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Pharmacology of the short QT syndrome N588K-
hERG Kþ channel mutation: differential impact on
selected class I and class III antiarrhythmic drugs

MJ McPate, RS Duncan, JC Hancox and HJ Witchel1

Cardiovascular Research Laboratories, Department of Physiology and Pharmacology, School of Medical Sciences, University of Bristol,
Bristol, UK

Background and purpose: The short QT syndrome (SQTS) is associated with cardiac arrhythmias and sudden death. The
SQT1 form of SQTS results from an inactivation-attenuated, gain-of-function mutation (N588K) to the human ether-à-go-go-
related gene (hERG) potassium channel. Pharmacological blockade of this mutated hERG channel may have therapeutic value.
However, hERG-blocking potencies of canonical inhibitors such as E-4031 and D-sotalol are significantly reduced for N588K-
hERG. Here, five hERG-blocking drugs were compared to determine their relative potencies for inhibiting N588K channels, and
two other inactivation-attenuated mutant channels were tested to investigate the association between impaired inactivation
and altered drug potency.
Experimental approach: Whole-cell patch clamp measurements of hERG current (IhERG) mediated by wild-type and mutant
(N588K, S631A and N588K/S631A) channels were made at 37 1C CHO cells.
Key results: The N588K mutation attenuated IhERG inhibition in the following order: E-40314amiodarone4quinidine4pro-
pafenone4disopyramide. Comparing the three inactivation mutants, the two single mutations, although occurring in
different modules of the channel, attenuated inactivation to a nearly identical degree, whereas the double mutant caused
considerably greater attenuation, permitting the titration of inactivation. Attenuation of channel inhibition was similar
between the single mutants for each drug, and was significantly greater with the double mutant.
Conclusions and implications: The degree of drug inhibition of hERG channels may vary based on the level of channel
inactivation. Drugs previously identified as useful for treating SQT1 have the least dependence on hERG inactivation. In
addition, our findings indicate that amiodarone may warrant further investigation as a potential treatment for SQT1.
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Introduction

The short QT syndrome (SQTS) is a recently identified condition

associated with shorter QT intervals on the ECG and with an

increased incidence of cardiac arrhythmias and of sudden death

(Gussak et al., 2000, 2002; Gaita et al., 2003; Schimpf et al.,

2005). The SQTS is genetically heterogeneous: since 2004,

several gain-of-function mutations have been reported in the

KCNH2, KCNQ1 and KCNJ2 Kþ channel genes (Bellocq et al.,

2004; Brugada et al., 2004; Hong et al., 2005a,b; Priori et al.,

2005). The SQT1 variant is caused by a single amino-acid

residue substitution (asparagine-to-lysine; N588K) in the turret

(also called the S5-pore linker) region of KCNH2-encoded hERG

potassium channels (Brugada et al., 2004; Hong et al., 2005a).

The human ether-à-go-go-related gene (hERG) encodes the pore-

forming a-subunit of the channel that mediates the rapid

delayed rectifier potassium current (IKr), which is important for

action potential repolarization in cardiomyocytes.

The SQT1 hERG mutation leads to impaired IKr inactiva-

tion over the physiological range of membrane potentials,

resulting in increased IKr, and thus accelerated ventricular

repolarization (Brugada et al., 2004; Cordeiro et al., 2005;

McPate et al., 2005). Currently in SQTS patients, the use of

implantable cardioverter defibrillators can help prevent

episodes of ventricular fibrillation, but the use of implantable

cardioverter defibrillators carries an increased risk of
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inappropriate shocks due to T-wave oversensing in some

patients (Schimpf et al., 2003). Therefore, decreasing the IKr

current in SQT1 patients by using drugs that either block

N588K-hERG or restore its inactivation could offer an

attractive adjunct to the use of implantable cardioverter

defibrillators.

The wild-type (WT) hERG channel is blocked by a wide range

of structurally and pharmacologically diverse agents (Redfern

et al., 2003; Witchel, 2007). The majority of such agents

prolong the QT interval in animals and normal volunteers

when used at high concentrations. For most of these agents,

these are off-target effects, and hERG’s lack of specificity has led

to the channel’s drug interactions being described as ‘promis-

cuous’ (for a review see Witchel, 2007). The search for drugs to

correct SQT1 began inauspiciously when some highly specific

hERG blockers in the methanesulphonanilide class were found

to be relatively ineffective at correcting the QT interval,

including the class III antiarrhythmic drugs sotalol (Brugada

et al., 2004) and ibutilide (Gaita et al., 2004). In addition, the

methanesulphonanilide D–sotalol (Brugada et al., 2004) and the

high-affinity hERG blocker E-4031 (McPate et al., 2006) were

attenuated in their ability to inhibit the cellular currents

mediated by the SQT1 mutant of hERG (N588K). Thus, the

SQT1 variant of hERG not only causes an increase in whole-cell

current mediated by the channel but also seems to interfere

with the ability of some drugs to block the channel and thus

correct the QT interval in affected individuals (Brugada et al.,

2004; Wolpert et al., 2005).

By contrast, the class Ia antiarrhythmic quinidine can be

used to treat SQT1, and quinidine corrects the QT interval (a

marker of risk) as well as blocking N588K with only fivefold

attenuated potency compared with its inhibition of WT

hERG (Wolpert et al., 2005). Propafenone has also been

shown to reduce the risk of SQT1-associated atrial fibrillation

(Hong et al., 2005a), although it does not correct the QT

interval, either because propafenone is ineffective against

N588K-hERG or possibly due to the known calcium channel-

blocking activity of propafenone (Delgado et al., 1993;

Hancox and Mitcheson, 1997) offsetting propafenone’s

hERG-blocking properties, thereby preventing prolongation

of the action potential and QT interval duration.

Our recent research suggested that the low-affinity hERG

blocker disopyramide, which blocks N588K IhERG with little

alteration to its potency, would be an attractive agent to

investigate further for use with SQT1 (McPate et al., 2006),

and a subsequent pilot study testing this hypothesis on

patients suggests that this strategy may have some clinical

merit (Schimpf et al., 2007). In this study, we demonstrate—

using a range of drugs—that SQT1 may be more responsive at

therapeutic concentrations to those hERG blockers that do

not depend strongly on inactivation for their potency.

Methods

Maintenance of cells expressing WT and mutant hERG channels

Whole-cell patch clamp recordings were made from Chinese

hamster ovary cells expressing hERG (McPate et al., 2005).

Briefly, wild-type hERG (alternative nomenclature KV11.1;

Alexander et al., 2008) was stably transfected into Chinese

hamster ovary cells. The N588K-hERG mutation was generated

using a Quikchange II XL site-directed mutagenesis kit

(Stratagene, La Jolla, CA, USA) (McPate et al., 2005). The

S631A mutation was generated as previously described

(Hancox et al., 1998). The double mutant was made using a

two primer strategy incorporating the S631A mutation in the

antisense primer (beginning at the fortuitous unique BglII

restriction site) while using the N588K plasmid as the

template. The media used, transfections and the creation of

stable cell lines have been described previously (Milnes et al.,

2003; McPate et al., 2005).

Electrophysiological recordings

Glass coverslips containing cells were placed in a bath

mounted on an inverted microscope and continuously

superfused (at 37 1C) with Tyrode’s solution containing (in

mM): 140 NaCl, 4 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose and 5

HEPES (titrated to pH 7.45 with NaOH). Patch pipettes

(Corning 7052 glass; AM Systems, Carlsborg, WA, USA)

pulled and heat polished (Narishige MF83) to 2.2–4.8 MO
were filled with a solution containing (in mM): 130 KCl, 1

MgCl2, 5 EGTA, 5 MgATP and 10 HEPES (titrated to pH 7.2

using KOH). Equipment, data digitization and recording

were as described previously (McPate et al., 2005).

Data analysis

Data were analysed using Clampex 8.2 (Axon Instruments

now trading as Molecular Devices, Wokingham, Berkshire,

UK), Excel 2003, Instat (GraphPad Inc., La Jolla, CA, USA)

and Prism v3.02 (GraphPad Inc.) software. Data are pre-

sented as mean±s.e.mean, or as mean and 95% confidence

interval. Statistical analysis was performed using a one-way

ANOVA (Prism v3). P-values of less than 0.05 were taken as

statistically significant.

Fractional block of IhERG was calculated using the follow-

ing equation:

Fractional block ¼ 1 �
IhERG-drug

IhERG-control

� �
ð1Þ

where IhERG-control is the whole-cell peak tail current of hERG

under the conditions listed, and IhERG-drug is the peak tail

current of that cell under the same conditions after super-

fusion of drug; tail current is used to quantify the current

mediated by the mutant channels as well as WT. The

relationship between drug concentration and current block

by each drug was determined by fitting data with the Hill

equation of the form:

Fractional block ¼ 1

1 þ IC50

½drug�h

� �� � ð2Þ

where IC50 is the concentration of drug producing half-

maximal inhibition of the IhERG and h is the Hill coefficient

for the fit.

The voltage dependence of peak tail currents was fitted to a

modified Boltzmann equation of the form:

I ¼ IMax

1 þ exp ðV0:5�VmÞ
k

� � ð3Þ

where I¼ the normalized IhERG tail peak amplitude upon

repolarization following a 2-s depolarizing test potential to
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Vm, IMax¼ the normalized maximal IhERG tail amplitude

observed (that is, 1), V0.5¼potential at which IhERG tail

amplitude was half maximal and k¼ the slope factor

describing IhERG tails. The voltage dependence of availability

was determined by fitting the normalized and corrected

values of the second depolarization-induced peak currents

following depolarization and brief repolarization with a

modified Boltzmann of the same form (Equation (3) where

I¼ the corrected IhERG amplitude upon depolarization

following a brief repolarizing test potential to Vm, IMax¼ the

maximally available IhERG observed, V0.5¼potential at which

IhERG was half maximally available and k¼ the slope factor

describing IhERG availability.

Drugs

Disopyramide (Sigma-Aldrich, Gillingham, Dorset, UK),

quinidine (Sigma) and E-4031 (generously donated by Eisai,

Tokyo, Japan) were dissolved in distilled water to produce

required stock solutions. Propafenone (Sigma) was prepared

in ethanol at a concentration of 100 mM and serially diluted,

ensuring a vehicle concentration of 0.1% at all times.

Amiodarone (Sigma) was dissolved in dimethyl sulphoxide

at a concentration of 50 mM and then diluted to produce

further stock concentrations. Stock solutions were diluted

1:1000 in Tyrode’s solution to give final experimental

concentrations. Fresh solutions were made on each experi-

mental day.

During recordings, all solutions were applied to the cells

under study using a home-built, warmed, multi-barrelled

solution application device (Levi et al., 1996) capable of

changing the bathing solution surrounding a cell in o1 s.

Addition of drugs was accompanied by continuous applica-

tion of a standard hERG voltage command protocol (see

Results) with a start-to-start interval of 12 s to allow the

channels to achieve an open/inactivated conformation.

Amiodarone and E-4031 were slow to reach steady-state

block, so concentration–response data were obtained at

10 min, whereas quinidine, disopyramide and propafenone

acted more rapidly, enabling concentration–response data to

be obtained at 3 min.

Results

Validation and comparison of inactivation of mutant channels

Both of the hERG mutations N588K (Cordeiro et al., 2005;

McPate et al., 2005) and S631A (Hancox et al., 1998; Zou

et al., 1998) are known to attenuate inactivation and thus

increase the whole-cell current mediated by the channel at

physiological voltages by shifting rightward the voltage

dependence of inactivation; however, the degree of inactiva-

tion attenuation caused by these two mutations has never

been quantified under identical conditions. The novel

double mutant N588K/S631A has not been described before.

To compare the overall relationship among voltage, activa-

tion and inactivation in these four channels, current–voltage

relations were elicited by a protocol with an initial 50-ms

step from �80 to �40 mV, which then returned to the

holding potential at �80 mV for 50 ms (to quantify the

instantaneous leak at �40 mV and then restore the channels

to a deactivated state). This was followed by a depolarizing

step to a range of test potentials between �40 and þ60 mV

for 2 s, which were followed by observation of tails

at �40 mV for 4 s (see Figure 1). For a given test potential,

attenuated hERG inactivation would be expected to

appear as an increase in the ratio of the current during the

depolarizing pulse compared with the tail current

(where IhERG tail amplitudes were measured as the difference

between peak outward tail current and instantaneous

current activated by the 50 ms depolarization from �80

to �40 mV), thus effectively eliminating the paradoxical

resurgent tail current (Robertson, 2000). As shown in the

representative traces, in the WT channel (Figure 1a)

for voltages of �20 mV and above, the current at the end

of the 2-s depolarizing step is smaller than the peak tail

current at �40 mV, whereas in all three of the

mutated channels at these voltages, the current during

the pulse is large compared with the peak tail current

(Figures 1b–d).

The mean current–voltage (I�V) relationships for currents

normalized to the largest of the elicited currents at the end of

the 2-s depolarizing step (Figure 1e) and for currents at the

peak of the tail current (Figure 1f) for S631A and for the

N588K/S631A double mutant are accompanied by the data

gathered under identical conditions (dashed lines without

symbols) for WT and N588K (McPate et al., 2005). The

rectification of the end pulse current (Figure 1e), compared

with WT, is shifted rightward for all three mutants, with the

N588K/S631A mutant showing no rectification at all at these

voltages. Partial rectification of the N588K/S631A end pulse

current was observed only during test potentials to þ80 and

þ100 mV (data not shown). The mean normalized peak tail

current amplitudes (Figure 1f) were fitted with a modified

Boltzmann equation (Equation (3)). The half-maximal

voltages for activation (V0.5) for these fits were �20.1±

0.8 mV (WT), �22.4±0.6 mV (N588K), �19.1±1.1 mV

(S631A) and �24.7±1.0 mV (N588K/S631A). The slope

factors (k) for these fits were 7.9±0.7 (WT), 8.1±0.6

(N588K), 8.7±1.0 (S631A) and 9.0±0.9 (N588K/S631A).

The V0.5 values for individual cells were pooled for each

channel type, then they were analysed using a one-way

ANOVA followed by a Bonferroni post-test; this revealed that

there was no significant difference in activation V0.5 values

between the different channel types (P40.05).

To quantify the effects on inactivation, and particularly on

the voltage dependence of IhERG availability, command

protocols were applied to cells expressing the WT channel

where the membrane was depolarized to þ40 mV for 500 ms

(which allowed for 490% inactivation of the channel), and

then the membrane potential was repolarized to a range of

potentials from �140 to þ40 mV in the intervals of 10 mV

for 10 ms, before stepping back to þ40 mV. The elicited peak

current during the last step to þ40 mV following each brief

repolarizing voltage step was normalized to the largest

induced current for that particular cell. To take into account

any capacitative transients that may mask the observed

current during the third pulse, the peak currents were fitted

with a single exponential function and extrapolated back to

the beginning of the third pulse as described previously
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Figure 1 Current–voltage relationships for S631A hERG and for the N588K/S631A hERG double mutant. Representative current traces for
wild-type (WT) (a), N588K (b), S631A (c) and the N588K/S631A double mutant (d) were elicited by the voltage protocol shown (inset, top);
some traces were omitted from the overlaid currents for clarity. For this voltage protocol, the membrane was held at �80 mV, and then a brief
50-ms pulse to �40 mV was applied to allow precise observation of tail current leak (cells with non-zero leak were rejected), the channels were
allowed to fully deactivate at �80 mV for 50 ms, and then a depolarizing pulse to a range of potentials between �40 and þ60 mV (in 10-mV
increments) for 2 s was applied, followed by the observation of tail currents at �40 mV for 4 s. The start-to-start interval was 12 s. The mean of
elicited normalized current (I/Imax) at the end of the 2-s depolarizing steps (e) and the mean of the normalized peak tail currents (f) are shown
(N¼5 for each); lines representing Boltzmann fits were calculated as per the Methods. Mean data for WT and N588K hERG (McPate et al.,
2005) are included for comparison; these plots are represented as dashed lines without symbols.
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(Zou et al., 1998; Witchel et al., 2004; McPate et al., 2005). On

account of deactivation of channels occurring during the

short repolarization steps, the correction method of Smith

et al. (1996) was also used. The data were fitted to a

Boltzmann function (Equation (3)), and from that a V0.5 of

�58.52±0.77 mV was determined. A similar protocol was

used for both N588K and S631A, except that the depolarizing

voltage was þ80 mV and the brief repolarization steps

ranged from �100 to þ80 mV; the increased depolarization

was necessary to attain 490% inactivation. With this

protocol, the V0.5 values of availability for N588K and

S631A-hERG were þ29.96±0.74 and þ30.53±0.73 mV,

respectively (P40.05, one-way ANOVA).

In the process of attempting to measure the availability of

the N588K/S631A double mutant, it was noticed that even at

þ80 mV, inactivation was only 27.9±5.3% (n¼4), whereas

calculating availability is most accurate when starting from a

voltage where inactivation is 490%. As these mammalian

cells are not readily capable of withstanding lengthy

depolarizations to potentials of þ100 mV or higher, at least

under our recording conditions, another methodology was

necessary to compare quantitatively the effects of these

mutations on inactivation.

Previous studies have measured the inactivation of hERG

(as opposed to its recovery from inactivation) by using a brief

hyperpolarizing stimulus and assuming that the induced

recovery from inactivation is nearly complete, whereas the

deactivation during the brief hyperpolarization is negligible

in comparison (Smith et al., 1996). This approach can be

used to quantify directly the degree of hERG inactivation by

taking the ratio of the steady-state current at the end of the

first depolarization (when both activation and inactivation

are at a steady state) to the peak current at the beginning of

the second depolarization (when activation is nominally

still at steady state from the previous depolarization,

whereas inactivation is nominally nil) (Teschemacher et al.,

1999). Figure 2 compares the inactivation of the four hERG

channels at þ20 mV using a brief hyperpolarization to

�100 mV. The data show clearly that there was no significant

difference between the attenuation of inactivation in N588K

vs S631A-hERG (P40.05; one-way ANOVA followed by

Bonferroni post-test), and also that the two mutations

together had synergistic effects on hERG inactivation. Note

that there are potential limitations to the interpretation of

this protocol if the two assumptions above do not hold for

the mutant channels. An additional availability protocol

showed that for a 2-ms step to �100 mV, inactivation is

almost completely relieved for the single mutants; deactiva-

tion of N588K at 37 1C has been previously shown to be quite

similar to WT (McPate et al., 2005). It is also notable that

results using this protocol were in good agreement with

those using repolarization steps to different voltages (above),

supporting similarly altered inactivation for N588K and

S631A hERG.

Drug inhibition of WT hERG and its inactivation mutants

A systematic comparison of the degree of attenuation of

blockade by a range of drugs by the two mutants has not

been performed previously, nor has there been any previous

test for synergistic effects using the double mutant. Figure 3

shows representative current traces elicited by a ‘standard’

hERG voltage command protocol before and after super-

fusion of 100 nM E-4031; to perform a standard hERG

protocol from a holding potential of �80 mV, after a 50-ms

step to �40 mV followed by 50 ms at �80 mV (to quantify

Figure 2 The degree of hERG inactivation for each of the channels
at þ20 mV. To measure the inactivation for the channel, inactivation
was isolated from activation by applying a brief (2 ms) hyperpolari-
zing step to �100 mV (Smith et al., 1996). (a) Representative
traces of the segment of the elicited IhERG from which the fraction of
inactivated current for each channel was calculated. The command
voltage protocol (inset above) was a step to þ20 mV for 2 s,
inactivation was relieved during a 2 ms hyperpolarization to
�100 mV, and then the cells were stepped back to þ20 mV for
2 s. The cells were held at �80 mV and the start-to-start interval was
12 s. In (b) the means of the fraction of steady-state channel current
at þ20 mV that is inactivated was calculated as 1–(Iinact/Irecov),
where Iinact is the current when the channels are at steady-state levels
of both activation and inactivation (just before the hyperpolarizing
step) and Irecov is the peak current just after recovery from
inactivation. Irecov was estimated by fitting the decaying current
elicited just after the beginning of the second step to þ20 mV with a
single exponential fit, and extrapolating the curve to the time point
at which the command voltage is stepped from �100 to þ20 mV; at
this point in time, it is estimated that recovery from inactivation is
complete and activation is still at steady state for þ20 mV. N¼5
cells for each channel. A one-way ANOVA followed by a Bonferroni
post-test found that there was a significant difference between the
single and double mutants compared with wild-type (WT) hERG
(Po0.001). There was no significant difference between N588K and
S631A-hERG (P40.05), but a significant difference between the
single and the double mutants (Po0.001).
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the instantaneous leak at �40 mV and then restore the

channels to a deactivated state), the cells were depolarized for

2 s to þ20 mV (the voltage for which inactivation had been

quantified for the three mutant channels) and then peak tail

currents were observed during a 4-s step to �40 mV. Although

the inhibition of the peak tail current of WT-hERG under

these conditions is 490%, either mutation (N588K or S631A)

resulted in reduced inhibition and the double mutant clearly

had synergistic effects on reducing the effect of E-4031.

It has been shown previously that the mechanisms

by which drugs inhibit the hERG channel have subtle

differences; in particular, some hERG blockers can differ

in their molecular determinants of blockade from methane-

sulphonanilides (for example, Milnes et al., 2003; Ridley et

al., 2004). In this study, we have tested a range of drugs:

E-4031, which is a high-potency methanesulphonanilide

(IC50o100 nM in mammalian cells at 37 1C (Zhou et al., 1998)),

propafenone, which has a mid-range potency for hERG

(IC50¼B440nM in mammalian cells (Paul et al., 2002)) and

a moderate dependence on S631 as a molecular determinant

(Witchel et al., 2004), quinidine, which has a mid-range

potency and little dependence on S631 (Lees-Miller et al.,

2000; Paul et al., 2002), amiodarone, which is unusual in that it

has a high potency for hERG inhibition but its blockade is

partially resistant to mutations of the canonical molecular

determinants of blockade F656 and Y652 (Ridley et al., 2004),

and disopyramide, which has a low potency for hERG and little

sensitivity to mutation of S631 (Paul et al., 2001).

Previously, we have shown that the hERG blockade by

E-4031 and by disopyramide are differentially affected by the

N588K mutation; the mutation increases the IC50 for E-4031

by 11.5-fold, but that for disopyramide is increased by only

50% (McPate et al., 2006). In Figure 4, we have completed

this comparative data set by showing the effects of S631A

and the N588K/S631A double mutant in the form of a set of

concentration–response curves. For both drugs, the concen-

tration–response curves for N588K and S631A overlie almost

precisely and in each case, the double mutant is shown to

Figure 3 Representative currents of each hERG channel type in the absence and presence of 100 nM E-4031. To compare the effects of the
different mutations ((a) wild type, (b) N588K, (c) S631A and (d) N588K/631A double mutant) upon high-potency methanesulphonanilide
sensitivity, the membranes were subjected to a ‘standard’ hERG command protocol (see Results) in control solution, and then the cells were
superfused with 100 nM E-4031 until the currents reached steady state. The overlaid traces show the elicited IhERG in control superfusate and
then at steady state in 100 nM E-4031.
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have synergistic effects on the concentration–response

curves. Concordant with previous observations comparing

the effects of these drugs on WT vs N588K, we found E-4031

to be 45-fold more sensitive (as estimated by IC50) to

mutations that attenuate inactivation than disopyramide.

A one-way ANOVA followed by a Bonferroni post-test was

performed on the IC50 values for the WT and mutant

channels for both E-4031 and disopyramide. For both drugs,

the N588K, S631A and N588K/S631A mutations were found

to have IC50 values that were significantly different when

compared with WT hERG (Po0.001), but there was no

significant difference between the IC50 values for the two

single mutants (P40.05), whereas the double mutant was

significantly different from either of the single mutants

(Po0.001).

The concentration–response curves of the other three

drugs tested were compared in Figure 5. Although the

Figure 4 Concentration–response curves for disopyramide and
E-4031. The effects of the S631A mutation and the N588K/S631A
double mutation on drug sensitivity were compared with previously
published data using identical conditions for the wild type (WT)
(dotted line plot without symbols) and N588K (dashed line plot
without symbols) (McPate et al., 2006). Disopyramide (a) and
E-4031 (b) concentration–response curves were obtained using
protocols identical to those in Figure 3. Each cell was exposed to only
a single drug concentration, and fractional inhibition for that cell was
calculated according to Equation (1). Symbols represent the mean
fractional inhibition for each drug at each concentration (N¼5–10
cells per concentration), and error bars show the s.e.mean. The
concentration–response curves were fitted (lines) using Equation (2),
which yielded an IC50 and Hill coefficient (h) for each drug.

Figure 5 Concentration–response curves for quinidine, propafe-
none and amiodarone. Concentration–response curves for quinidine
(a), propafenone (b) and amiodarone (c) were measured and fitted
as in Figure 4. Data for wild-type (WT), N588K, S631A and the
N588K/S631A double mutant channels are overlaid. Previous data
(McPate et al., 2006) for quinidine’s effects on the WT (dotted line
plot without symbols) and N588K (dashed line plot without
symbols) are shown for comparison. N¼5 for each drug at each
concentration. A one-way ANOVA of the IC50 values was performed
for each of the drugs. For all three drugs, the IC50 values obtained for
N588K, S631A and the double mutant were significantly different
from WT hERG (Po0.001). There was a slightly significant difference
between N588K and S631A for propafenone (Po0.05), but no
statistical significance for quinidine and amiodarone (P40.05). The
IC50 values for single-mutant channels were significantly different
from those for the double mutant, for all three drugs (Po0.001).
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similarity of attenuation of blockade by N588K and S631A is

not as striking, for all three drugs, it is clear that both N588K

and S631A significantly increased the IC50 values (Po0.001,

when comparing the single mutants against WT hERG for all

three drugs; one-way ANOVA followed by Bonferroni post-

test). It is also clear that the attenuation of block was similar

for the two single mutants, and that the double mutation led

to a significant and synergistic effect (Po0.001, when

comparing the double mutant to each of the single mutants

for all three drugs). The effect of the single mutants on the

block by propafenone and quinidine (the two mid-range

potency blockers) is similar to each other and is greater than

the effects of these mutations on disopyramide. There was

no significant difference between the two single mutants for

amiodarone (a high-potency blocker, P40.05). The single

mutations had an increased effect on amiodarone compared

with propafenone and quinidine (Table 1), and the double

mutant caused a 29-fold decrease in the potency of the block

by amiodarone compared with o9-fold for propafenone and

quinidine (Table 1). This is concordant with amiodarone’s

blocking potency being partially resistant to mutations of

F656 and Y652 (Ridley et al., 2004), and therefore amiodar-

one’s hERG-binding site relating to other conformations

inside the pore cavity. A summary of all the drug data

concerning blockade of the WT and mutant hERG channels

is presented in Table 1, showing the IC50 values for the

channels for each drug and showing the fraction of blockade

that is attenuated for each mutant.

Discussion and conclusions

The main novel conclusions from this study are as follows:

(1) The block of hERG by amiodarone is not greatly

attenuated by N588K, making it potentially useful for SQT1

treatment; (2) The previously unreported N588K/S631A

double mutant results in an expressable channel that has

significantly attenuated inactivation compared with either

of the N588K or S631A single mutants. (3) In a side-by-side

comparison, the N588K and S631A mutations have nearly

identical effects in terms of the extent of inactivation

attenuation, despite the mutation being in different modules

of the channel; (4) For five drugs with unrelated chemical

structures, the effects of the three inactivation-attenuating

mutations on their hERG inhibition are N588KD
S631A5N588K/S631A, which is concordant with the order

of the mutations’ attenuation of hERG inactivation; (5)

Drugs can vary to a greater or lesser extent in their overall

sensitivities to these three mutations, and the N588K

mutation attenuated IhERG inhibition in the following order:

E-40314amiodarone4quinidine4propafenone4disopyramide.

This study provides the first information regarding the

inhibition of the SQT1 mutant channel N588K-hERG by

propafenone and amiodarone. Our data indicate that

amiodarone, which has been suggested to have value in

treating SQTS of unknown phenotype (Lu et al., 2006), may

be of specific value in SQT1. The evidence for this is that,

under identical experimental conditions, the attenuation of

amiodarone’s potency by the N588K mutation (a 4.2-fold

change in IC50) was only slightly less than that for quinidine

(3.5-fold), a drug which is known to be effective for SQT1

(Gaita et al., 2004; Wolpert et al., 2005; Schimpf et al., 2007).

Presumably, the ability of quinidine (or any other drug) to

correct the QT interval and reduce the risk of arrhythmogen-

esis in SQT1 through a direct effect on hERG depends on its

ability to block N588K-hERG at therapeutic concentrations

(Brugada et al., 2004). Previously, based on single mutation

studies, we and others have suggested that quinidine’s ability

to block N588K-hERG at therapeutic concentrations may

derive from its comparative insensitivity to attenuation of

hERG inactivation (Brugada et al., 2004; Wolpert et al., 2005;

McPate et al., 2006). By making a like-for-like comparison

with five drugs and three different mutations, this study

strengthens those previous suggestions. The reduced drug

potencies found with N588K-hERG are likely to be due to

(and certainly correlate with) the inactivation attenuation

(whether this be a direct effect on drug binding, or through

influencing orientation of binding residues on the S6

helices) rather than to an anomaly in channel structure

specifically related to the N588K mutation.

In addition to the present demonstration of this associa-

tion between drug potency and inactivation with N588K,

other investigations of hERG have also posited a similar link

(Ficker et al., 1998, 2001; Herzberg et al., 1998; Yang et al.,

2004) based on other mutants with attenuated inactivation

including G628C/S631C (Mitcheson et al., 2000; Numaguchi

Table 1 Attenuation of drug inhibition by three inactivation-attenuated mutants compared with wild-type hERG

IC50 in WT-hERG Fold decrease in potency relative to WT-hERG (IC50 in nM)

S631A N588K N588K/S631A

Disopyramide 10.7 mM (CI: 9.7–11.7)a 1.6 (17.58 mM) 1.5 (15.77 mM)a 7.1 (75.80 mM)
Quinidine 620 nM (CI: 540–710)a 3.5 (2160 nM) 3.5 (2160 nM)a 6.5 (4020 nM)
Propafenone 390 nM (CI: 330–380) 3.8 (1490 nM) 2.4 (950 nM) 8.7 (3410 nM)
Amiodarone 75.2 nM (CI: 63.0–89.7) 4.1 (305 nM) 4.2 (318 nM) 29.1 (2190 nM)
E-4031 16.0 nM (CI: 13.3–19.1)a 12.0 (192 nM) 11.4 (183 nM)a 36.4 (583 nM)

aValues obtained previously (McPate et al., 2006).

A summary of the concentration–response data in Figures 4 and 5. The IC50 values for all five drugs in all four hERG channels were calculated as described and then

used in the calculations described below. The IC50 values for WT-hERG for all the drugs are shown on the left, and to the right in brackets are the 95% confidence

intervals (CIs). To compare the mutations’ attenuating effects on inactivation, the decrease in drug potency relative to WT-hERG was calculated for each mutant–

drug combination by taking the ratio of the IC50 for a particular mutant–drug combination (shown in parentheses) and dividing it by the IC50 of the same drug

when applied to WT-hERG. The attenuation is expressed as a ‘fold decrease in potency’, where 1.5 represents a 50% increase in the IC50 over WT.
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et al., 2000; Witchel et al., 2004), S631A (Zhang et al., 1999;

Lees-Miller et al., 2000; Witchel et al., 2004; Yang et al., 2004;

Duncan et al., 2007) and S620T (Herzberg et al., 1998; Ficker

et al., 2001). These amino-acid residues associated with

inactivation are located at three different regions at or near

the extracellular face of the channel: the turret, the segment

of the outer mouth of the pore that is on the C-terminal side

of the pore loop, and within the pore loop. By contrast, to

block hERG with high affinity, most such drugs must access

the pore cavity from the intracellular side of the channel

when the channel is in the activated state, and the canonical

high-affinity drug-binding site is strongly associated with

two aromatic residues inside the pore cavity in the S6

transmembrane domain: F656 and Y652 (Mitcheson et al.,

2000). Thus far, there is no accepted general mechanism to

explain how inactivation, which depends on residues near

the extracellular face of the channel, influences canonical

drug blockade, which occurs in proximity to residues in S6

that are nearer the cytoplasmic end of the channel’s pore.

One possible explanation for this influence, which is

concordant with the observations in this study, is that even

low levels of inactivation (as seen in the single mutants at

þ20 mV) may be sufficient to stabilize the inhibition by

drugs such as disopyramide. It is only when inactivation is

almost completely eliminated (as in the case of the N588K/

S631A double mutant at þ 20 mV, see Figure 2) that blockade

of hERG by disopyramide is strongly attenuated. Although

the effects of higher voltages on the block of N588K by

the drugs used in this study were not investigated, such

experiments would be valuable, as it might be predicted

that, for drugs strongly dependent on inactivation, the gap

between potency of inhibition of N588K and WT hERG

might be smaller at more positive voltages. This is less likely

to be the case, however, for drugs that appear weakly

dependent on inactivation, and it is noteworthy that the

modest effect of the single mutations on disopyramide and

quinidine blockade of IhERG, seen with the protocol used

here, correlates well with evidence for clinical effectiveness

of these agents in SQT1 patients (Wolpert et al., 2005;

Schimpf et al., 2007).

The fact that disopyramide’s potency is only marginally

affected by either single mutation but is strongly compro-

mised by the double mutation, is concordant with our

observation of synergistic effects on inactivation by N588K

and S631A, the latter providing evidence that hERG channel

inactivation involves two synergistic processes (which are

separately affected by mutations to the turret and outer

mouth of the pore). It is possible that either one or both of

the putative conformational changes can result in the

stabilization of E-4031-induced blockade, whereas for dis-

opyramide only one (but either one) of the synergistic

processes at a time can stabilize blockade. The repositioning

of S6 residues during the inactivation process in a way that

optimizes interaction with drug molecules has been sug-

gested as a possible mediator of the sensitivity of IhERG

blockade to channel inactivation (Chen et al., 2002). More

specifically, the near equality of the effects of S631A and of

N588K on inactivation and drug-induced inhibition with a

range of compounds invites further investigation of whether

one or both of the synergistic processes is required for the

allosteric effects on S6. It is possible that mutation of either

residue may be sufficient to interrupt a secondary process

that merely finalizes inactivation, a process in which both

amino-acid residues are necessary.

In conclusion, we have shown that different drugs have a

range of sensitivities to inactivation attenuation, and we

propose that in many cases this may explain why some drugs

may be more useful than others for treating SQT1.
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