails currents as in Figure 1.
Trasts Tslow: fast and slow components of deactivation respectively.

trine (P <0.05,n="17, Figure 8c). Recovery from inactivation was
determined by fitting a single exponential to the initial ‘hook’
preceding slower deactivation of tail currents elicited by
stepping to potentials between — 120 mV and 0 mV following
a 500-ms depolarization to +30 mV (Figure 8a). After
halofantrine there was no significant change in the time constant
of recovery from inactivation (Figure 8c). We next looked for
changes in the steady state inactivation of the channels. We used
a double pulse protocol with varying interpulse potential
amplitude, first to inactivate the channels and then to remove
inactivation (Figure 8d). The maximal amplitude of the current
during the second pulse to +30 mV represents the number of

channels inactivated during the interpulse . To avoid any
contribution from the capacitance of the cells, current traces
were fitted in a region where the capacitative artifact had
completely resolved. The capacitative transient was fully
resolved within 3 ms from the beginning of the pulse at all
tested potentials. We then plotted the amplitude of the peak
current against the interpulse potential to obtain the steady state
inactivation (Figure 8¢). The raw data were fitted to a Boltzmann
distribution and used to calculate the asymptotic value at the
plateau. Peak currents were then normalized to this asymptotic
value and the data in Figure 8f plotted. Averaged mid-activation
potential (V,,) was shifted 20 mV in the hyperpolarizing
direction by 300 nM halofantrine (V,,=—62+0.4 mV in
controls versus V;,= —82+0.7 mV with 300 nM halofantrine,
P<0.05, n=8.). The slope factor was essentially unchanged
(—1940.4 mV for controls versus —21+0.7 mV for halofan-
trine, P=ns, n=3).

Discussion

This is the first report of direct blockade of the HERG channel
by halofantrine, an antimalarial agent in wide clinical use
which has been well documented to cause QT prolongation,
torsades de pointes and fatal cardiac arrests. We found that
halofantrine caused potent inhibition of HERG currents with
an ICs, value of 196.9 nM (95% CI 151.8—245.8 nM). The
potency of halofantrine blockade is similar to the methane-
sulphonanilides which cause block of this channel at
nanomolar concentrations (dofetilide, Snyders & Chaudhary,
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Figure 8 Effect of halofantrine on HERG channel inactivation. (a) Time course of recovery from inactivation was obtained by a
single exponential fit to the initial ‘hook’ elicited by the steps to between — 120 mV and 0 mV using the protocol shown. (b) Onset
of inactivation was measured by fitting a single exponential function to the tail current elicited after the second depolarization to
potentials between — 100 mV and +40 mV using the ‘dual-pulse’ protocol as shown. (c) Time constants for recovery and onset of
inactivation plotted against membrane potential under control conditions and 300 nm halofantrine (n=7). (d) Steady state
inactivation was studied using a double-pulse protocol with varying interpulse repolarization levels as shown. (e) Peak current
amplitude obtained from fits to current traces in panel (d) under control conditions and 300 nM halofantrine were plotted against
membrane potential. A Boltzmann distribution fit to the data was used to calculate the asymptotic value. (f) Data from eight cells
were normalized to the asymptotic value of their respective Boltzmann fit. A Boltzmann distribution fitted to the normalized
currents gave averaged mid-activation potentials of —62+0.4 mV for control and —82+0.7 mV for 300 nM halofantrine.

1996; E4031, Walker et al., 1999b). Several other non-cardiac
drugs which prolong QT have also been shown to block
HERG or native Ik, currents. (e.g. macrolide antibiotics
(Daleau et al., 1995; West et al., 1998), haloperidol (Suessbrich
et al., 1997), thoridazine (Drolet et al., 1999), sertindole
(Rampe et al., 1998), terfenadine, astemizole (Suessbrich et al.,
1996), cisapride (Mohammad et al., 1997; Rampe et al., 1997,
Walker ef al., 1999a), ketoconazole (Dumaine et al., 1998) and
terodiline (Jones et al., 1998).

Therapeutic plasma halofantrine concentration in patients
receiving halofantrine treatment is 1.67 to 2.98 uM (Veenen-
daal et al., 1991; Karbwang et al., 1991). QT interval has been
shown to be significantly correlated with plasma level of the
parent drug, halofantrine, but not with its major metabolite,
N-desbutyl-halofantrine (Touze et al., 1996). In the report by
Nosten et al. (1993), a high dose regimen of halofantrine
(72 mg kg~ "), induced consistent dose-dependent QT prolon-
gation in all 61 patients treated. Our finding of a concentra-
tion-dependent block of HERG channels by halofantrine
therefore correlates well with this observation.

In two cases of serious cardiotoxicity in which plasma
concentration was measured at the time of death or

syncope, it was approximately 1.6 uM in both patients
(Nosten et al., 1993). Thus, halofantrine-induced cardio-
toxicity can occur at therapeutic concentrations of the
drug. The ICsy value for halofantrine block of HERG
currents is an order of magnitude lower than this
(196.9 nM) but halofantrine is very highly bound in whole
blood (83% to serum proteins, 17% to erythrocytes; Cenni
et al., 1995). It is also possible of course, that the potency
of blockade of native human Ix, by halofantrine may be
different from that of HERG currents expressed in
heterologous cell lines.

Mechanism of blockade

Channel inhibition by halofantrine exhibited time-, voltage-
and use-dependence, suggesting that it preferentially binds to
open and/or inactivated states of HERG channels (Rampe et
al., 1997; Toyama et al., 1997; Suessbrich et al., 1997). We
observed strong evidence for binding of halofantrine to the
inactivated state. Thus, block was enhanced by protocols
which render more channels inactivated and weakened by
removal of inactivation. Halofantrine increased the rate of
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inactivation and caused a marked hyperpolarizing shift in the
Vi, of steady-state inactivation. This hyperpolarizing shift
reflects a reduction in channel availability at a given potential,
and effectively produces enhanced inward rectification (Smith
et al., 1996).

Our data do not exclude the possibility that halofantrine
also interacts with the open-channel state. Open-channel
blockers often cause apparent acceleration of the activation
time constant and/or deceleration of the deactivation time
constant due to reopening of channels caused by drug
unbinding (Yang et al., 1995; Wang et al., 1999). Although
halofantrine did not alter activation or deactivation time
constants in our studies, this is not conclusive evidence against
open-state blockade, because drug-induced modification of
deactivation kinetics depends critically on the relative rates of
channel deactivation and drug/channel interaction. For
example, dofetilide blocks HERG channels in the open state
but does not change the deactivation time course because it is a
slow-onset/slow-offset open-channel blocker (Snyders &
Chaudhary, 1996). Our results with halofantrine suggest that
binding and unbinding of halofantrine to the open-channel
state occurs slowly for the following reasons: firstly, the
envelope of tails test demonstrated that HERG channel
blockade by halofantrine increased progressively with increas-
ing depolarizing pulse duration even after steady state
activation had been reached, and secondly, the rate of HERG
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