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ABSTRACT

Many common medications block delayed rectifier K* channels
and prolong the duration of cardiac action potentials. Here we
investigate the molecular mechanisms of voltage-dependent
block of human ether-a-go-go-related gene (HERG) delayed
rectifier K* channels expressed in Xenopus laevis oocytes by
quinidine, an antiarrhythmic drug, and vesnarinone, a car-
diotonic drug. The IC5, values determined with voltage-clamp
pulses to 0 mV were 4.6 uM and 57 puM for quinidine and
quinine, respectively. Block of HERG by quinidine (and its iso-
mer quinine) was enhanced by progressive membrane depo-
larization and accompanied by a negative shift in the voltage
dependence of channel activation. As reported previously for
other HERG blockers (e.g., MK-499, cisapride, terfenadine,
chloroquine), the potency of quinidine was reduced >100-fold

by the mutation of key aromatic residues (Y652, F656) located
in the S6 domain. Mutations of Y652 eliminated (Y652F) or
reversed (Y652A) the voltage dependence of HERG channel
block by quinidine and quinine. These quinolines contain a
charged N atom that might bond with Y652 by a cation-m
interaction. However, similar changes in the voltage-dependent
profile for block of Y652F or Y652A HERG channels were
observed with vesnarinone, a cardiotonic drug that is un-
charged at physiological pH. Together, these results suggest
that voltage-dependent block of HERG results from gating-
dependent changes in the orientation of Y652, a critical com-
ponent of the drug binding site, and not from a transmembrane
field effect on a charged drug molecule.

HERG (Warmke and Ganetzky, 1994) encodes the pore-
forming o« subunits of channels that conduct the rapid de-
layed rectifier K current Ix, (Sanguinetti et al., 1995;
Trudeau et al., 1995). Blockers of I, were developed to treat
arrhythmia, but unintended block of HERG K" channels can
also be proarrhythmic and is a serious side effect for many
otherwise clinically useful drugs. Previously, we used site-
directed mutagenesis and voltage clamp of mutant channels
expressed in Xenopus laevis oocytes to elucidate the molecu-
lar mechanisms of HERG channel block by structurally di-
verse drugs, including MK-499, cisapride, and terfenadine
(Mitcheson et al., 2000). These studies identified two aro-
matic residues (Y652 and F656) in the S6 domain of the
HERG channel subunit that are critical for high-affinity
binding of drugs. In contrast to high-affinity ligands, low-
affinity block of HERG by chloroquine is voltage-dependent
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CONACyT (Mexico).

(Sanchez-Chapula et al., 2001), with an enhanced block in
response to increasing membrane depolarization. The volt-
age-dependent profile for block by chloroquine can be re-
versed by mutation of Y652 to Ala, whereas mutation to Phe
eliminates the voltage dependence of the block (Sanchez-
Chapula et al., 2002). These findings suggest that interaction
of chloroquine with the phenol of Y652 mediates voltage-
dependent block of WT HERG channels.

Like chloroquine, micromolar concentrations of quinidine
are required for the block of HERG channels expressed in
oocytes. Both drugs are substituted quinolines; however,
chloroquine has two positively charged alkylamines with pK,
values of 8.4 and 10.8, whereas quinidine has a single ter-
tiary N in a quinuclidine group with a pK, of 8.6. These N
atoms are predominantly protonated at physiological pH and
conceivably could mediate cation-7 interaction with Y652.
Here, we also examined the effects of the uncharged drug
vesnarinone on Y652A and Y652F HERG channels to deter-
mine whether a drug must possess an ionizable N atom to
block HERG channels in a voltage-dependent manner.

ABBREVIATIONS: HERG, human ether-a-go-go-related gene; WT, wild type; Mes, 2-(N-morpholino)ethanesulfonic acid; MK-499, [(+)-N-[1'-(6-
cyano-1,2,3,4-tetrahydro-2(R)-naphthalenyl)-3,4-dihydro-4(R)-hydroxyspiro (2H-1-benzpyran-2,4’-piperidin)-6-ylJmethane sulfonamide]-HCI.
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Vesnarinone blocks wild-type HERG with little (Katayama et
al., 2000) or no (Kamiya et al., 2001) dependence on trans-
membrane voltage.

In this study, we find that quinidine and quinine block
wild-type and mutant HERG channels in a manner similar to
that shown previously for chloroquine, confirming the impor-
tance of Y652 in voltage-dependent block by quinolines. Al-
though the block of wild-type and Y652F HERG channels by
vesnarinone, an uncharged drug, was relatively insensitive
to voltage, block of Y652A HERG was surprisingly decreased
at greater depolarized potentials, similar to the charged
quinolines.

Materials and Methods

Molecular Biology. Point mutations were introduced into HERG
(V625A, Y652A, Y652F, F656A) in the pSP64 plasmid expression
vector (Promega, Madison, WI), as described previously (Mitcheson
et al., 2000). Constructs were confirmed with restriction mapping
and DNA sequencing. Complementary RNAs for injection into oo-
cytes were prepared with SP6 Cap-Scribe (Roche Diagnostics, Indi-
anapolis, IN) after linearization of the expression construct with
EcoRI.

Voltage-Clamp of Oocytes. Isolation and maintenance of X.
laevis oocytes and cRNA injection were performed as described pre-
viously (Sanguinetti and Xu, 1999). Currents were recorded at room
temperature (22-24°C) with a GeneClamp 500 amplifier (Axon In-
struments, Union City, CA) 2 to 3 days after cRNA injection using
standard two microelectrode voltage-clamp techniques (Stuhmer,
1992). Oocytes were bathed in a low C1~ solution containing 96 mM
2-[morpholino]ethanesulfonic acid (NaMes), 2 mM KMes, 2 mM
CaMes,, 5 mM HEPES, and 1 mM MgCl,, adjusted to pH 7.6 with
methanesulfonic acid. Current-voltage (I-V) relationships were de-
termined with test pulses applied to voltages of —70 to +40 mV at a
frequency of 0.05 Hz from a holding potential of —80 mV. Deactivat-
ing (tail) currents were measured at —70 mV.

The time-dependent block of current was determined by dividing
the step current recorded during a 4-s pulse in the presence of the
drug (I,,g) by the current recorded before application of the drug
(Leontro)- The resulting ratio, Ijue/Icontro1, Was fit with a single expo-
nential function to obtain the time constant for the onset of the
HERG current blockade. The relative steady-state block of current as
a function of test potential was determined by dividing the control
currents by currents recorded in the presence of drug.

Quinidine and quinine (Sigma Chemical, St. Louis, MO) and
vesnarinone (Otsuka Pharmaceutical Co., Tokyo) were dissolved in
the external solution to obtain the desired concentrations.

Data Analysis. Data are presented as mean = S.E.M. Clampfit
software (Axon Instruments) was used to perform nonlinear least-
squares kinetic analyses of time-dependent currents. Statistical com-
parisons between experimental groups were performed using
ANOVA and Dunnett’s method. Differences were considered signif-
icant at P < 0.05. Concentration-effect data were fit to the Hill
equation to determine the IC;, value.

Results

Voltage-Dependent Block of WI' HERG Current by
Quinidine. Block of HERG channel current by quinidine
was first characterized using WT channels. An example of
HERG currents recorded before and after block by 10 uM
quinidine is shown in Fig. 1, A and B. The normalized I-V
relationship for currents measured at the end of a 4-s test
pulse (Fig. 1C) and for tail currents measured at —70 mV
(Fig. 1D) was reduced by quinidine in a similar concentra-
tion-dependent manner. Block was also voltage-dependent.

For example, 3 uM quinidine had little effect on currents
activated by pulses up to —40 mV, but it reduced currents by
50% or more when activated by pulses to test potentials
=-20 mV (Fig. 1C). In addition, the peak of the I-V relation-
ship was shifted to the left, suggesting a negative shift in the
voltage dependence of activation. This was confirmed by tail
current analysis (Fig. 1E) and the finding that current acti-
vation was faster in the presence of the drug (Fig. 1F). Quin-
idine shifted the voltage dependence of channel activation
assayed with 4-s pulses by —5.9 = 0.7 mV at 3 uM, — 8.3 =
0.9 mV at 10 uM, and —9.5 = 1.1 mV at 30 uM (Fig. 1 E).

We next investigated whether block requires channel acti-
vation. After a control pulse to +20 mV, the membrane
potential was held constant at —80 mV to maintain HERG
channels in the closed state during a 10-min equilibration
with 10 uM quinidine. After the equilibration period, a single
pulse to +20 mV was applied again, eliciting a current that
initially activated with a time course similar to that of the
control, but subsequently displayed a time-dependent decline
(Fig. 1G). This finding indicates that at 10 uM, quinidine
blocks open channels but has no significant effect on closed
channels.

The time- and voltage-dependent block of WT HERG cur-
rent by quinidine was studied in greater detail under steady-
state conditions. Superimposed traces of currents recorded
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Fig. 1. Effect of quinidine on HERG current in Xenopus laevis oocytes. A
and B, representative HERG currents recorded from an oocyte before (A)
and after (B) incubation with 10 uM quinidine. Currents were recorded at
test potentials between —60 and +40 mV. Tail currents were recorded
after repolarization to —70 mV. C, I-V relationships for currents mea-
sured at the end of the 4-s test pulse before and after application of 3, 10,
and 30 uM quinidine (n = 5). Currents were normalized to the control
current at —20 mV for each oocyte. D, I-V relationships for peak tail
currents before and after application of 3, 10, and 30 uM quinidine.
Currents were normalized to the peak current measured in control con-
ditions for each oocyte. E, effect of quinidine on the isochronal activation
curves for HERG. Tail currents were normalized to the peak current
under each condition, and the data were fit with a Boltzmann function.
The V,,, and slope factors, respectively, were the following: control,
—35.8 + 0.8 mV and 9.8 + 0.6 mV, n = 5; 3 uM quinidine, —41.7 = 0.9
mV and 8.0 + 0.6 mV, n = 5; 10 uM quinidine, —44.1 = 0.8 mV and 7.0 =
0.5 mV, n = 5; and 30 uM quinidine, —45.3 = 0.9 mV and 6.8 = 0.5 mV,
n = 5. F, superimposed and scaled traces of currents activated by a 4-s
pulse to —10 mV in control and after 10 uM quinidine. G, quinidine blocks
open channels. A 1-s pulse to +20 mV was elicited from a holding
potential of —80 mV before and 10 min after a pulse-free exposure of the
oocyte to 10 uM quinidine.
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during a 4-s pulse to —50 mV or +10 mV before and after
equilibration with 10 uM quinidine are shown in Fig. 2, A
and B. The ratio I,,./I.ontro1 @s @ function of time during the
pulse was used to estimate initial block and the rate for onset
of block. For the test pulse to —50 mV (Fig. 2C), the current
ratio had an initial value of 1.0, indicating that channels
completely recovered from block between test depolariza-
tions. Block of current during a depolarizing step to —50 mV
developed slowly compared with a step to +10 mV (Fig. 2D).
The time constant for the onset of block by quinidine de-
creased with membrane depolarization from 200 ms at —50
mV to 10 ms at +40 mV (Fig. 2E). Steady-state reduction of
HERG current by 10 uM quinidine varied as a function of
test potential, with the fractional decrease varying from 0.35
at —50 mV to 0.8 at +40 mV (Fig. 2F). These data indicate
that quinidine preferentially blocks open HERG channels
and that steady-state block was increased by membrane de-
polarization.

Characterization of the Putative Binding Site for
Quinidine. We reported previously that mutation to Ala of
certain residues in the S6 domain (Y652, F656) or V625 in
the pore helix reduced the block of HERG by MK-499
(Mitcheson et al., 2000). Mutation of the S6 residues, but not
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Fig. 2. Voltage-dependent block of WT HERG channel current by quini-
dine. A and B, superimposed traces of currents elicited during 4-s test
pulses to =50 mV (A) and +10 mV (B) before and after exposure to 10 uM
quinidine. Tail currents were measured upon repolarization to —70 mV.
C and D, plot of the ratio I4,,/I.,nio during the 4-s pulses shown in A and
B. E, time constants for onset of block of current by quinidine plotted as
a function of test potential (V). F, fractional block of WT HERG currents
plotted as a function of the preceding test potential.
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V625, also greatly reduced channel block by other compounds
such as terfenadine, cisapride, and chloroquine (Mitcheson et
al., 2000; Sanchez-Chapula et al., 2002). Therefore, we deter-
mined the concentration-effect relationship for quinidine on
V625A, Y652A, and F656A HERG channels and compared
the potency for block with that of the WT HERG channel.
Peak tail current was measured at —70 mV after a 4-s pulse
to 0 mV for WT, V625A, and Y652A HERG channels. The
effect of 10 uM quinidine on WT, V625A, and Y652A HERG
channel current is shown in Fig. 3, A through C. As reported
previously (Mitcheson et al., 2000), the tail currents for
V625A HERG channels were inward at —70 mV because of a
change in ion selectivity. The IC,, values were 4.6 * 1.2 uM
for WT, 17.5 = 1.9 uM for V625A, and 16 = 1.7 uM for Y652A
HERG (Fig. 3D). To increase the amplitude of poorly express-
ing F656A mutant channels, tail currents were recorded at
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Fig. 3. Concentration-dependent block of WT and mutant HERG chan-
nels by quinidine. A through C, superimposed traces of WT HERG (A),
V625 HERG (B), and Y652A HERG (C) currents elicited by the applica-
tion of depolarizing pulses to 0 mV before and after exposure to 10 uM
quinidine. D, concentration-effect relationship for the block of HERG
current by quinidine at 0 mV. The IC;, value was 4.6 = 1.2 uM for WT,
17.5 = 1.9 uM for V625A, and 16 = 1.7 uM for Y652A (n = 5 for each
group). E and F, superimposed traces of WI' HERG (E) and F656 HERG
(F) currents elicited by application of depolarizing pulses to 0 mV and
upon repolarization to —140 mV before and after exposure of quinidine at
10 uM (E) or 100 uM (F). G, concentration-effect relationship for peak
current inhibition by quinidine at 0 mV. The IC;, value was 5.2 = 0.9 uM
for WT HERG and 650 = 116 uM for F656 HERG (n = 5 for each group).
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—140 mV instead of —70 mV (Fig. 3, E and F). Using this
protocol, the IC;,was 5.2 = 0.9 uM for WT current and 650 =
116 pM for F656A HERG current (Fig. 3G). Thus, mutation
of F656 caused a 125-fold reduction in drug potency, whereas
mutation of either Y652 or V625 reduced potency by a factor
of approximately 3. We reported previously that the block of
F656A channels by chloroquine was also greatly (approxi-
mately 1000 times) reduced (Sanchez-Chapula et al., 2002).
However, Y652A channels were 500 times less sensitive to
chloroquine and the V625A mutation had no effect on po-
tency of block. These findings indicate that although quini-
dine and chloroquine share structural features, the binding
site for the two drugs is not identical.

Voltage-Dependent Block of HERG Channels by
Quinidine Is Altered by Mutation of Y652. We reported
previously that the voltage dependence for block of HERG
channels by chloroquine was reversed by the Y652A muta-
tion (Sanchez-Chapula et al., 2002). The effect of quinidine
on Y652A HERG current elicited at test potentials of —40
and +20 mV in the same cell is shown in Fig. 4, A and B.
Quinidine blocked Y652A HERG current more effectively at
—40 mV than at +20 mV, and the apparent rate of deactiva-
tion was faster in the presence of drug. For example, the time
constants for deactivation at —70 mV after a pulse to +20
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Fig. 4. Voltage-dependent block of Y652A HERG currents by quinidine. A
and B, superimposed traces of currents elicited during depolarizing
pulses to —40 mV (A) or +20 mV (B) and return to —70 mV before and
after exposure to 10 uM quinidine. C and D, onset of HERG channel block
by 10 uM quinidine assessed during depolarizing voltage steps to —40
and +20 mV, respectively. E, time constants for the onset of block and
unblock of Y652A HERG current by quinidine plotted as a function of the
test potential (V,). F, fractional block of Y652A HERG currents by 10 uM
quinidine plotted as a function of V,.

mV, respectively, were 129 + 15 ms and 571 = 63 ms before
drug and 87 = 9 ms and 295 = 35 ms after 10 uM quinidine
(n = 5). The ratio Ly, ,o/Iontro during 4-s test pulses to —40 or
+20 mV is plotted in Fig. 4, C and D. For the test pulse to
—40 mV, the current ratio had an initial value of 1.0 and
decreased gradually throughout the test pulse. In contrast,
for the pulse to +20 mV, the time course of the current ratio
was biphasic. After an initially rapid decrease to a ratio of
0.75, the ratio increased to 0.9, indicating a rapid block
followed by a partial recovery. The time constants for the
rapid onset and the slower recovery from block were voltage-
dependent and decreased at more depolarized potentials
(Fig. 4E). Steady-state block of Y652A HERG was also volt-
age-dependent and varied from 0.7 at —50 mV to 0.04 at +40
mV (Fig. 4F). Thus, quinidine blocked HERG channels only
after opening the activation gate, and in opposition to results
observed with WT HERG, the block of Y652A HERG de-
creased with increasing membrane depolarization. Also in
opposition to the WT HERG results, quinidine shifted the
voltage dependence of Y652A HERG channels to more posi-
tive potentials (Fig. 5A).

We reported previously that mutation of Y652 to Phe re-
duced the potency of chloroquine by more than 10-fold and
greatly reduced the voltage dependence of block (Sanchez-
Chapula et al., 2002). Like chloroquine, quinidine block of
Y652F HERG channels was also weakly voltage-dependent
(Fig. 6), but the potency (IC;, = 3.8 = 0.7 uM, n = 5) was
nearly the same as that observed for WT HERG. Examples of
currents elicited at —40 and +20 mV before and after expo-
sure of an oocyte to 10 uM quinidine are shown in Fig. 6, A
and B. The rate of Y652F HERG channel deactivation was
only slightly altered by quinidine, but the rate was best fit
with a single exponential function rather than the biexpo-
nential function required for the WT HERG current. The
time constants for deactivation at —70 mV after a pulse to
+40 mV were 173 = 19 and 1102 = 123 ms in control and
734 = 91 ms after exposure of oocytes to 10 uM quinidine
(n = 5). Similar to rates obtained with WT and Y652A HERG
channels, the rate for the onset of block of Y652F channels
was faster at more depolarized potentials (Fig. 6, C—E). How-
ever, unlike Y652A HERG (Fig. 4D), block of Y652F HERG
channels by quinidine at +20 mV was not followed by a
recovery from block (Fig. 6D), and the half-point for activa-
tion of Y652F HERG was only slightly affected (Fig. 5B).
Steady-state fractional block of Y652F channels was weakly
voltage-dependent at potentials between —30 and +10 mV
(Fig. 6F).

Voltage-Dependent Block of WT and Mutant HERG
Channels by Quinine. We also determined the effects of
quinine, a stereoisomer of quinidine, on WT, Y652A, and
Y652F HERG channels. Quinine was less potent than
quinidine, reducing WT HERG with an IC;, 0of 57 = 3.3 uM
(Hill coefficient = 1.1 *= 0.07; n = 5). Like quinidine,
quinine shifted the voltage dependence of HERG channel
activation to more negative potentials. The V,, was
shifted by —2.4 = 0.4 mV with 30 uM and by —6.1 = 0.7
mV with 100 uM quinine (n = 5; data not shown). At a
concentration of 100 uM, quinine blocked WT HERG more
at depolarized potentials (Fig. 7, A and D), blocked Y652A
HERG less at depolarized potentials (Fig. 7, B and E), and
blocked Y652F HERG independent of voltage (Fig. 7, C and
F). Together with our previous findings for chloroquine,
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Fig. 5. Effect of quinidine on the voltage
dependence of Y652A and Y652F HERG
channel activation. A, effect of quinidine
on the isochronal activation curves for
Y652A HERG. Tail currents were normal-
ized to the peak current under each con-
dition, and the data were fit with a Bolt-
zmann function. The V,, and slope
factors, respectively, were the following:
control, —25.6 * 0.7 mV and 9.5 = 0.5
mV, n = 5; 3 uM quinidine, —18.6 = 0.9
mV and 9.1 = 0.6 mV, n = 5; 10 uM
quinidine, —14.9 = 1.0 mV and 8.8 = 0.6
mV, n = 5; and 30 uM quinidine, —13.6 =
0.8 mV and 8.4 = 0.5 mV, n = 4. B, the
effect of quinidine on the isochronal acti-
vation curves for Y652F HERG. The V,,,
and slope factors, respectively, were the
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30

the present findings with quinidine and quinine confirm a
crucial role for Y652 in the voltage-dependent block of
HERG by quinolines.

Voltage-Dependent Block of WT and Mutant HERG
Channels by Vesnarinone. Vesnarinone is an uncharged
cardiotonic drug that weakly blocks HERG channels ex-
pressed in oocytes with an IC;, of approximately 18 uM at 0
mV (Kamiya et al., 2001). At a concentration of 30 uM,
vesnarinone caused a slightly greater block of WT HERG at
depolarized potentials (Fig. 8, A and D), a dramatically less
block of Y652A HERG at depolarized potentials (Fig. 8, B and
E), and a slightly less block of Y652F HERG at depolarized
potentials (Fig. 8, C and F). These data indicate that the
voltage-dependent block of an uncharged drug is also altered
by the mutation of Y652.

Discussion

Quinidine is a widely used class IA antiarrhythmic drug that
inhibits Na* and K* currents and prolongs cardiac repolariza-
tion both in vivo and in vitro (Weld et al., 1982; Packer et al.,
1989; Salata and Wasserstrom, 1988). Prolongation of cardiac
action potential duration has been attributed to the blockade of
several potassium currents, including the transient outward
current and the delayed rectifier currents Iy,, Ik, and Ik,
(Furukawa et al., 1989; Sanguinetti and Jurkiewicz, 1990; Sny-
ders and Hondeghem, 1990). K" channel block explains its
propensity to induce long QT syndrome and torsades de pointes
arrhythmia (Grace and Camm, 1998). The blocking effect of
quinidine on these K™ channels is always voltage-dependent,
increasing with progressive membrane depolarization. Quini-
dine preferentially blocks open Na* and K* channels and gains
access to its binding site from the intracellular side of the
membrane (Snyders et al., 1992; Clark et al., 1995; Zhang et al.,
1998; Lees-Miller et al., 2000).

Site-directed mutagenesis of several cloned K* channels
suggests that residues of the S6 domain which line the cen-
tral cavity constitute an important component of the binding
site for quinidine (Yeola et al., 1996; Zhang et al., 1998;
Lees-Miller et al., 2000); however, the structural basis of
voltage-dependent channel block is unknown. Our findings
provide a possible molecular explanation for the voltage-
dependent block of HERG by quinidine.

following: control, —35.2 = 1.0 mV and
8.5 = 0.5 mV, n = 5; 3 uM quinidine,
—36.7*+1.1mVand 7.3 = 0.5 mV,n = 5;
10 pM quinidine, —36.5 * 1.0 mV and
7.1 £0.5mV, n = 4; and 30 uM quinidine,
—35.8 +0.9mVand 6.8 +0.5mV,n = 4.

30

Block of HERG Channels by Quinolines. Quinidine,
quinine, and chloroquine are substituted quinolines that
cause voltage-dependent block of HERG channels. The
block of WT channels by these drugs was enhanced by
increasing membrane depolarization. However, an analy-
sis of drug effects on WT and mutant HERG channels
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Fig. 6. Voltage-dependent block of Y652F HERG currents by quinidine. A
and B, superimposed traces of currents elicited during application of
depolarizing pulses to —40 mV (A) or +20 mV (B) and upon repolarization
to —70 mV before and after exposure to 10 uM quinidine. C and D, onset
of HERG channel block by 10 uM quinidine assessed during depolarizing
voltage steps to —40 and +20 mV, respectively. E, time constants for
onset of block of Y652F HERG current by quinidine plotted as a function
of the test potential (V,). F, fractional block of Y652F HERG currents
plotted as a function of V,.
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indicates several significant differences in the mechanism
of the block. First, quinidine shifted the voltage depen-
dence of activation of WT HERG to more negative poten-
tials. This effect was significant enough to result in an
increase in HERG current by 3 uM quinidine when acti-
vated with pulses to —60 mV, despite a decrease in current

at test pulses of —40 mV or more positive potentials. In
contrast, chloroquine did not cause a measurable shift in
the voltage dependence of HERG channel activation
(Sanchez-Chapula et al., 2002). Second, chloroquine
slowed the rate of deactivation of WT HERG by a factor of
4, whereas quinidine slowed deactivation only 2-fold. The
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Fig. 7. Voltage-dependent block of WT and mutant HERG currents by quinine. A through C, superimposed traces of WT (A), Y652A (B), and Y652F
(C) HERG currents elicited during the application of depolarizing pulses to —40 and +20 mV and upon repolarization to —70 mV before and after
exposure to 100 uM quinine. D through F, fractional block of WT, Y652A, and Y652F HERG currents plotted as a function of the test potential (V).
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Fig. 8. Voltage-dependent block of WT and mutant HERG currents by vesnarinone. A to C, Superimposed traces of WT (A), Y652A (B), and Y652F
(C) HERG currents elicited during the application of depolarizing pulses to —40 and +20 mV and upon repolarization to —70 mV before and after
exposure to 30 uM vesnarinone. D through F, Fractional block of WT, Y652A, and Y652F HERG currents plotted as a function of test potential (V).
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slow deactivation and crossover of tail currents observed
for chloroquine suggest that channels could only close after
the drug dissociated from its binding site inside the central
cavity, a “foot-in-the-door” effect (Armstrong, 1971; Yeh
and Armstrong, 1978). The relative lack of quinidine on
the rate of deactivation indicates that drug dissociation
was rapid or that channels could close normally even if
bound by quinidine, and that recovery from the block of
closed channels was slow compared with the rate of deac-
tivation. Alternatively, the slowed rate of deactivation in-
duced by quinidine could be caused by a negative shift in
the voltage dependence of activation. A third difference
between quinidine (or quinine) and chloroquine was re-
vealed by an analysis of mutant HERG channels. Y652 and
F656 are located on the S6 domain and face the central
cavity of the channel. Both residues were proposed to be
important components of the HERG drug-binding site
(Lees-Miller et al., 2000; Mitcheson et al., 2000). Mutation
of F656 to Val reduced the IC;, for block of HERG by
quinidine 27-fold (Lees-Miller et al., 2000), and mutation
to Ala reduced the IC;, 125-fold (this study). The F656A
mutation caused a much larger shift in the IC;, for chlo-
roquine, >500-fold (Sanchez-Chapula et al., 2002). Muta-
tion of Y652 to Ala increased the IC;, for block of HERG by
approximately 3-fold for quinidine but >500-fold for chlo-
roquine. Thus, Y652 and F656 seem to be more essential
for the block of HERG by chloroquine than by quinidine,
despite the fact that both drugs reduce WT HERG with
similar potencies and voltage dependence. V625 is located
at the base of the pore helix, and its side group is modeled
to face the central cavity of the HERG channel. Mutation of
this residue to Ala reduced the blocking potency of MK-499
by 50-fold, but it had no effect on block by terfenadine
(Mitcheson et al., 2000) or chloroquine (Sanchez-Chapula
et al., 2002). In contrast, we found that V625A HERG
channels were 3.8-fold less sensitive to block by quinidine
than were WT HERG channels. Thus, unlike chloroquine,
HERG block by quinidine is also influenced by mutation of
V625 located at the base of the pore helix. This extra site
of interaction for quinidine may account for the similar
potencies of these two drugs.

Mutation of Y652 Alters Voltage-Dependent Block of
HERG. Block of WT HERG current by quinidine and quinine
was enhanced by progressive depolarization. In contrast,
block of Y652A HERG current by these drugs was diminished
by increased depolarization, whereas block of Y652F HERG
current was relatively insensitive to voltage. Thus, substitu-
tion of a phenyl with a benzyl moiety (Y652F) eliminated the
voltage dependence of HERG block, whereas substitution
with a methyl group (Y652A) reversed the voltage depen-
dence of the block.

We previously proposed a model to explain the block of
WT and mutant HERG channels by chloroquine that fea-
tured a cation-7 interaction between the charged N atom of
the drug and the benzyl and phenyl side groups of F656
and Y652 (Sanchez-Chapula et al., 2002). However, our
finding that block of Y652A channels was also voltage-
dependent for vesnarinone, an uncharged drug, indicates
that cation-7 interactions are not required for voltage-
dependent block of HERG channels by all drugs. Instead,
for drugs like vesnarinone, perhaps m-stacking between
aromatic groups of the drug and F656 and Y652 mediates
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both low-affinity/voltage-dependent block and high-affini-
ty/voltage-independent block of HERG. Membrane depo-
larization might rotate the S6 domain or otherwise orient
the benzyl group of F656 in an unfavorable position and
the phenol group of Y652 in a favorable position for drug
binding. Mutation of Y652 to Phe would still allow #-stack-
ing, whereas mutation to Ala would eliminate a key com-
ponent of drug binding, resulting in unblocking at depo-
larized membrane potentials.

In summary, the voltage-dependent profile of HERG
channel block by charged quinolines and an uncharged
drug (vesnarinone) was modified by amino-acid substitu-
tion of Y652. Mutation of Y652 to Ala inverted the voltage-
dependent profile for block by quinolines and introduced
strong voltage-dependent block by vesnarinone. Mutation
of Y652 to Phe eliminated the voltage dependence of the
block. These findings suggest a key role for Y652 in deter-
mining the structural basis for voltage-dependent block of
HERG by chemically diverse compounds.
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