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Mutations in the HERG K1 channel gene cause inherited long QT
syndrome (LQT), a disorder of cardiac repolarization that predis-
poses affected individuals to lethal arrhythmias [Curran, M. E.,
Splawski, I., Timothy, K. W., Vincent, G. M., Green, E. D. & Keating,
M. T. (1995) Cell 80, 795–804]. Acquired LQT is far more common
and is most often caused by block of cardiac HERG K1 channels by
commonly used medications [Roden, D. M., Lazzara, R., Rosen, M.,
Schwartz, P. J., Towbin, J. & Vincent, G. M. (1996) Circulation 94,
1996–2012]. It is unclear why so many structurally diverse com-
pounds block HERG channels, but this undesirable side effect now
is recognized as a major hurdle in the development of new and safe
drugs. Here we use alanine-scanning mutagenesis to determine the
structural basis for high-affinity drug block of HERG channels by
MK-499, a methanesulfonanilide antiarrhythmic drug. The binding
site, corroborated with homology modeling, is comprised of amino
acids located on the S6 transmembrane domain (G648, Y652, and
F656) and pore helix (T623 and V625) of the HERG channel subunit
that face the cavity of the channel. Other compounds that are
structurally unrelated to MK-499, but cause LQT, also were studied.
The antihistamine terfenadine and a gastrointestinal prokinetic
drug, cisapride, interact with Y652 and F656, but not with V625.
The aromatic residues of the S6 domain that interact with these
drugs (Y652 and F656) are unique to eagyerg K1 channels. Other
voltage-gated K1 (Kv) channels have Ile and Val (Ile) in the
equivalent positions. These findings suggest a possible structural
explanation for how so many commonly used medications block
HERG but not other Kv channels and should facilitate the rational
design of drugs devoid of HERG channel binding activity.

Long QT syndrome (LQT) is an abnormality of cardiac muscle
repolarization that predisposes affected individuals to a

ventricular arrhythmia that can degenerate into ventricular
fibrillation and cause sudden death (1). The cellular mechanism
of the lengthened QT interval recorded on the body surface
electrocardiogram is prolonged ventricular action potentials.
Recent genetic discoveries have determined that the molecular
mechanism of inherited LQT is mutations in one of several genes
[e.g., HERG (2), KCNE2 (3)] that encode ion channel subunits
important for normal repolarization of the ventricle. HERG
encodes the pore-forming subunits of channels that conduct the
rapid delayed rectifier K1 current (IKr; refs. 4 and 5). LQT also
can be acquired as a side effect of treatment with commonly used
medications, including some antiarrhythmic, antihistamine, an-
tibiotic, psychoactive, and gastrointestinal prokinetic agents (6,
7). Although drug-induced LQT theoretically could result from
reduction of any voltage-gated K1 current that contributes to
ventricular repolarization, all known drugs with this side effect
preferentially block IKr (1, 8, 9). It is unclear why so many
structurally diverse compounds block HERG channels, but this
undesirable side effect now is recognized as a major hurdle in the
development of new and safe drugs (9, 10). Previous studies have
characterized single residues of HERG that when mutated
altered the sensitivity of the channel to block by the methane-
sulfonanilide antiarrhythmic drug dofetilide. However, these
residues are believed to alter drug binding by an allosteric effect
related to the loss of inactivation gating (11). A more recent
study found that mutation of a Phe located in the S6 domain of
HERG decreased block by dofetilide and quinidine (12). How-
ever, it is unlikely that a single residue could confer drug

sensitivity. Thus, despite the obvious clinical importance of
HERG channel block to acquired LQT, the structural basis of
the high-affinity drug binding site has not been adequately
characterized.

Materials and Methods
Mutagenesis and Channel Expression in Oocytes. Mutations were
introduced into the HERG K1 channel (13) by using site-
directed mutagenesis as described previously (14). Complemen-
tary RNAs for injection into oocytes were prepared with SP6
Cap-Scribe (Boehringer Mannheim) after linearization of the
expression construct with EcoRI. Isolation and maintenance of
Xenopus oocytes and cRNA injection were performed as de-
scribed previously (14–16).

Voltage Clamp. The two-microelectrode voltage clamp technique
(17) was used to record membrane currents in oocytes 2–4 days
after cRNA injection as previously described (18). To attenuate
endogenous chloride currents, Cl2 was replaced with Mes (2-
[N-morpholino]ethanesulfonic acid) in the external solution that
contained 96 mM NaMesy2 mM KMesy2 mM CaMes2y5 mM
Hepesy1 mM MgCl2 adjusted to pH 7.6 with methane sulfonic
acid. In some experiments, KMes was increased to 96 mM with
a similar reduction in NaMes.

MK-499 was supplied by Merck. Cisapride was purchased
from Research Diagnostics Inc. (Flanders, NJ), and terfenadine
was purchased from Sigma. Drugs were prepared daily by
dilution of a DMSO stock solution kept at 220°C. Drugs were
applied with a switching device as described (18). Digitized data
were analyzed off-line by using pCLAMP and ORIGIN software.

Molecular Modeling. The 1BL8 KcsA (19) structure was retrieved
from the Protein Data Bank. The KcsA structure was used as the
template structure for a homology model created by using the
MODELER module within INSIGHTII (Ver. 98.0; Molecular Sim-
ulations, Burlington, MA). The sequence alignment from Doyle
et al. (19) was used to generate the homology model. Five
homology models were generated by using MODELER. In the area
of the cavity, only slight differences were observed, so the first
model was used for the docking of MK-499. One hundred
low-energy conformations of MK-499 were generated and
docked by using the FLOG (Flexible Ligands Oriented on Grid;
ref. 20) procedure. One of the docked conformations is shown
in Fig. 3. The other high-scoring dockings showed very similar
strong p stacking interactions with F656 and Y652.
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Results and Discussion
Alanine-scanning mutagenesis was used to determine residues
important for block of the HERG channel by MK-499, a
methanesulfonanilide antiarrhythmic drug (21). We previously
reported that this compound seems to gain access to its binding
site on the HERG channel from the intracellular side of the
membrane (22), and that this site is located within the cavity and
in between the selectivity filter and the activation gate (18).
Based on assumed homology with the solved crystal structure of
the bacterial KcsA K1 channel (19), the cavity and inner pore of
the HERG channel is lined by the S6 transmembrane domains
of four identical subunits that coassemble to form a tetrameric
channel. Therefore, we mutated to alanine individual residues of
S6 and the few residues of the pore helix predicted to line the
channel cavity and inner pore regions (Fig. 1a) and determined
the sensitivity to block by MK-499 for each mutant channel
expressed in Xenopus oocytes. Standard two-microelectrode
voltage clamp techniques were used to repetitively apply 5-s
pulses to 0 mV from a holding potential of 290 mV. A
concentration of MK-499 (300 nM) that caused '85% inhibition
of wild-type (WT) HERG current (Fig. 1b) was used to assess
each mutant channel. As shown in Fig. 1c, MK-499 reduced
current of most mutant channels in a similar manner to WT
HERG. However, three channels with missense mutations lo-

cated in the S6 domain (G648A, Y652A, and F656A) hardly were
affected by 300 nM MK-499. In addition, three channels with a
mutation located in the base of the pore helix (T623A, S624A,
and V625A) and one located in the S6 domain (V659A) were
also less sensitive to MK-499. V659A HERG channel current
deactivated much slower than did WT HERG channel current.
The resultant decrease in drug trapping (18) could account for
the reduced sensitivity of V659A HERG channels to MK-499. A
positive shift in the voltage dependence of activation also might
decrease the apparent sensitivity of channels to MK-499. How-
ever, for T623A, V625A, G648A, Y652A, and F656A HERG, the
five mutant channels least affected by drug, values for half-
maximal activation were similar or more negative than were WT
HERG (Table 1), indicating that decreased sensitivity to drug
block was not caused by reduced channel open probability.

To further characterize the relative importance of specific
residues to the drug binding site, we determined the concentra-
tion–effect relationships for the five mutant channels least
affected by drug. The concentration of MK-499 required to block
current by 50% (IC50) was 34 nM for WT HERG channels (Fig.
2 a and d). The IC50 for block of Y652A HERG was increased
94-fold relative to WT HERG (Fig. 2 a and d). Reduction in drug
affinity associated with the Y652A mutation was not caused by
loss of the hydroxyl side group. Y652F HERG channels having

Fig. 1. Alanine-scanning mutagenesis of HERG to define binding sites for MK-499. (a) Sequence of the pore helix and inner helix for the KcsA channel (19) and
the equivalent residues in the pore helix and S6 transmembrane domain of the HERG K1 channel. Shaded residues of KcsA face the inside of the inner channel
pore. The region of HERG analyzed by Ala-scanning mutagenesis is underlined. (b) Block of WT and mutant HERG channel current in oocytes by MK-499. HERG
channel currents recorded before (Con) and after (Drug) achieving steady-state block of current with 0.3 mM MK-499. Currents were elicited during 5-s pulses
to 0 mV from a holding potential of 290 mV, applied repetitively at 0.166 Hz. (c) Normalized current (IMK499yIcontrol) measured after steady-state block by 0.3 mM
MK-499 (n 5 4–6; error bars, 6SEM). A value of 1 indicates no detectable decrease in current by the drug. N.T., residues that were not tested; N.E., mutant channels
that lacked functional expression.
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the conserved mutation of Tyr to Phe (Phe lacks a 2OH group)
retained normal sensitivity to drug block. The IC50 for block of
F656A HERG by MK-499 was 22.2 6 1.9 mM, a 650-fold
decrease in sensitivity relative to WT HERG (Fig. 2d). Lees-
Miller et al. (12) also found that mutation of F656 (to Val)
reduced the block of HERG by quinidine and dofetilide.

The voltage dependence for fast C-type inactivation (23) of
G648A HERG channels was shifted to more negative potentials.

This shift necessitated the use of high extracellular K1 (96 mM
KMes) to reduce inactivation (24) and elicit larger currents (Fig.
2c). The IC50 for WT HERG by using this protocol was 120 6
5 nM for WT HERG and 6.6 6 0.48 mM for G648A HERG, a
55-fold increase (Fig. 2e). This finding was unexpected because
previous studies concluded HERG channel inactivation was
required for high-affinity drug block (11, 12), suggesting that
enhanced inactivation might increase drug potency.

T623 and V625 are located at the base of the pore helix. The
IC50 for V625A HERG by MK-499 was 1.6 6 0.06 mM, a 50-fold
increase relative to WT HERG. Not surprisingly, because V625
is located within the K1 signature sequence of HERG (SVGFG),
mutation to Ala reduced the selectivity of the channel for K1

(data not shown). Like G648A HERG, the voltage dependence
of T623A HERG channel inactivation was shifted to more
negative potentials. Therefore, the effect of MK-499 on T623A
HERG channels was assessed by using the 96 KMes bath
solution. Under these conditions, the IC50 for T623A HERG was
0.59 6 0.01 mM, a 5-fold increase relative to WT HERG.

In summary, the rank order of importance of HERG channel
residues that affect binding of MK-499 was F656 .. Y652 .
G648 5 V625 . T623 . S624 5 V659. Based on homology with
KcsA, all three of the residues in S6 that have substantially
altered sensitivity to MK-499 (G648A, Y652A, and F656A) are
predicted to face toward the inside of the HERG channel pore.
G648 is located nearest the pore helix, and Y652 and F656 are
each separated by a little more than a single turn of the S6 a helix
(Fig. 3a). Space-filling models of KcsA (19) indicate that residues
located on the N-terminal side of G648 in the S6 domain or to
L622 in the pore helix would not be accessible to a large molecule
from the channel cavity. Thus, it is unlikely that residues
important for drug binding are outside the Ala-scanned region.
However, we cannot rule out the possibility of additional binding
sites within this region. I662A HERG channels did not func-
tionally express, and Ala-scanning cannot determine the contri-
bution of residues that are already Ala (A653 and A661) and may
be a less sensitive test of residues such as Val with a similar
hydrophobicity to Ala. In addition, future studies will be re-
quired to determine whether MiRP1, an accessory subunit
reported to alter kinetics and single-channel conductance of
HERG (3), could alter the affinity of drug binding.

Other voltage-gated K1 channels (Kv1–Kv4) have Ile and Val
in the equivalent positions of the aromatic residues Y652 and
F656 of HERG, whereas the other residues that most affect
MK-499 sensitivity are absolutely (G648 and T623) or strongly
(V625) conserved. The amino acid in the equivalent position of
S624 is also similar (Thr) in most other voltage-gated K1

channels. This similarity raises the obvious possibility that
high-affinity blockers of HERG channels interact primarily with
the aromatic side groups of Y652 and F656. To test this
hypothesis, we generated a homology model of HERG by using
MODELER in INSIGHTII by using the KcsA crystal structure (19).
Multiple energy-accessible conformations of MK-499 were gen-
erated and docked into the homology model by using FLOG
(20). The docking shown in Fig. 3 shows a p stack to one of the
F656 residues with the p-CN phenyl ring. The methanesulfona-
nilide moiety extends into a pocket formed on one side by G648
and by T623 and S624 on the other side. A p stacking interaction
is seen between Y652 and the benzopyran adjacent to the
methanesulfonanilide group. In the docking shown, there is no
direct interaction with V625; alternate dockings were explored
but no direct interactions were seen. This model suggests that
mutation of V625 or G648 to Ala disrupts the MK-499 binding
site by altering the size or shape of the binding pocket formed
between the pore helix and the S6 domain of a single subunit.

Many drugs other than methanesulfonanilides also block
HERG, including the gastrointestinal prokinetic agent cisapride
(25) and the antihistamine terfenadine (26) (Fig. 4a). Because of

Table 1. Summary of slope and potentials for half-maximal
activation of WT and mutant HERG channels determined from
tail current amplitudes fit with Boltzmann function

HERG channel V0.5, mV k, mV n

WT HERG 216.7 6 1.3 7.8 6 0.5 3
T623A 225.1 6 1.6 6.7 6 0.3 4
V625A 228.9 6 1.3 7.9 6 0.3 5
G648A 233.4 6 2.5 7.8 6 0.1 4
Y652A 218.0 6 1.4 9.1 6 1.1 7
F656A 226.1 6 2.8 8.2 6 0.6 3

V0.5, potential of half-maximal activation; k, slope of the activation curve;
n, number of oocytes. Currents were activated with 5-s depolarizations from
a holding potential of 290 mV.

Fig. 2. Concentration-dependent block of WT and mutant HERG channels by
MK-499. (a–c) Voltage pulse protocol and currents for WT and mutant HERG
channels in the presence and absence of indicated concentrations of MK-499.
Currents were measured in the presence of 2 mM extracellular K1 (a and b) or
96 mM K1 (c). Because F656A HERG expressed poorly in oocytes, the effect of
drug on this mutant channel was quantified during pulses to 2140 mV after
the 5-s activating pulses. (d) Concentration–effect relationship for block by
MK-499 measured in the presence of 2 mM extracellular K1. The IC50, deter-
mined by using a Hill equation with a coefficient of 1, was 0.034 6 0.002 mM
for WT HERG (h), 1.83 6 0.2 mM for V625A (‚), 3.2 6 0.34 mM for Y652A HERG
(E), and 22.2 6 1.9 mM for F656A HERG ({). (e) Concentration–effect rela-
tionship for block by MK-499 measured in the presence of 96 mM extracellular
K1. The IC50 was 0.12 6 0.005 mM for WT HERG (■), 0.59 6 0.01 mM for T623A
HERG (�), and 6.6 6 0.48 mM for G648A HERG (F). n 5 4–6 for all channels.
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this side effect, both these drugs recently were removed from the
market by the Food and Drug Administration. Interaction of
these drugs with WT HERG and four mutant HERG channels
was assessed by using the same methods described for MK-499.
Block of HERG channels by terfenadine and cisapride was
relatively unaffected by the two mutations located in (V625A) or
near (G648A) the pore helix, but was strongly reduced by
mutation of either of the two aromatic amino acids (Y652 and
F656) that affect MK-499 binding (Fig. 4b). This finding suggests
that although cisapride and terfenadine bind within the channel
cavity, neither drug binds to the pocket between the pore helix
and S6 domain shown to affect interaction with the methane-
sulfonyl group of MK-499.

Many blockers of Na1 and Ca21 channels also bind to residues
in the S6 domains. These include local anesthetics, class I
antiarrhythmics and anticonvulsants that block Na1 channels,
and dihydropyridines and phenylalkamines that block L-type
Ca21 channels. For both channel types, molecular determinants
for high-affinity drug binding have been identified in the S6
regions of domains III and IV by using Ala-scanning mutagen-
esis (27–30). Although the drug binding sites are highly complex,
there are some similarities with the binding site in HERG. In
Na1 and Ca21 channels, the position of the binding sites are

consistent with alignment on an a helical structure, with the
sensitive residues facing into the channel cavity. Binding sites for
drugs on both channel types include aromatic residues (Phe and
Tyr) on S6. For example, F1764A and Y1771A reduce the
sensitivity of type IIA Na1 channels to lidocaine, phenytoin,
f lecainide, and quinidine (28).

All of the residues in the pore helix and S6 domain of HERG
shown here to interact with MK-499 binding are conserved in eag
channels. However, the eag channel is relatively insensitive to
block by dofetilide (11) and MK-499 (IC50 . 10 mM; data not
shown). Unlike HERG, eag channels do not inactivate. There-
fore, as suggested previously (11, 31), the high-affinity binding
site for methanesulfonanilides may be the inactivated state of
HERG. However, the insensitivity of eag channels to block by
these drugs is not fully explained by the lack of inactivation.
G628CyS631C HERG, a channel with a double mutation that
completely removes inactivation (23), is still relatively sensitive
to MK-499. The IC50 for block of G628CyS631C HERG was
336 6 33 nM (n 5 7; data not shown), only about 10 times less
sensitive than WT HERG. In the present study, the voltage
dependence of inactivation varied for HERG mutants with
reduced MK-499 binding affinity. In 2 mM Ko solutions, no
outward currents for G648A, T623A, and F656A HERG could
be recorded, suggesting a negative shift in the voltage depen-
dence of inactivation. Rectification of Y652A HERG was similar
to WT HERG, whereas V625A HERG currents showed no
rectification at potentials as high as 160 mV, indicating a
removal or large positive shift of inactivation. Thus, factors other

Fig. 3. Docking of a MK-499 molecule within the cavity of the homology
model of the HERG K1 channel. (a) Stereoview of the S5-S6 domains of two
HERG subunits with docked molecule of MK-499 (shown as a space-filling
model). T623, S624, V625, G648, Y652, and F656 are shown as sticks. (b)
Close-up stereoview of MK-499 in a four-subunit model of the channel. T623,
S624, and V625 of the pore helix (green), and G648, Y652, and F656 of the S6
domain (magenta) are shown as sticks; MK-499 is shown as a ball and stick
model. Only two of the four S5 domains (yellow) are shown. The homology
model of HERG is based on the KcsA (19) channel structure.

Fig. 4. Mutations of HERG that affect potency for block of HERG channels by
MK-499, cisapride, and terfenadine. (a) Structures of the three compounds.
(b) -Fold increase in IC50 determined for each mutant channel plotted on a
logarithmic scale. The IC50 was 0.134 6 0.019 mM for terfenadine (n 5 5) and
0.133 6 0.011 mM for cisapride (n 5 4).
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than inactivation must account for the difference in drug sen-
sitivity of eag and HERG channels.

Our findings suggest a possible structural explanation for how
many commonly used drugs block HERG channels, but not
other voltage-gated channels, to cause acquired LQT. Access of
MK-499 and related drugs to the binding site on HERG requires
channel opening (32). Closure of the activation gate (deactiva-
tion) traps the molecule within the cavity (18), and inactivation
can dramatically enhance binding affinity (11, 12) of the drug to
the site described here. Other voltage-gated K1 channels (Kv1–
Kv4) contain a Pro-X-Pro sequence in the S6 domain that has
been proposed to cause a sharp bend in the S6 helices (33) and
may reduce the volume of the channel cavity. The small volume
would preclude the trapping of large molecules like MK-499.
HERG channels do not have Pro residues in S6 and instead have
Ile-Phe-Glu in the equivalent location, where Phe is F656. Most
importantly, other voltage-gated K1 channels (Kv1–Kv4) have

Ile and Val (Ile) in the equivalent positions of the aromatic
residues Y652 and F656 of HERG. As corroborated in our model
of MK-499 interaction with the HERG channel, electrostatic
interactions between p electrons and hydrogen atoms of the
aromatic rings of Y652yF656 and the drug molecule are crucial
for high-affinity binding.

Our model, combined with a structure-activity correlation for
chemically related compounds having a variable potency for
block of HERG, could be used to develop a virtual screening tool
to eliminate compounds that are likely to block HERG channels
from further development.
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