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ABSTRACT

hERG K™ channel is important for controlling the duration of
cardiac action potentials. Amiodarone (AMD), a widely pre-
scribed class Il antiarrhythmic, could inhibit hERG currents
with relatively few tachyarrhythmic adverse events. We use
injected Xenopus oocyte with two-electrode voltage clamp
techniques to characterize the action of AMD on hERG channels.
We found that AMD binds to the resting hERG channel with an
apparent dissociation constant of ~1.4 uM, and inhibits hERG
currents at mild and strong depolarization pulses by slowing
activation and enhancing inactivation, respectively, at 22°C.
The activation kinetics of hERG channel activation are much
faster, but inactivation kinetics are slower at 37°C. AMD accord-
ingly has a 15% to 20% weaker and stronger inhibitory effect
at mild and strong depolarization (e.g., —60 and +30 mV,
0.3-second pulse), respectively. In the meanwhile, the resurgent
hERG tail currents are dose-dependently inhibited by AMD
without altering the kinetics of current decay at both 22°C and
37°C, indicating facilitation of recovery from inactivation via the
silent route. Most importantly, AMD no longer inhibits but
enhances hERG currents at a mild pulse shortly after a prepulse

at 37°C, but not so much at 22°C. We conclude that AMD is an
effective hERG channel-gating modifier capable of lengthening
the plateau phase of cardiac action potential (without increasing
the chance of afterdepolarization). AMD, however, should be
used with caution in hypothermia or the other scenarios that slow
hERG channel activation.

SIGNIFICANCE STATEMENT

It is known that amiodarone (AMD) acts on hERG K* channels to
treat cardiac arrhythmias with relatively little arrhythmogenicity.
We found that AMD enhances hERG channel inactivation but
slows activation as well as recovery from inactivation, and thus
has a differential inhibition and enhancement effect on hERG
currents at different phases of membrane voltage changes,
especially at 37°C, but not so much at 22°C. AMD is therefore
a relatively ideal agent against tachyarrhythmia at 37°C, but
should be more cautiously used at lower temperatures or
relevant pathophysiological/pharmacological scenarios asso-
ciated with slower hERG channel activation because of the
increased chances of adverse events.

Introduction

Gating of the hERG K' channel is well known for the
acceleration of inactivation over activation during a pulse
of strong depolarization (Wang et al., 1997). hERG currents,
although based on a depolarization-activated channel, are
thus paradoxically decreased at stronger depolarization
because more channels are rapidly driven into the inactiva-
tion state (Trudeau et al., 1995; Schonherr and Heinemann,
1996; Smith et al., 1996). hERG K* channel gating is also
characterized by a large resurgent tail current upon repolari-
zation, presumably signaling recovery from inactivation tres-
passing an open state. hERG currents would therefore be more
inhibited in the presence of more repetitive or prolonged
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depolarization. Upon repolarization, resurgent hERG cur-
rents presumably are generated to stabilize the resting
phase. These characters make hERG channels an impor-
tant control of appropriate repetitive discharges in heart
and many different types of neurons (Babcock and Li, 2013).
From the molecular perspective, the basis of the intriguing gating
phenomena has been focused on the possibilities of slow activa-
tion with relative fast C-type inactivation, such as relocalization of
voltage sensor domains or reconfiguration of S-5-P loop on the
outer mouth region (Schonherr and Heinemann, 1996; Wang
et al., 1997; Torres et al., 2003; Zhang et al., 2004; Jiang et al.,
2005), but many of the essential biophysical attributes of
gating have remained uncharacterized. For example, hERG
channel could recover from inactivation via two routes in
theory. Deinactivation before deactivation would necessarily
involve trespass of an open state and genesis of currents, and
thus the resurgent route. Deactivation before deinactivation,
in contrast, would indicate that no open state is trespassed
and thus the silent route of recovery, which has been much less
characterized (Clancy and Rudy, 2001). Whether there is only

ABBREVIATIONS: AMD, amiodarone; APDg, action potential duration at 90%; TdP, torsade de pointes.
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one open state to be trespassed, and whether and how the differ-
ent routes of recovery from inactivation are proportioned to
determine the size of the resurgent tail currents, are not clear.

Fig. 1. The voltage-dependent inhibitory effect of
AMD on short and long depolarization pulses at
22°C. (A) hERG currents were elicited by short (0.3-
second) and long (3.3-second) test pulses at —60,
—30, 0, +30 mV from a holding potential at —90
mV. (B) The late sustained currents (the average
currents in the last 5 ms of the test pulse) and the
peak of tail currents in 10 uM AMD are normalized
to that in control to give the relative currents in the
test and tail pulses (0.3 second, green bar; 3.3
seconds, gray bar; n = 10, 10, 11, 10 for —60, —30,
—0, +30 mV, respectively). (C) The time constants
from the monoexponential fits to the growing phase
of the currents (5% to 95% of currents) in (A) show
that 10 uM AMD slows channel activation from
holding potential of (—90 mV) at mild pulses (e.g.,
—60 mV) but not strong pulses (e.g., +30 mV)
(paired two-tailed ¢ test, *P < 0.05). Note this is just
an approximate estimate of channel activation
kinetics because of the possible contamination by
inactivation especially with a longer (3.3-second)
pulse. Inset figure: a magnified view of the data at
0 and +30 mV. (D) The time constants from the
monoexponential fits to the decay phase of the tail
currents (from 5% to 95% of the currents) in (A)
show that although 10 uM AMD has no apparent
effect on the deactivation kinetics of hERG cur-
rents, more depolarized and prolonged preceding
pulses by themselves tend to lead to slower decay
(longer time constant or 7 of the decay phase) of the
tail currents. The results of different pulse dura-
tions are shown in purple (0.3 second) and yellow
(3.3 seconds), respectively (n = 10, 10, 11, 10 for
—60, —30, —0, +30 mV, respectively). Data of the
same test pulse voltages were acquired from the
same cells.

Amiodarone (AMD) is the most frequently prescribed type
IIT antiarrhythmic agent (Heger et al., 1981; Zimetbaum,
2007). With prolongation of action potential duration at 90%,
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AMD may prevent re-entrant excitation and thus tachyarrhyth-
mias. The mechanism of action of AMD has been ascribed to
inhibition of hERG channel and consequent prolongation of the
refractory period, which is a hallmark of the class III antiar-
rhythmics (Sanguinetti et al., 1995). Interestingly, AMD seems to
have a much better safety profile in terms of the risk of induction
of severe tachyarrhythmias such as Torsade de Pointes (Roden,
2004). It was proposed that the protonated form of AMD may act
as a pore blocker and inhibit hERG channels (Kiehn et al., 1999;
Mitcheson et al., 2000; Ridley et al., 2004), and the critical
residues involved in AMD inhibition are located at the proximal
regions of selectivity filter (Zhang et al., 2016). In contrast, the
inactivation-removing mutations such as N588K and N588K/
S631A dramatically reduce the inhibitory effect of AMD (McPate
et al., 2008), suggesting that C-type inactivation or gating
modification does play an important role in the action of AMD.
It is also of note that AMD could enhance rather than inhibit
hERG currents at mild depolarization in a prepulse-dependent
manner (Furutani et al., 2011). This is incompatible with the
idea that AMD acts simply as a pore blocker of hERG channels,
but strongly implicates gating modification of hERG channels
by AMD. Although a smaller K4 between AMD and hERG
channel at 37°C than 23°C (Kauthale et al., 2015), the action of
AMD on the unique gating profiles of hERG channels has not
been systemically and fully characterized, especially at 37°C.
We found that AMD binds to the deactivated (closed) state to
enhance the voltage dependence of hERG channel gating, and
thus inhibits hERG currents at mild depolarization pulses (—30 to
—60 mV) but enhances the initial rising phase and then inhibits
the late currents due to accelerated inactivation at 0 to +30 mV
at 22°C. Because of acceleration of activation but slowing of
inactivation, the inhibitory effect of AMD at mild and strong
depolarization decreases and increases, respectively at 37°C.
Most interestingly, AMD also promotes recovery from inacti-
vation via the silent route to inhibit the resurgent tail currents.
The enhancement effect of hERG currents at a premature pulse
shortly after a prepulse is also especially prominent at 37°C.
AMD therefore may effectively lengthen the plateau phase
of cardiac action potential without increasing the chances of
afterdepolarization at 37°C.

Materials and Methods

Molecular Biology and Expression of hERG K* Channels.
The hERG1-pSP64 c¢cDNA clone was amplified and subsequently
extracted from cells by the QIAprep R Spin Miniprep Kit (QIAGEN).
The inactivation-removed S620T mutant channel was made with the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA) in the wild-type
hERG1-pSP64 ¢cDNA plasmid. The point mutation was verified by DNA
sequencing. These cDNA plasmids were then cut into linear forms by
restriction enzyme (EcoRI) and purified by Gel/polymerase chain re-
action DNA (Fragments Extraction Kit, Geneaid). The cDNA templates
were used to synthesize cRNA transcripts using mMessage mMachine
transcription kit SP6 (Ambion). The hERG cRNA (0.1-1 ng/nl) was then
injected into Xenopus oocytes (stages V-VI), which has been previously
defolliculated and maintained in the culture medium (96 NaCl mM,
2 KCl mM, 1 CaCly mM, 1 MgCly ., 5 HEPES mM, and 50 ug/ml
gentamycin, pH 7.6) at 14°C to 18°C. The injected Xenopus oocytes were
incubated in culture medium 1 to 3 days prior to electrophysiological studies.
We have purchased our Xenopus from South Africa, the African Xenopus
Facility C.C (+27-443884757; KNYSNA, Western Cape, South Africa).

Electrophysiological Recordings. For recording of macroscopic
K" currents, the oocyte was placed in a chamber continuously perfused

with modified ND-96 solution with 4 mM K* (96 NaCl mM, 4 KCI mM,
1 CaCly v, 1 MgCly v, and 5 HEPES mM, pH 7.4). The hERG
currents were then recorded with two-microelectrode voltage—clamp
method. The voltage-sensing and current-passing electrodes were filled
with 3 M KCI and had a consecutive resistance of 0.1 to 1 M(). The
membrane potential was controlled by the amplifier (OC-725C; Warner
Instrument, Hamden, CT). Data were acquired at room temperature
(~22°C) or 37°C using the Digidata-1322A analog/digital interface with
pCLAMP software (Axon Instrument, Foster City, CA). The temperature
control was achieved by automatic temperature controller (TC-324C;
Warner Instrument). The sampling rates were 0.1 to 2 kHz. AMD (Sigma-
Aldrich, St. Louis, MO) was dissolved in DMSO to make a 5 mM stock
solution and then diluted into the modified ND-96 solution to make final
concentration of 0.01 to 100 uM. The most commonly used 10 uM AMD
solution contained 0.2% DMSO, which does not have a significant effect on
the hERG currents examined by a step depolarization of 0 mV x 30
seconds from holding potential of —120 mV (Supplemental Fig. 1). The
highest concentration of AMD in this manuscript is 100 uM. The
2% DMSO has an enhancement effect on the initial and inhibition effect
on the late currents (~10% and 5%, respectively, which should not affect
a valid interpretation of the experimental results). The oocyte was always
continuously perfused for 10 to 30 minutes before experiments to achieve
steady-state distribution of the drug.

Data Analysis. The concentration-response curve is fitted with
Hill equation:

I Imin/Imax — Imin =1 / 1+ [AMD]/Kd"™

where I is the hERG current in presence of AMD; Imin and Imax are
the minimal and maximal hERG current, respectively; [amio] is the
concentration of AMD; K, denotes the apparent affinity of AMD binding
to hERG channels; and nH is the Hill coefficient, which was fixed to 1.
For the monoexponential fitting to the courses that rise to the maximum
or decay to the steady-state, the fit functions are of the forms:

I =A exp(—t/7) + C(for the decay phase)
I=A[1 - exp(—t/7)] + C(for the rising phase)

where 7 is the time constant, A denotes the relative amplitude of the
corresponding components, and C is the steady-state level. For statistical
comparison of experimental groups, the Student’s ¢ test (paired or
nonpaired as designated in the figure legend) is used, and P < 0.05 is
considered to be significant and all statistics are given as mean = S.D. All
statistical tests had been specified before the experimental results were
actually obtained, and all statistical results are reported irrespective of
outcome. Basically, all experiments have an independent measurement
number n= 4. All experimental results were verified by at least one
complete set of paired data obtained from the same cell. The kinetic model
of hERG channel gating is constructed by MATLAB R2015 suite (The
Math Works), with Euler method for numeric integration with the time
step set at 0.01 to 1 ms. Q-matrix method was employed, and the reversal
potential was set to —84 mV.

Results

AMD Inhibits hERG Currents by Slowing of Activa-
tion at Mild Pulses and Enhancement of Inactivation
at Strong Pulses at 22°C. We first explored the effect of
AMD at mild to strong, and short to long depolarization pulses
(Fig. 1), endeavoring to elucidate the basic gating parameters
based on the most simplistic Scheme 1, where C, O, and I stand
for the closed, open, and inactivated states, respectively.

C o I

Scheme 1
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The inhibition of hERG currents by 10 uM AMD during
a short (~300 ms) test pulse is manifest at a voltage of —60
or —30 mV at 22°C, with apparent slowing of the initial
activation phase. In contrast, the activation phase is not
apparently slowed at strong pulses (e.g., 0 mV and especially
+30 mV; Fig. 1, A-C). The tail currents are presumably close
to true tails returning from the open to the closed states with
a short and weak preceding pulse (e.g., —60 mV x 0.3 second).
A close examination of the kinetics of the decay phase of
the tail currents shows that the decay is evidently slower
with a —30 mV than a —60 mV and with a longer (3.3-second)
than a short (0.3-second) test pulse. These slower tail currents
therefore are unlikely all true tails returning directly from the
open to the closed states. The channel must have significantly
entered a third gating state, namely the inactivated state
(Scheme 1) with a pulse of —30 mV x 0.3 second or —60 mV x
3.3 seconds, and then giving rise to resurgent tail currents
upon recovery from state I to state C via state O at —90 mV. In
contrast, the inhibition of hERG currents by 10 uM AMD at
a test pulse of 0 or +30 mV is manifest with a pulse length of
3.3 but not 0.3 seconds, suggesting that channel activation is
no longer significantly slowed, but inactivation is facilitated
by AMD at strong depolarization pulses. We have also exam-
ined the effect of AMD with lengthening of the test pulse at —60
to —30 mV to 120 seconds (Supplemental Fig. 2). The persis-
tence of the inhibitory effect is consistent with the foregoing
ideas that a pulse of —60 mV x 3.3 seconds would already
trigger significant channel inactivation and AMD facilitates
inactivation. In this regard, it is noted that the time constant
of the decay phase of the tail seems to be saturated at ~300 ms
(Fig. 1D; Supplemental Fig. 2), signaling the overall kinetics
of dissipation of the open state with the I to O and then to C
transition (Fig. 1D; Supplemental Fig. 2). The evident inhibi-
tory effect of AMD, however, is also noted on the tail resurgent
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currents. This could not be envisaged with just slowed activa-
tion and/or facilitated inactivation by AMD. AMD very likely
has an additional effect on the genesis of the tail resurgent
currents, or the recovery process of the inactivated hERG
channels upon repolarization (see below).

The Gating Kinetics of hERG Channels Are Markedly
Temperature-Dependent. We then compared the hERG
cuurents at 37°C and 22°C (Fig. 2). It is evident that the
currents are activated much faster at 37°C than at 22°C.
hERG channel inactivation, however, does not seem to be
accelerated or is even apparently abolished, as there is no
discernible decay phase in the macroscopic currents at 37°C.
Our data indicate that the biophysical basis of this phenom-
enon is the slowing of transitions into inactivation (i.e., the
C—Iand O-1I transitions at higher temperature of 37°C). The
hERG currents therefore are very much larger at 37°C than
at 22°C during a test pulse of either 0.3 or 3.3 seconds,
presumably ascribable to not only acceleration of activation
but also slowing of the transitions leading to inactivation. In
contrast, the tail currents following a short (0.3-second) pulse
to —60 mV show a much faster decay phase at 37°C than at
22°C (time constant ~46 vs. ~138 ms). Again, this is probably
close to the true tail currents signaling channel deactivation,
whose kinetics are therefore evidently temperature-dependent.
It is also worthy of note that the time constant of tail current
decay is gradually lengthened to ~80 ms with a stronger and/or
longer preceding pulse, presumably signaling the change from
true deactivating tail to resurgent tail currents (Fig. 2). The
lengthening of the time constant in percentage, however, is
quantitatively smaller than that in Fig. 1. This is consistent
with the idea that hERG channels still undergo inactivation at
37°C, but the tendency of inactivation seems to be decreased.
In other words, the steady-state distribution between the open
and inactivated states in Scheme 1 is much more in favor of the

Fig. 2. Temperature dependence of gating kinetics of hERG
channels. hERG currents are elicited by the same pulse
protocols as that in Fig. 1. Note the much faster activation
kinetics and tail current decay (time constants of the decay
phases are indicated beside the traces) as well as the much
larger current amplitude at 37°C than 22°C. Also note the
general lengthening of the time constants of tail current
decay with stronger and longer preceding pulses and the
possibility of decrease followed by increase of currents
during a long and strong pulse (e.g., +30 mV x 3.3 seconds)
(data of the same test pulse voltage were acquired from the
same cell).

L 22 °Cuil1av=253 ms
37 °Cuail =79 ms
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open state at 37°C than at 22°C (see the more complicated and
complete gating scheme below), and thus the tail currents may
contain a larger true deactivation component of tail currents

A

Lo and Kuo
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at 37°C. It is also of note that during a long and strong pulse
(e.g., +30 mV x 3.3 seconds), there could be a decrease and
then an increase of currents, signaling the possible existence

Fig. 3. AMD inhibits hERG currents by enhance-
ment of inactivation at 37°C. (A) hERG currents
were elicited by short (0.3-second) and long (3.3-
second) test pulses at —60, —30, 0, +30 mV from
a holding potential at —90 mV. (B) The late
sustained currents (the average currents in the
last 5 ms of the test pulse) and the peak of tail
currents in 10 uM AMD are normalized to that in
control to give the relative currents in the test and
tail pulses (0.3 second, green bar; 3.3 seconds,
gray bar; n = 10, 10, 11, 10 for —60, —30, —0, +30
mV, respectively). Note the larger current re-
duction by 10 uM AMD at 0.3-second 0 and
+30 mV and the weaker inhibitory effect at 0.3-
second —60 and —30 mV than in Fig. 1B (paired
two-tailed ¢ test, P < 0.05). (C) The time constants
from the monoexponential fits to the growing
phase of the currents (5% to 95% of currents) in
(A) show that 10 uM AMD slows channel activa-
tion from holding potential of (=90 mV) at mild
pulses (e.g., —60 mV), but not strong pulses (e.g.,
+30 mV), although the slowing effect is less
prominent than that at 22°C in Fig. 1. Also note
this is just an approximate estimate of activation
kinetics because of the contamination by inacti-
vation (paired two-tailed ¢ test, *P < 0.05). Inset
figure: a magnified view of the data at 0 and +30
mV. (D) The time constants from the monoexpo-
nential fit to the decay phase of the tail currents
(from 5% to 95% of the currents) in (A) show that
despite the faster decay kinetics at 37°C, 10 uM
AMD has no apparent effect on the deactivation
kinetics of hERG currents. Also, more depolarized
and prolonged preceding test pulses by them-
selves still tend to lead to slower decay (longer
time constant or 7 of the decay phase) of the tail
currents. The different pulse durations are in-
dicated by the purple (0.3-second) and yellow (3.3-
second) bar, respectively (n = 10, 10, 11, 10 for
—60, —30, —0, +30 mV, respectively); data of the
same test pulse voltage were acquired from the
same cell).
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of two different open states with distinct steady-state distri-
bution ratios to their corresponding inactivated states (see
below).

AMD Less Effectively Slows hERG Channel Activa-
tion but More Effectively Enhances Inactivation at
37°C. Figure 3, A-C, shows that the accelerated hERG channel
activation at 37°C is slowed by AMD (most evident in a pulse of
—60 to —30 mV, although to a smaller extent than that at 22°C in
Fig. 1). Meanwhile, channel inactivation is accentuated by AMD
at 37°C (most evident in a pulse of 0 or +30 mV; also see
Supplemental Fig. 3). Interestingly, the inhibitory effect on the
late sustained current in the test pulse is less and more
pronounced in a pulse of —60 to —30 mV and 0 to +30 mV,
respectively. Although the decay of the tail currents is much
faster at 37°C (and the time constants are gradually lengthened
and saturated at ~80 ms), the kinetics of decay again are not
changed by AMD (Fig. 3C). Also, AMD still inhibits the tail
currents to a similar extent to that of the preceding sustained
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currents. It seems that AMD has a qualitatively similar action on
hERG channels at both 22°C and 37°C. But the quantitative
differences, especially those relevant to the pathophysiological
and clinical settings, may be worth further exploring.

AMD Binds to the Deactivated hERG Channel with
an Apparent Dissociation Constant of ~1.4 uM. We
have seen in Supplemental Fig. 2 that 1 to 100 M AMD
concentrations dependently inhibits the currents in a pro-
longed pulse of —60 to —30 mV x 120 seconds, reasonably
approximating a steady-state condition. The IC5, is most
likely 1 to 3 uM at —60 mV, and probably is higher toward
more positive potentials. This is, however, not an ideal esti-
mate of dissociation constant because of the mixture of different
gating states of the channel in the long pulse. In view of the
apparent effect of AMD on the activation kinetics of the hERG
channel, we endeavored to investigate the possibility of AMD
binding to the relatively fully deactivated state and thus a more
pure gating state of the channel. Figure 4, A and B, and

Fig. 4. Concentration-dependent enhance-
ment effect of AMD on the initial activation
rate of hERG channels. (A) hERG currents in
different concentrations of AMD at 22°C are
depicted by different colors. The holding po-
tential is —120 mV, and the test pulse is 0 mV
x 30 seconds. The intersweep interval is 1.5 to
3.5 minutes, which is enough to fully recover
all inactivated channels back to the resting
state. (B) A closer view of the initial activation
phase in (A). (C) The current amplitude at
100 ms [arrow in (A)] of the test pulse in
different concentrations of AMD is normalized
to that in control to give the relative current,
which is then plotted against AMD concentra-
tion and fitted with a Hill equation to give an
apparent Ky value of 1.4 uM (n = 7). (D) With
the same test pulse voltage and duration in
(A), but a different holding potential at —90
mV, there is no manifest enhancement effect
of AMD on the initial phase of channel activa-
tion measured in the same way as that in (C)
(n = 5). (E) With the same pulse protocol in (A)
but at 37°C, the current amplitude at 100 ms
(arrow, left panel) is normalized with same
procedure in (C) and (D) to give the relative
current (right panel). In contrast to the case at
22°C in (B), the initial activation phase is
inhibited by AMD at 37°C (n = 4). (F) The late

02 100ms ol sustained currents (the average currents in

0.0 -, \ \ \ ) “1uM the last 5 ms) in the 30-second test pulse (left

oor o1 1 10 100 ES pa Cl0pM control 110100 panel) and the peak of following tail currents

AMD [uM] Some 100 uM AMD [uM] (right panel) in AMD with different holding

potential (=90 mV vs. —120 mV) are normal-

F ized to that in control and plotted against the

= sustained current (-90 mV) == tail current (-90 mV) AMD concentration (red bars: hOIding pOt.en_

=== sustained current (-120 mV) === tail current (-120 mV) tial at _90 l’l’lV, n= 5’ and black bars: hOIdlng

10 10 potential at =120 mV, n = 7).
508 508
5 0.6 306
04 504
02 02
00 0.01 0.03 0.1 03 1 3 10 30 100 00 0.01 0.03 0.1 03 1 3 10 30 100
AMD [uM] AMD [uM]

202 ‘8T |1dy uo sjeuinor 1 34SY e Bio'sfeulno iadse w.reydjow wou) papeojumod


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.119.116400/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.119.116400/-/DC1
http://molpharm.aspetjournals.org/

336 Lo and Kuo

r conol 22°C
r. 10 (MAMD
(il
5sec
B control 37°C
LT
IOHMAMD
SSec

f 22°C

37°C
[
[V 2
1 sec
D @ 22°C (10 pM AMD)
O 22°C (control)
0 A 37°C (10 yM AMD)
8 4 37°C (control)
1‘0_* EO.IS- W* % % %
=
E08f é 5=
£ g Eol0r
=1 32
; 0.6 | 9 9 g 4 ; _?;3“ o * ® ok
“o2fb -2
0.0 -, 1 1 1 1 1 1 J é 0.00 T 1 1 1 1 1 1 )
0 S5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
test pulse duration (sec) test pulse duration (sec)

Fig. 5. Inhibition of hERG tail currents and enhancement of the currents in a mild depolarization pulse following a prepulse are dependent on
temperature and prepulse duration. (A) Macroscopic current traces were acquired at 22°C with a protocol that a prepulse of 0 mV was lengthened from 1
to 8 seconds (At = 1 second) and then to 10, 20, 30, and 35 seconds from a holding potential of —90 mV. After a gap potential at —90 mV x 3 seconds, a mild
depolarization test pulse at —60 mV x 2 seconds (the afterdepolarization) was given before returning back to —90 mV. The intersweep interval is 1.5 to
3.5 minutes, which is enough to fully recover all inactivated channels back to the resting state. The sweeps in control and in 10 uM AMD are shown in the
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Supplemental Fig. 4 document the change of activation
kinetics, especially the initial kinetics of the hERG by differ-
ent concentrations of AMD from a holding potential of —120
to 0 mV, which coincides with a narrow window for a protocol
to observe acceleration of the initial activation by AMD.
Fitting with a one-to-one binding curve to the initial activation
kinetics reaction reveals an apparent Kj of ~1.4 uM (Fig. 4C),
which could be reasonably ascribed to binding of AMD to
the presumably fully deactivated or resting hERG channels
(at —120 mV) because the measurement is focused on the
initial part of activation. In contrast, the enhancement effect
of AMD becomes much less evident when the holding potential
is set at —90 mV (Fig. 4D), probably because of the distribution
of the channel in less fully deactivated states at the more
positive holding potentials and thus more contamination of
the activation from the intermediate deactivated states by
inactivation. We also repeated the same experiments with
a holding potential of —120 mV at 37°C. No enhancement
but inhibition or slowing of the initial activation phase
was demonstrated (Fig. 4E), presumably because the initial
activation from the most deactivated state (at —120 mV) is
already quite fast at 37°C. In other words, the apparent en-
hancement only at 22°C but not 37°C is that the initial
activation from —120 mV (presumably from C; or the most
deactivated state) is already quite fast at 37°C. This is also
the reason that there is no apparent enhancement effect
even at 22°C if the initial activation is from —90 mV (where
channel activation is presumably mostly from Cg or C5 rather
than C; and thus is already accelerated compared with that
from —120 mV). In spite of the difference of initial activation
phase at holding potential of —90 and —120 mV, the inhibitory
effect of AMD on the late currents in the 0 mV pulse or on the
tail currents are very similar (Fig. 4F), indicating that the
different findings at —90 and —120 mV holding potential are
indeed limited to the initial current or channel activation. In
any case, AMD seems to bind to the deactivated hERG channel
with a binding constant in the low micromolar range, which
is well in accordance with the therapeutic concentrations
of AMD.

AMD Inhibits Tail hERG Currents by Facilitation of
a Silent Route of Recovery from Inactivation. It is well
known that hERG channels could recover from inactivation
via an open state (e.g., Scheme 1), giving rise to a prominent
resurgent tail current. In Figs. 1 and 2, we have seen the
evidently smaller resurgent tail currents at 37°C than at
22°C (especially if taking the corresponding sustained currents
into consideration). Moreover, the tail resurgent currents are
unequivocally inhibited by AMD. The kinetics of tail current
decay, however, are not proportionally altered in the presence of
AMD. This is very difficult to envisage if AMD only affects
hERG channel activation and inactivation. For an explanation
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of these phenomena, Scheme 1 is inadequate and Scheme 2 is
proposed.

C =0

.

Ic _— o

Scheme 2

Scheme 2 indicates at least two possible routes of recovery
from inactivation. Ig is the predominant inactivated state
during a step depolarization. I could recover to state C during
the hyperpolarization phase following the step depolarization
either via state O (to generate tail or resurgent currents and
thus designated as the resurgent route) or via state I, which
has the activation gate closed before opening of the dein-
activation gate and thus would not allow current flow in the
recovery processes (the silent route). The inhibition of the
resurgent tail currents by AMD therefore is most likely as-
cribable to facilitation of the silent route of recovery from
inactivation, so that the kinetics of tail current decay are
unchanged. We therefore explored the recovery from in-
activation process in detail. At 22°C, it is evident that the
inhibition of tail currents by AMD is more manifest with
lengthening of the test pulse (Fig. 5, A and D). Most in-
terestingly, the currents elicited by the following mild pulse
at —60 mV (the afterdepolarization) are much larger at 37°C
than at 22°C (Fig. 5, B and C), and are further enhanced by
AMD (the enhancement effect of AMD is manifest at 22°C,
but even more marked at 37°C; Fig. 5D). These features are
consistent with the faster channel activation from the inter-
mediate deactivated states at higher temperatures, and thus
would make AMD an even better antiarrhythmic at 37°C
than at 22°C (see Discussion).

There Are Two Distinct Open and Correlative Inacti-
vated States with Different Propensity for the Silent
Route of Recovery. We have seen that AMD facilitates
entry into inactivated states as well as silent recovery from
inactivation to inhibit hERG currents in different phases.
We have also noted that the tail currents either remain at
about the same size (Fig. 5B; 37°C) or could be gradually
decreased with the lengthening of the prepulse (e.g., Fig. 5A;
Supplemental Fig. 5). This is very hard to envisage if there is
just one open state (and one directly associated inactivated
state) in the gating scheme of hERG channels, in which case
the increased inactivation with stronger or longer depolariz-
ing test pulses must be associated with an increase of the
resurgent or tail current in the following gap. We therefore
propose that there must be at least two distinct open states

upper and lower panels, respectively. The currents in the —60 mV test pulse are magnified in the boxes. Currents were recorded at 22°C in (A) and 37°C in
(B). (C) The sample sweeps in (A) and (B) are from different cells. To demonstrate the effect of temperature change itself, we obtained sample sweeps from
the same cell at different temperature in the control (drug-free) condition. The pulse protocol was similar to (A), but the prepulse duration was simplified
and lengthened from 1 to 3 seconds (At = 1 second). Note the enhancement of currents in the prepulse and especially in the afterdepolarization at 37°C.
(D) Left panel, the relative (peak) current in the tail pulse in 10 uM AMD is obtained by normalization of the peak tail current in AMD to that in the
control to give relative currents, and is also plotted against the test pulse duration (n = 4). The red dot and black dot denoted the results of 37°C and 22°C,
respectively. Note the much faster rate of achieving steady-state distribution of the channel to the tail-generating states at 37°C. Right panel, the
currents in the —60 mV test pulse are normalized to the sustained current at the end of a prepulse of 35 seconds in control in the same cell to give the
relative current, which is then plotted against the prepulse duration and fitted with monoexponential functions (n = 4). The time constants in control and
in 10 uM AMD at 37°C are 1.0 and 1.9 seconds, respectively, whereas those at 22°C are 8.2 and 4.2 seconds in control and in 10 uM AMD, respectively.
Note the much larger effect of AMD at 37°C than at 22°C (nonpaired one-tailed ¢ test, *P < 0.05).
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Fig. 6. Voltage dependence of the enhancement effect of AMD on hERG currents in the preceding pulse (prepulse). (A) The prepulses were set to —50 to
+100 mV x 4 seconds from a holding potential of —90 mV. The prepulse was followed by a gap (=90 mV x 3 seconds) and then a test pulse (—60 mV x 1
second). Boxes: the hERG currents elicited by the test pulse in control (left) and in 10 uM AMD (right) are magnified. (B and C) The currents elicited by the
—60 mV test pulse (part B) and the following tail current at —90 mV (part C) are normalized to those after a prepulse at —50 mV in control in the same cell to
give the relative current, which is then plotted against the prepulse voltage (n = 26, 26, 37, 28, 30, 26, and 19 for —50, —30, 0, +30, +50, +80, and +100 mV,
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(07 and Os; see Scheme 3 below), each with directly associated
inactivated states (Ip; and Ipg), which have differential pro-
pensity of the route of recovery route (Scheme 3, where 1o, is
more prone to take the silent route of recovery than Iog, but it
takes time to reach a steady-state distribution to Ip; via Oj,
02, and 102).

C=—=0I=—=0

I

Ici—=—— loi—=——=1lo
= loi——=

Scheme 3

The transitions between O1 and O2 are further investigated
with a strong prepulse at +30 to +60 mV (Supplemental Fig. 5).
It is clear that the relative size of tail currents and the
gradual decrease of tail currents in AMD are in general much
more similar to the case of a prepulse at 0 mV (and 22°C;
Fig. 5A). The decrease of tail resurgent currents therefore
is correlative to the distribution of channels from Igy to 1oy,
which could be evidently facilitated by AMD, but not a pre-
pulse of stronger depolarization. The voltage dependence of
the transitions between the two open states therefore should
be quite lower than C-O or Ic-Io transitions (see Discussion).

AMD Enhances hERG Currents at a Mild Afterdepola-
rization by Slowing of the Overall Kinetics of Recovery
from Inactivation. In Fig. 5, A and B, we have demonstrated
that the hERG currents in a mild depolarization following the
gap (i.e., afterdepolarization) is enhanced by AMD. Figure 6A
examines the possibility in more detail and shows that (at 22°C)
the enhancement effect is much more prominent with more
depolarized prepulse between —40 and +20 mV, and then
reaches a plateau between +20 and +100 mV, consistent
with the idea that during the 4-second prepulse, more in-
activation channels are generated with a voltage change from
—40 to +20 mV, but most channels would have reached the
inactivated state at a prepulse potential +20 mV or above. The
very similar enhancement effect in Fig. 6, B and C, indicates
that it is nearly a true tail or deactivating current following
the —60 mV x 1-second afterdepolarization. Moreover, the
inactivation-removed S620T mutation also abolishes not only
the inhibitory effect of the action of AMD on the current dur-
ing the step depolarization and the following tail pulse, but
also the enhancement effect of AMD on the current during the
afterdepolarization (Fig. 6, D and E). It is very interesting that
AMD should markedly inhibit hERG currents elicited by
a —60 mV pulse if there are no preceding pulses (e.g., Figs. 1
and 3; Supplemental Fig. 3), but markedly enhances the currents
if there is a preceding pulse resulting in significant channel
inactivation. It is plausible that the direct cause of the en-
hancement effect is activation of hERG channels not from the
fully but from the intermediate deactivated states because
the intervening gap is not long enough to allow a full recovery
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process (recovery back to the fully deactivated state), and
AMD further slows this recovery process. Supplemental Fig. 6
shows that the enhancement effect is in general larger in the
presence of AMD, and gets smaller with lengthening of the gap.
Moreover, the decay of the enhancement effect is markedly
slower in AMD than in control (time constants 43.8—45.7 seconds
in AMD vs. 11.6-19.8 seconds in control at a holding potential
of =90 mV; Supplemental Fig. 6), well substantiating the idea
of slower recovery from inactivation (thus less propensity to
stay in the fully deactivated state with a limited length of gap
and consequently more activation at the subsequent after-
depolarization) in AMD. In other words, more hERG channels
would be in the intermediate closed states with a relatively
short recovery period after a prepulse (Scheme 4, where Cs is
the intermediate closed or deactivated state, and C; is the fully
deactivated state; Ico and Ig; are the deactivated and also
inactivated states corresponding to C; and C;, respectively).

Ci C (O] 0,
It Ie2 To1 o2
Scheme 4

hERG channels are therefore more easily activated or
enhanced by an afterdepolarization, if the depolarization
is not so widely separated from the previous one (i.e., if the
depolarization is an afterdepolarization). This would be
especially true at 37°C, where channel activation is itself
much faster than at 22°C, and again could be a major
advantage against premature afterdepolarization in the
genesis of cardiac arrhythmias especially at 37°C (see
Discussion).

AMD Shows Temperature-Dependent and Use-Dependent
Modification Effect on hERG Currents in Pulse Protocols
Simulating Normocardia and Tachycardia. With pulse
protocols simulating normocardia and tachycardia (Fig. 7),
it is clear that inhibition of hERG currents by AMD during
the depolarization prepulse and the following gap (i.e., tail
resurgent currents) are both use-dependent, although it is
definitely faster to achieve the steady-state effect at 37°C
than 22°C and at 1.67 Hz than 1.11 Hz. Because the cardiac
plateau potential is characterized by short (~300 ms in length)
and strong (0 to +30 mV) depolarization, and the interpulse
interval (the repolarization interval) between two plateaus is
only a few hundred milliseconds in physiologic conditions, the
inactivated channels may accumulate with repeated pulses to
make the use dependence. The inhibition of hERG currents
during the depolarization prepulses and the intervening re-
polarization steps (i.e., the tail currents) are more pronounced
at 37°C than 22°C in most cases (see also Fig. 1B; Fig. 3B;
Supplemental Fig. 3). The plateau-prolongation effect of AMD

respectively, paired one-tailed ¢ test, *P < 0.01). The lines between the data points are drawn by hand. (D) The effect of 10 uM AMD on the S620T mutant
channel. The pulse protocol is characterized by a holding potential at —90 mV, and two pulses to 0 mV for 30 seconds and to —60 mV for 30 seconds with an
intervening gap at —90 mV for 3 seconds. The sample currents in the wild-type (upper panel) and the S620T mutant channels (lower panel) are shown. (E)
The late sustained currents at 0 mV (green circle), the peak tail currents at —90 mV (red curcle), and the peak currents at —60 mV (yellow circles) in 10 uM
AMD are normalized to that in control in the same cell to give the relative current (shown in bars color coded to the circles). Note the much smaller effect of
AMD in the mutant than in the wild-type channels (all n = 5, nonpaired two-tailed ¢ test, *P < 0.01).
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Fig. 7. Use-dependent inhibition and enhancement effect of AMD on hERG currents with pulse protocols simulating normocardia and tachycardia at
22°C or 37°C. (A) Left panel: hERG currents were elicited by prepulses (0 mV x 300 ms) repeated at 1.11 Hz to mimic the cardiac rhythms in normocardia.
The intervening repolarization phase between two prepulses was set to —90 mV x 600 ms. The 16 repeated prepulses were followed by two test pulses
(=60 mV x 2 seconds, labeled as first and second) with an intervening interval of 2 seconds. The holding potential was —90 mV. Right panel: hERG
currents were elicited by the same pulse protocols as that in the left panel except that the intervening repolarization phase between the prepulse is
shortened to 300 ms (so that the prepulses were repeated at 1.67 Hz to mimic mild tachycardia). (B) The relative current (current in AMD/current in
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therefore is very likely dependent on the temperature and
cardiac rhythms at least within a feasible range. The inhibi-
tion of tail currents by AMD would in theory slightly decrease
the assurance of a rapid and relatively undisturbed repolar-
ization phase once the plateau phase is over and membrane
repolarization ensues (see Discussion). In this regard, the
hERG currents elicited by afterdepolarization —60 mV after
the foregoing repeated pulses are markedly enhanced
rather than inhibited by AMD (see also Figs. 5 and 6;
Supplemental Fig. 6). This effect is well more pronounced
with tachycardia than normocardia, and at 37°C than
22°C. Many more hERG currents are thus available to
counteract the afterdepolarization or premature beat in
the presence of AMD especially for a condition of tachycardia
or tachyarrhythmia at 37°C (i.e., more use-dependent en-
hancement of hERG currents of AMD during an early or
delayed afterdepolarization following a repolarization phase;
see Discussion).

Discussion

The Characteristics of hERG Channel Gating: The
Versatile Routes of Development of and Recovery from
Inactivation in Terms of Trespassing the Open States.
hERG channels are well known for their faster inactivation
than activation kinetics (at relative strong depolarization pulses)
and the occurrence of resurgent tail currents upon repolari-
zation (i.e., recovery from inactivation via the resurgent route)
(Vandenberg et al., 2004). The former could be readily envis-
aged with the relatively enhanced C—1I transitions than C—-0
transitions in Fig. 8. The molecular routes of recovery from
inactivation have not been fully characterized, although it
has been inferred that hERG channels may be inactivated or
recover from inactivation without trespassing the open state
(Luo and Rudy, 1994; Clancy and Rudy, 2001; Lu et al., 2001).
We demonstrate that, in contrast to the resurgent route of
recovery where the inactivation gate reopens before the closure
of the activation gate and an open state is therefore trespassed,
there is a silent route of recovery where the inactivation gate
reopens after the closure of the activation gate (Cuello et al.,
2010; Perry et al., 2013) (see the gating scheme in Fig. 8; the
Ios to Io to I5 transitions embody the silent route, and the Iy
to Og, or Ip; to Oy, and then to Cs transitions embody the
resurgent route). The existence of the silent route of recovery
necessarily argues for direct connections between the closed
and inactivated states, or channel inactivation without tres-
passing the open state, which is consistent with the aforemen-
tioned explanation for the faster inactivation than activation at
strong depolarization, and could also play an imperative role in
the understanding of the action of AMD. In other words, this
could be part of the reason that hERG currents are so much
decreased without so much apparent increase in the macro-
scopic inactivation kinetics at strong depolarization because
many channels are directly distributed to multiple interme-
diate closed and then multiple intermediate inactivated states
from the closed states. Based on the simulation results in
Fig. 8, we found that most inactivated hERG channels actually
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recover via the silent route. However, the small proportion
going through the resurgent route is sufficient to give rise to
sizable tail currents. The inactivation under consideration in
this case presumably is the C-type inactivation (Schonherr
and Heinemann, 1996; Wang et al., 1997; Torres et al., 2003;
Jiang et al., 2005), which is ascribable to conformational changes
in the external pore vestibule. Cations or drugs binding to this
external pore region have been reported to have a prominent
effect on the movement of voltage sensors in the K™ or Na*
channel (Liu et al., 1996; Smith et al., 1996; Jiang et al., 1999;
Yang and Kuo, 2002; Milnes et al., 2003; Mitcheson, 2003; Kuo
et al., 2004; Zhang et al., 2004; Yang and Kuo, 2005; Yang et al.,
2009; Catterall, 2010) and thus the voltage dependence of
a molecular behavior. The conformational changes at the
internal and external pore mouths (responsible for activation
and C-type inactivation, respectively) may directly interact
with each other via a recess-like structure in the pore (e.g., the
S6 recess) (Yang et al., 2009) skipping the selectivity filter.
The activation—inactivation coupling therefore could be estab-
lished either via the movement of the voltage sensors indi-
rectly or more direct local interactions involving the S6 recess
or relevant structure. The complex gating processes, or more
precisely the very versatile voltage dependence as well as
molecular routes of activation/inactivation and recovery
from inactivation of hERG channels, may thus involve many
different (internal, external, and transmembrane) parts of the
channel protein. This could be the reason that hERG channels
are so vulnerable to different kinds of pharmacological and
toxicological modulations.

The Molecular Actions of AMD on hERG Channels:
Increased Voltage Dependence of Activation/Inactivation
and Facilitated Silent Recovery from Inactivation
Especially at 37°C. We have shown that AMD binds to the
deactivated channel with an apparent dissociation constant of
1.4 uM, well within the clinical therapeutic range of the drug.
We have also shown that hERG channel activation is slowed
by AMD at mild (i.e., —60 to —30 mV) but not strong depolar-
ization (i.e., 0 to +30 mV), where a more prominent macroscopic
inactivation may also be observed. It is plausible that in clinical
settings AMD would already bind to most deactivated hERG
channels to increase the voltage dependence of channel activa-
tion and/or inactivation. In other words, there is likely more
charge movement between —30 and 0 mV with AMD binding.
Because of the faster activation and inactivation kinetics at
37°C than 22°C, it is especially of note that the foregoing
pharmacological attributes are sensitive to temperature. The
inhibitory effect of AMD on the hERG currents is thus de-
creased during mild depolarization but increased at stronger
depolarization at 37°C (Figs. 1 and 3; Supplemental Fig. 3),
making AMD an even better antiarrhythmic for tachyarrhyth-
mia at the body than room temperature (by lengthening the
plateau potential, which usually reaches 0 mV or above). In
addition to the foregoing changes in the development of
activation and inactivation, AMD also affects the recovery
process from inactivation by facilitation of the silent route
of recovery from inactivation. AMD therefore tends to
inhibit the tail currents by shifting the distribution to the

control) during the prepulses and the following tail phases are plotted against the elapsed time (left panel, 1.11 Hz; right panel, 1.67 Hz). (C) Currents in
the first and second test pulses to —60 mV in the presence of AMD are normalized to that in control to give the relative current. Note that AMD has the
strongest enhancement effect for the first test pulse at 37°C (all n = 4, nonpaired two-tailed ¢ test, *P < 0.01).
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Fig. 8. A gating scheme of the hERG channel and simulation of hERG currents in control and in AMD at 37°C than 22°C. (A) The 14 states in the upper
panel are for the control condition, and the 14 states in the lower panel are AMD-bound and stand for the gating processes in the presence of AMD. The
two sets of kinetic parameters at 22°C are provided in Table 1, based on which the currents at 22°C and 37°C are calculated. Note that the transitions
leading into the inactivated states tend to be slower (i.e., lower K, values) at 37°C, demonstrating the decreased inactivation at 37°C than 22°C (Figs. 1
and 3). Also note that the voltage dependence of the C-C transitions is in general higher in AMD than in control (Fig. 1), and that the voltage dependence of
the transitions between the two open states is in general lower than the C-O transitions (Fig. 5; Scheme 3). The state-dependent binding and unbinding
rates of AMD (indicated by the vertical dotted arrows) are not modeled for the sake of simplicity. This is a reasonable approximation because in
therapeutic conditions the free concentrations of AMD (~3 uM) shall be well above the dissociation constants of AMD binding to the deactivated channels
(Fig. 4). There are two open states (O; and O3). At mild pulses most of hERG channels will enter the first O, state and then the 1o, state, the recovery from
which would trespass either O; (i.e., the resurgent route for the generation of the tail currents) or I5 (the silent route). At stronger and longer
depolarization, the channel would be distributed more and more to states O, and Iy than states O; and 1. The recovery from Ioe would tend to generate
larger tail because of the higher rate of Io—0O5 than I5;—01, and also because even if the channel takes the Ioa—1o; route, it can still have another chance
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TABLE 1
Kinetic parameters for hERG channel gating in control and presented of AMD at 22°C and 37°C

Voltage-dependent rates are expressed as k() = ko exp (k;V), where k() stands for the transitional rate at a designated membrane potential V (in millivolts) at 22°C.
Transitions with negligible transitioned rates (i.e., zero) are not indicated here for the sake of simplicity. For the electronic charge displacement during activation,
please also refer to the single unit of voltage sensors movement in previous hERG models (Johnson et al., 1999; Bett et al., 2011). The values are based on the root
template (22°C), and each transition of the conditions at 37°C is given. The changes in voltage dependence of activation (C;<Ce<-C3-C4) by AMD are based on the
experiments in Figs. 1 and 3. The increase of silent route for entry to and recovery from inactivation by AMD (Ip2—1I01, Io1—1I5) is based on the experiments in Fig. 5.
The slowing of transitions into inactivation (C—I and O—1I) at higher temperatures, and the increase of voltage dependency of inactivation (C—I and O—-I) when in

the presence of AMD are based on the experiments in Figs. 1-3 and 5. The major changes made by AMD are shown in bold.

Control

ko (ms™) ki (mV™Y
Clc2 2.96(22=0) VS. 5.437867(370(;) 0.146
0203 0.71821(22@0) VS. 0.944112(3700) 0.049(22\vc) VS. 0.0265(37nc)
CsCs  0.558210pec) vs. 1.69873957c)  0.0023) vS. 0.001g7ec
C4C5 0.035321(220(3) VS. 0.348799(3700) 0.001
C501 1.05E—5(22=0) Vs. 4.7E—5(37ac) 0.001
0,05 0.0254599-c) vs. 0.029361 370y  0.00071547
CoCi 0.00001(5e0) vS. 0.00001557°0) —0.07966
0302 046(22%3) VSs. 0.889337(37wc) —0.00166
C4Cs 1200900 VS. 2.204541 37+, —0.00166
CsCy 1.8(22-0) VS. 3.98975237¢) ~0.04366
0105 0.00055(2200) VS. 0.000602(370()) —0.04158
0201 0.12(22°c) VS. 0.424824(37@0) —0.08158
C4Cs 1.209°0) V8. 2.204540157c)  —0.00166
Cng 0.6(220(;) VS. 0.889337(370(}) —0.00166
Czcl 0.00001(22=C) VS. 0.000015(370()) —0.07966
LI 0.0119°c) vs. 0.02020837-c, 0.146
1213 0.011(22°c> VSs. 0.01446(370(;) O~049(22"C) VS. 0.0265(3700)
1314 0.00011(220(3) VS. 0.000335(37%}) 0.002(2200) VS. 0.001(370(;)
1415 0.0128(22°0) VS. 0.018973(37\7(}) 0.001
Llo:  0.0681889c) vs. 0.07866857.c)  0.001
Ioilos  0.07369500-c) vs. 0.0850217°c)  0.00071547
102101 0.83054(2200) vs. 2.448496 (37°C) —0.08158
10115 0.069357(22=0) VS. 0.129264(37=~c) —0.04158
IsL 0.061484(55-¢) vS. 0.09195370¢)  —0.04366
1413 0.000042(220(3) VS. 0.000059(3700) —0.00166
1312 2.08—9(2200) VS. 2.96446E—9(37°C) —0.00166
LI, 2.0e—922°¢) vs. 2.96446E-937-c) —0.07966
Cals 0.0232(95-c, vS. 0.0106(37+0, 0.039942
C5I5 0.0369(2200) VS. 0.025(3700) 0.039942
O1lon 0.492(59c) VS. 0.0557°c) 0.039942
02102 0.8(22°c) VSs. 0~2(37°C) 0.039942
1404 3.80E—5(22°c) VS. 1.708896—5(370(;) *0.048(220(}) VS. *0.075(3700)
I5C5 3.80E—5(22°C) VS. 1.708896—5(3700) _0.048(22°C) VS. —04075(37nc)
10101 3.80E—5(22°c) Vs. 1.70889E—5(37°c) —0.048(220(;) VSs. _0~075(37°C)
10202 0.0001056(2200) VS. 0~000139(37°C) *0.048(2200) VS. *0.075(3700)

Amiodarone
ko (ms ™) k; mV™Y

ClACQA 2.96(2200) VS. 5.437867(37ac) 0.155(2200) VS. 0.148(3700)
CZAC3A 0.71821(22@(3) VS. 0-944112(37"0) 0.059(22’0) VS. 0.009(370())
C3AC4A 0.55821(2200) Vs. 1.698739(37°c) 0.005(22=c) VS. 0.001(37°c)
C4AC5A 0.035321(2200> VS. 0-348799(37°C) 0.001

C5A01A 1.05E—5(22°C) VSs. 4.96E—5(37ec) 0.001

014024 0.02863 0.00071547
CoaCia  0.00001(9-c) vs. 0.00003337ec) ~0.07966

CSACZA 0.6(2200) VS. 1.957876(37@0) —0.00166

C4aCaa 1.209°0) V8. 3.142763 3700, ~0.00166

Cs5aCia 1.8192°0) VS. 3.98975237°c) ~0.04366

OlACSA 0~00055(22°C) VSs. 0.000802(3700) —0.04158

OZAOIA 0.1651(22@0) VSs. 0.24445(37=0) —0.08158

Cy4aCsa 1.209°0) VS. 3.14276337-c, ~0.00166

CgACzA 0.6 vs. 1.957876(37bc> —0.00166

CgAclA 0.00001 vs. 0.000033(37vc) —0.07966

IlAIzA 0.011 vs. 0.01446(370(;) 0.155(22°c) VSs. 0.148(37*@)
IZAI3A 0.011 vs. 0.020208(3700) 0.059(220(;) VS. 0.009(3700)
IgAI4A 0.00011 vs. 0.000335(370(;) 0.005(220(;) VS. 0.001(370(;)
Tsalsa 0.01392 vs. 0.02063337-c) 0.001

Isalo1a 0.07127 vs. 0.130931(37-¢) 0.001
Io1aloz2a 0.1126 0.00071547
IOZAIOIA 1.265(2200) VS. 3.74082(3700) —0.08158

IOlAI5A 0.079857(22=0) VS. 0.173907(37-:()) —0.04158

Isalsa 0.065484 52-¢) vs. 0.0919537-¢, —0.04366

I4AI3A 0~00035(22°C) VS. 0.000524(3700) —0.00166

IgAIQA ZAOE—Q(ggvc) VS. 6.526254E—9(37ec) —0.00166

Ioalia  2.0E-9ec) vs. 6.526254E937ec,) —0.07966

Caalia  0.0321590:c) vs. 0.011137+0, 0.0451

C5AI5A 0.0479(2200) VS. 0.0285(3700) 0.0451
01A101A 0.492(22°c) Vs. 0.055(37°c) 0.0451
O2alo2a 0.822°c) vs. 0.2(37°¢) 0.0451

I4AC4A 3‘75E—5(22°c) VS. 4-9295E—5(37°C) *0.048(220(}) VSs. *0.075(3700)
I5AC5A 3.75E—5(22°C) VS. 4.9295E—5(37nc) —0.048(22°c) VS. —0.075(374(})
IOlelA 3.75E—5(22°c) Vs. 4.9295E—5(37uc) —0.048(220(;) Vs. —0.075(37°c)
IOZAOZA 0.0001188(2200) VS. 0.0001562(370(]) *0.048(2200) VS. *0.075(3700)

inactivated state with a higher likelihood propensity to
recover from inactivation via the silent route (e.g., Io; in
Fig. 8). Moreover, the inhibitory effect of AMD of the tail
currents is stronger at 37°C by AMD (with a physiological
pulse protocol; Fig. 7B), again making AMD a better anti-
arrhythmic for tachyarrhythmia at the body temperature
because of the stronger prolongation effect on the repolarization
phase (phase 3) in the cardiac action potential (see below). It is
conceivable that AMD does not significantly jeopardize ion
conduction, but deters the initial outward movement of the
voltage sensors and the reopening of the C-type inactivation
gate. The local electrical field is more condensed, however, so
that the same movement of the voltage sensor now embodies
a larger electrical energy change. The activation rate at mild
depolarization is therefore slowed, but the activation as well as

inactivation rates are more accelerated at stronger depolariza-
tion, by AMD. By the same token, AMD may also facilitate the
silent route but slows the overall kinetics of recovery from
inactivation with the altered electrical field and/or microenvi-
ronment of the voltage sensors and thus the electrical as well as
nonelectrical energy changes associated with gating (see the
gating scheme in Fig. 8).

The Unique Effect of AMD against Tachyarrhythmia:
Different Use-Dependent and Temperature-Dependent
Inhibition and Enhancement of hERG Currents at
Different Phases of Cardiac Action Potentials. We have
seen that the inhibition of hERG currents by AMD during the
test and tail pulses is more pronounced and develops faster
with more frequently repetitive pulses and higher temperature
(Fig. 7). AMD therefore would necessitate less use or fewer

of choosing the resurgent route of recovery from O;. AMD not only increases channel activation/inactivation at moderate depolarization, but would also
increase the relative proportion of Ioo—Ip;—15 so that there are decreasing tail currents associated with increased inactivation. These major changes
made by AMD are shown in red arrows. (B) Simulation of the currents elicited by (—60, —30, 0, and +30 mV) with short (300-ms) depolarization pulse (the
same as that in Figs. 1 and 3). (C) Simulation of the currents with the same protocols in Fig. 4. Note enhancement and inhibition of the currents in the
initial activation phase by AMD at 22°C and 37°C, respectively. (D) Simulation of the currents with the same protocols in Fig. 5. Note enhancement of
the currents in the afterdepolarization (at —60 mV) by AMD especially at 37°C.
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repetitive plateau depolarization pulses at 37°C to achieve
an adequate inhibition of hERG currents during the plateau
depolarization (Sager et al., 1993). The inhibition of hERG tail
currents by AMD also contributes to a prolonged repolariza-
tion phase following the depolarization and thus a slower and
normalized heart rate. Most interestingly, if any perturbation
of the membrane potential should happen during the re-
polarization phase and lead to premature depolarization
(i.e., afterdepolarization), more hERG currents would be
elicited to counteract the premature depolarization in the
presence of AMD especially in a condition of tachycardia and
especially at 37°C (i.e., use-dependent inhibition of hERG
currents at the preceding plateau and use-dependent en-
hancement of hERG currents at the afterdepolarization; Fig. 7).
AMD therefore is a unique pharmacological agent, effec-
tively lengthening the plateau and repolarization phase of the
cardiac action potential to ameliorate tachycardia on the one
hand, and effectively protecting the repolarization phase from
premature afterdepolarization on the other hand to assure low
risk of tachyarrhythmia. The hallmark of type III antiar-
rhythmic agents is inhibition of the K* channels and thus
prolongation of the QT interval, which has direct slowing
effect on tachycardia. The inhibition of K* channels, however,
increases the chances of early and delayed afterdepolarization
and thus the possibilities of development of tachyarrhythmia.
AMD therefore has its therapeutic and adverse effects both
from prolongation of QT interval by inhibition of hERG currents,
but the chances of adverse effect are markedly lowered because of
enhancement of hERG currents during the afterdepolarization.
Itis of note that temperature has a critical action on the foregoing
effect of AMD and also the molecular behaviors of the hERG
channel themselves. In principle, lower temperatures or relevant
pathophysiological/pharmacotherapeutic scenarios that slow or
decrease hERG channel activation may readily jeopardize the
unique afterdepolarization-preventing effect of AMD or even the
essential physiologic function of hERG channels itself, and thus
must be carefully handled with the foregoing rationales taken
into consideration if encountered.
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SUPPLEMENTAL FIGURE LEGENDS:

Supplemental figure 1. (A) Sample sweep of hERG currents in control (black), 0.2% DMSO, and 2% DMSO (red) are shown.

The holding potential is -120 mV and the test pulse is 0 mV x 30-sec. (B) and (C) The current amplitude at 100 ms (part B) and 30

sec (part C) of the test pulse in different concentrations of DMSO is normalized to that in control to give the relative current. Note

the (~10%) enhancement effect of 2% DMSO at 100 ms. and the (~5%) inhibitory effect of 2% DMSO at 30 sec. The effect of

0.2 % DMSO is negligible (all n=4).

Supplemental figure 2. Dose-dependent inhibition of AMD on hERG currents with a mild and prolonged depolarization pulse.

(A) hERG currents were elicited by a prolonged test pulse (120 sec) to -60, -50, 40, -30 mV from a holding potential of -90 mV in

control and in different concentrations (1-100 uM) of AMD. (B) The sustained and (peak) tail currents at -90 mV in different

concentrations of AMD are normalized to that in control to give the relative current (n=4). (C) With a -30 mV test pulse,

lengthening of test pulse to 120 sec could not slow the deactivation tau further (305+21 ms in control and 259+9 ms in 10 uM

AMD, if compared to that in Fig. 1 B) (n=4). In contrast, the deactivation tau at -60 mV is markedly slowed by prolongation of the

-60 mVtest pulse to 120 sec (269+12 ms in control and 292437 ms in 10 pM AMD), if compared to that in Fig. 1 C (n=4).

Supplemental figure 3. The G-V relationships of hERG current at 22 °C and 37 °C with and without 10 uyM AMD.  (A) and

(B) are sample hERG currents elicited with a pulse protocol comprised of 0.3-sec and 3.3-sec test pulses from -60 to +60 mV (in

10 mV step) from a holding potential at -90 mV at 37 °C (part A) and 22 °C (part B). (C) and (D) The late sustained, (the average

currents in the last 5 ms, (part C) and the peak tail currents at -90 mV (part D) in control and AMD are normalized to that at the

+60 mV test pulse (part C) or following the +60 mV test pulse in control in the same cell to obtain the relative current which is

then plotted against the test pulse voltage to give the G-V curve (all n=4).



Supplemental figure 4. Concentrations -dependent enhancement effect of AMD on the initial activation rate of hERG channels

with a (200 ms) test pulse at 0 mV. (A) The hERG currents at the 200 ms test pulse from a holding potential of -120 mV is

concentration-dependently enhanced by AMD at 22 °C. The intersweep interval is 1.5-3.5 min, which is enough to fully recover

all inactivated channels back to the resting state. (B) The peak current amplitude at the test (upper panel) and tail pulse (lower

panel) in different concentrations of AMD is normalized to that in control to give the relative current, which is then plotted against

AMD concentration (n=4, *paired t-test, p<0.05)

Supplemental figure 5. (A) hERG currents were elicited by a test pulse to +30 or +60 mV from a holding potential of -90 mV

at22 °C. At both test pulse voltages the test pulses are lengthened from 1 to 5 secs (At=1 sec) and then to 10 seconds before

returning to -90 mV to measure the tail currents. Note the acceleration of current decay at +30 mV prepulse by 10 uM AMD.

AMD, however, has no apparent effect on the currents at +60 mV prepulse, where the currents in control already show a

prominent initial decay. On the other hand, the inward tail currents are gradually inhibited by 10 uM AMD with lengthening of the

test pulse, no matter it is +30 or +60 mV. (B) The decay phase of the macroscopic currents in the +30 mV test pulse in 10 pM

AMD is fitted by the mono-exponential function (tau = 2.0 secs). The peak tail currents in 10 uM AMD following either a +30 or

+60 test pulse are normalized to the first one to obtain the relative current, which is then plotted against test pulse duration and

fitted with a mono-exponential function with a time constant of 2.8 and 2.3 secs, respectively (each n=4).

Supplemental figure 6. (A) with a pulse protocol similar to that in Fig. 4A, the prepulse was setat 0 mV x 8 sec, and the gap

duration was lengthened from 3 to 192 secs. The enhancement effect of 10 M AMD on hERG current during the test pulse at -60

mV is decreased with lengthening of the gap duration. (B) and (C)The currents in the test pulse (part B) and the following tail

currents (part C) are normalized to the maximal one (that with a gap duration of 3 secs) to give the relative currents, which are



plotted against gap duration and fitted with mono-exponential functions (n=4). Note that the time constant is much larger (the

decrease of the enhancement effect is much slower) in the presence of 10 UM AMD than in control.



Supplemental figure 1

A
0mV 30s
-120mV | |
o —
— control. (
— 0.2 % DMSO
— 2% DMSO
E”A
1 sec
C D

1.2 ¢

relative current
relative current




Supplemental figure 2
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Supplemental figure 3
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Supplemental figure 4
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Supplemental figure 5
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Supplemental figure 6
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