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Cardiac arrhythmias are the most common cause of sudden cardiac
death worldwide. Lengthening the ventricular action potential
duration (APD), either congenitally or via pathologic or pharmaco-
logic means, predisposes to a life-threatening ventricular arrhyth-
mia, Torsade de Pointes. IKs (KCNQ1+KCNE1), a slowly activating K+

current, plays a role in action potential repolarization. In this study,
we screened a chemical library in silico by docking compounds to
the voltage-sensing domain (VSD) of the IKs channel. Here, we show
that C28 specifically shifted IKs VSD activation in ventricle to more
negative voltages and reversed the drug-induced lengthening of
APD. At the same dosage, C28 did not cause significant changes
of the normal APD in either ventricle or atrium. This study provides
evidence in support of a computational prediction of IKs VSD activa-
tion as a potential therapeutic approach for all forms of APD pro-
longation. This outcome could expand the therapeutic efficacy of a
myriad of currently approved drugs that may trigger arrhythmias.
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IKs (KCNQ1+KCNE1), a slowly activating delayer rectifier in
the heart, is important in controlling cardiac action potential

duration (APD) and adaptation of heart rate in various physio-
logical conditions (1). The IKs potassium channel has slow acti-
vation kinetics, and the activation terminates cardiac action
potentials (APs) (2). This channel is formed by the voltage-gated
potassium (KV) channel subunit KCNQ1 and the regulatory
subunit KCNE1. The association of KCNE1 drastically alters the
phenotype of the channel, including a shift of voltage depen-
dence of activation to more positive voltages, a slower activation
time course, a changed ion selectivity, and different responses to
drugs and modulators (3–6). Similar to other KV channels,
KCNQ1 has six transmembrane segments, S1 to S6, in which S1
to S4 form the voltage-sensing domain (VSD), while S5 and S6
form the pore domain (PD); four KCNQ1 subunits comprise the
KCNQ1 channel (7, 8). KCNQ1 and IKs channels are activated
by voltage. The VSD in response to membrane depolarization
changes conformation, triggered by the movements of the S4
segment that contains positively charged residues (9–15). This
conformational change alters the interactions between the VSD
and the pore, known as the VSD–pore coupling, to induce pore
opening (12–15).
The ventricular APD depends on the balance of outward and

inward currents flowing at plateau potentials. The outward cur-
rents include the delayed rectifiers IKr and IKs, while the inward
currents include a persistent sodium current (INaP) (16). Specific
mutations in any of these channel proteins that cause a reduction
in outward current or increase in inward current are associated
with congenital long QT syndrome (LQTS). The QT interval is
the time between the initial depolarization of the ventricle until
the time to full repolarization. LQTS is a condition in which the

APD is abnormally prolonged, predisposing the afflicted patients
to a lethal cardiac arrhythmia called Torsades de Pointes (TdP)
(17). In fact, mutations in multiple genes that alter the function
of various ion channels have been associated with LQTS (18).
There is also a much more prevalent problem called acquired
LQTS (aLQTS) that is most often associated with off target
effects of drugs. Many drugs are marketed with a QT prolon-
gation warning, and the drug concentrations that can be used
therapeutically are limited by this potentially lethal side effect.
Some effective drugs have been removed from the market (19)
because of QT prolongation, and others are abandoned before
clinical trials even began. Therefore, aLQTS is costly for the
pharmaceutical industry both in drug development (to avoid this
side effect) and when it results in removal from the market of
compounds that have effectively treated other diseases (20, 21).
At present, the IKr (HERG) potassium channel (20) and the
phosphoinositide 3-kinase (PI3K) (22, 23) have been identified
as the most prominent off targets of these drugs for the associ-
ation with aLQTS.
We hypothesized that in LQTS, the normal heart function can

be restored and QT prolongation prevented by compensating for
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voltage-dependent activation of IKs could be a potential ther-
apy for AP prolongation. This therapy would increase the
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the change in net current from any of the channels produced by
the myocyte; all that is required is that a reasonable facsimile of
normal net current flow be restored. We applied this approach to
aLQTS based on a computational study to show that a shift of
voltage-dependent activation of IKs to more negative voltages
would increase IKs during ventricular APs; this increase of IKs
would revert drug-induced APD prolongation to normal. More
importantly, a change in IKs voltage-dependent activation might
affect the normal APD to a much smaller degree because of its
slow activation kinetics in healthy ventricular myocytes, thereby
posing minimal risk of cardiac toxicity on its own. To apply this
approach experimentally, we needed a compound that could
specifically shift the voltage dependence of IKs activation. Pre-
vious studies showed that the benzodiazepine R-L3 (24) and
polyunsaturated fatty acids (25) activate IKs channels, while more
recently, rottlerin was shown to act similarly to R-L3 (26).
However, the effects of these compounds on IKs are complex,
likely through binding to more than one site in the channel
protein instead of simply acting on voltage-dependent activation
(24, 27, 28). In addition, these compounds showed poor speci-
ficity for IKs, also affecting other ion channels in the heart (27,
29, 30), which make these compounds unsuitable to test our
hypothesis. Recently, we have identified CP1 as an activator for
IKs, which mimics the membrane lipid phosphatidylinositol 4,5-
bisphosphate (PIP2) to mediate the VSD–pore coupling (13, 31).
CP1 enhances IKs primarily by increasing current amplitude with
some shift of voltage dependence of activation, which is not
suitable for our test either.
In this study, we identified a compound, C28, using an ap-

proach that combines in silico and experimental screening, that
interacts with the KCNQ1 VSD and shifts voltage dependence of
VSD activation to more negative voltages. C28 increases both
exogenously expressed IKs and the current in native cardiac
myocytes. As predicted by computational modeling, C28 can
prevent or reverse the drug-induced APD prolongation back to
normal while having a minimal effect on the control APD at the
same concentration in healthy cardiac myocytes. This study
demonstrates that the KCNQ1 VSD can be used as a drug target
for developing a therapy for LQTS, and C28 identified in this
study may be used as a lead for this development. Furthermore,
our results provide support for the use of docking computations
based on ion channel structure and cellular physiology, in com-
bination with functional studies based on molecular mechanisms,
as an effective approach for rational drug design.

Results
C28 Shifts Voltage Dependence of KCNQ1 and IKs to More Negative
Voltages. In a previous study, we showed that, during activation
of the KCNQ1 VSD (Fig. 1A), residue E160 in the S2 helix in-
teracts with positively charged residues in S4 as they move to-
ward the extracellular side of the membrane in response to
depolarization of the membrane potential, and these interactions
could be modified by extracellular compounds to alter channel
gating (9). This result suggested that the KCNQ1 VSD could
serve as a target for developing antiarrhythmic drugs. To identify
a compound that would bind to the pocket near these interac-
tions, we used our MDock docking software (32–34) to screen
in silico a compound library targeting the VSD of KCNQ1, as
described in the Materials and Methods (SI Appendix, Supple-
mentary Materials). We used the Available Chemical Database
(Molecular Design Ltd.) as the compound library, which consists
of over 200,000 organic compounds. The in silico screening
produced 53 candidates, which were further screened experi-
mentally using voltage clamp. The compound C28 was further
docked onto the recently solved cryogenic electron microscopy
(cryo-EM) structure of human KCNQ1 (8) (Fig. 1 A and B). C28
was found to cause a shift in the voltage dependence of activa-
tion for both KCNQ1 and IKs channels (Figs. 1 and 2).

We measured the modulation of the KCNQ1 channel activa-
tion by C28 at various concentrations. The current amplitude was
increased at low voltages with the application of C28, but the
changes were not significant (Fig. 1 C and D), while the voltage
dependence of activation, measured as the conductance–voltage
(G–V) relation, was shifted to more negative voltages (Fig. 1E).
These results suggest that C28 enhanced channel activation by
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Fig. 1. Effects of C28 on KCNQ1 opening. (A) Cryo-EM structure of KCNQ1
(Protein Database Bank [PDB] entry: 6uzz) docking with C28 (cyan, yellow,
and red sticks). G219C (green) was covalently labeled with Alexa488 in VCF
experiments. S1 to S6: transmembrane helices. The VSD (S1 to S4) and the PD
(S5 to S6) are from neighboring subunits. (B) C28 molecule. (C) Currents of
KCNQ1 (black) and with C28 (10 μM, red) at various test voltages (see D). The
potentials before and after test pulses were −80 and −40 mV, respectively.
(D) Steady-state current-voltage relations with current amplitudes at the end
of test pulses shown in C. P > 0.05 between control and C28 at all voltages,
unpaired Student’s t test. (E) G–V relations. Solid lines are fits to the Boltz-
mann relation with V1/2 and slope factor (millivolts) for control: −41.4 ± 1.4
and 9.3 ± 1.3 and for 10 μM C28: −87.7 ± 1.4 and 13.3 ± 1.4. (F) The change
of V1/2 of G–V relations depends on C28 concentration, with EC50 of 7.6 μM.
(G) Reversal potential measurements. KCNQ1 channels were activated at
40 mV and then currents were tested at −100 to 20 mV. Holding poten-
tial: −80 mV. Control: black, with C28 (10 μM): red. (H) Peak tail currents in
relation to the test voltages. The currents reversed at potentials (milli-
volts): −58.2 ± 0.8 for control (black) and −57.1± 1.1 for 10 μM C28 (red). All
data in this figure and subsequent figures are mean ± SEM, n = 3 to 15 unless
otherwise specified.
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altering KCNQ1 voltage dependence. The shift of G–V relation
could be as large as −90 mV, and the EC50 for the shift was 7.6
μM (Fig. 1F). C28 did not alter the reversal potential of KCNQ1
channels, suggesting that K+ selectivity of the channel was not
affected by C28 (Fig. 1 G and H). These results are consistent
with our docking computations of C28 interacting with the
KCNQ1 VSD (Fig. 1A).
We then examined the effects of C28 on IKs channels. We

found that the KCNQ1 and IKs channel inhibitor XE991 could
still inhibit the IKs channel in the presence of C28 (SI Appendix,
Fig. S1 A and B), and the result indicates that C28 did not elicit
any change in the endogenous currents in oocytes. C28 also in-
creased current amplitude (Fig. 2 A and B), and the effects could
be washed out (SI Appendix, Fig. S1C). C28 shifted the G–V
relation of the IKs channel to more negative voltages (Fig. 2C),
similarly to the result for KCNQ1. At 10 μM C28, the G–V shift
was ∼−37 mV for IKs as compared to ∼−46 mV for KCNQ1
(Figs. 1E and 2C). The shift of the IKs G–V relation showed a
similar dependence on C28 concentrations as that of KCNQ1,

with the EC50 at 5.9 μM (Fig. 2D and SI Appendix, Fig. S1D), as
compared to 7.6 μM for KCNQ1 (Fig. 1F). Interestingly, the
VSD of the KCNQ1 channel activates in two steps, first to the
intermediate state and then to the activated state, and the KCNQ1
channel opens predominantly when the VSD is at the intermedi-
ate state, while the IKs channel opens exclusively when the VSD is
at the activated state (35, 36). This mechanism is manifested in
the result that the G–V relation of KCNQ1 was in a more neg-
ative voltage range than the G–V relation of IKs (Figs. 1E and 2C).
Therefore, the similar shift of G–V relations for both KCNQ1 and
IKs, caused by C28, suggests that C28 alters VSD activation to both
intermediate and activated states, which is supported by the direct
studies of VSD activation (see below). C28 accelerated activation
kinetics of IKs and reduced the rate of deactivation to a small
degree (Fig. 2 E and F).

C28 Modulates KCNQ1 VSD Activation by Interacting with the VSD.
The effects of C28 on the voltage dependence of the KCNQ1
and IKs opening are consistent with our docking result that C28
may bind to the VSD of the channels and alter VSD activation.
We further validated this mechanism by first measuring the ef-
fects of C28 on VSD activation and then identifying the residues
in the KCNQ1 VSD that may interact with C28. To directly
examine if C28 modulates the VSD, we measured VSD activa-
tion and channel opening in response to voltage changes using
voltage-clamp fluorometry (VCF) (Fig. 3). The fluorophore,
Alexa 488 C5 maleimide, labeling C219 in the VSD (Fig. 1A) of
the KCNQ1 pseudo–wild-type (psWT) channels (carrying mu-
tations C214A/G219C/C331A), reported VSD movements, while
the ionic current reported pore opening (10–14, 36). The mu-
tations in the psWT avoid nonspecific labeling of native Cys214
and Cys331. These mutations and fluorophore labeling had a
small effect on KCNQ1 activation, shifting the voltage depen-
dence of channel activation by ∼9 mV to more negative voltages
in the absence of C28 (Figs. 1E and 3 A and B). However, similar
to the WT KCNQ1 channel, C28 also facilitated opening of
psWT KCNQ1 channels by shifting the G–V relation to more
negative voltages (Fig. 3B). C28 caused a striking change of the
fluorescence emission, such that instead of an increasing of
fluorescence in response to VSD activation, the fluorescence
decreased in response to VSD activation upon the wash in of
C28 (Fig. 3C). The change of fluorescence during each voltage
pulse is a result of the environmental change surrounding the
fluorophore due to VSD movements in response to voltage (13,
14). The fluorophore was labeled close to the target pocket in
our in silico screening (C219, Fig. 1A). C28 reversed the direc-
tion of the fluorescence change during VSD activation (Fig. 3 C
and D), supporting the hypothesis that C28 binds to the targeted
pocket in the VSD (Fig. 1A) and alters the fluorophore in re-
lation to its environment during VSD movements by changing
either the fluorophore or the conformation of the VSD. In fact,
C28 might have affected the fluorophore severely, such that, at
C28 concentrations higher than 1.5 μM used in these experi-
ments (Fig. 3), the VCF recordings were not stable and could not
be completed. We measured the steady-state voltage dependence
of the change of fluorescence emission, ΔF/F (Fig. 3 D and E),
which increased with voltage in two distinct steps (Fig. 3E),
reflecting the stepwise VSD movements of KCNQ1 from the
resting state to the intermediate state and then to the activated
state (9–12, 35–37). C28 shifted both components of the ΔF/F–V
relation to more negative voltages (Fig. 3E), consistent with sim-
ilar C28 effects on both KCNQ1 and IKs openings (Figs. 1 and 2).
These results indicate that C28 facilitates VSD activation.
To examine if C28 interacts with the KCNQ1 VSD, we first

measured the effects of C28 on Kir1.1, which is a two-
transmembrane–segment K+ channel that contains a PD but
not the VSD. C28 had no effect on Kir1.1 channels (SI Appendix,
Fig. S2 A and B), consistent with the hypothesis that C28 only
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Fig. 2. Effects of C28 on IKs opening. (A) IKs (black) and with C28 (10 μM,
red) at various voltages (see B). The potentials before and after test pulses
were −80 and −40 mV, respectively. (B) Steady-state current-voltage rela-
tions. P < 0.05 between control and C28 at voltages −50 to +20 mV, unpaired
Student’s t test. (C) G–V relations. Solid lines are fits to the Boltzmann re-
lation with V1/2 and slope factor (millivolts): 26.4 ± 0.6 and 13.1 ± 0.5 for
control, and −10.4 ± 1.3 and 17.3 ± 1.3 for 10 μM C28. (D) G–V shifts in re-
sponse to C28. EC50 is 5.9 μM. (E) IKs deactivation. The channels were acti-
vated at 60 mV and then tested at −100 to 40 mV. Control: black, with C28
(10 μM): red. (F) Voltage dependence of activation (Act) and deactivation
(Dea) time constants of IKs in control and 10 μM C28. The time constants
were obtained by exponential fitting to current traces. Solid lines are ex-
ponential fits to the data. P < 0.05 between control and C28 at all voltages,
unpaired Student’s t test.
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interacts with the VSD. All KV channels have VSDs that share a
similar structure, containing four transmembrane helices S1 to
S4. However, we found that, unlike its action on KCNQ1, C28
did not alter voltage-dependent activation of the Shaker K+

channel (SI Appendix, Fig. S2 C and D). To test if this result
derives from a specificity of C28 to the KCNQ1 VSD, we studied
the KTQ and KTV channels, which are comprised of the two-
pore–domain channel TWIK-related, acid-sensitive K+ 3 (TASK3)
fused with the KCNQ1 and KV1.2 VSD, respectively (38). TASK3
itself lacks a VSD so that its opening is not dependent on voltage
(39), but Lan et al. (38) demonstrated that the fused VSD induces
voltage-dependent gating in the KTQ and KTV channels (Fig. 4 A–
D). We found that C28 shifted voltage-dependent activation of the
KTQ channel, which is composed of TASK3 fused with the KCNQ1
VSD, to more negative voltages and suppressed the amplitude of the
current (Fig. 4 A and B). However, C28 had no effect on the KTV
channel, which is composed of TASK3 fused with the Kv1.2 VSD
(Fig. 4 C and D). These results suggest that the VSD of KCNQ1
specifically renders C28 sensitivity to the KTQ channel. The VSDs
of Shaker and its ortholog Kv1.2 do not respond to C28.

To further validate the docking results, we identified the res-
idues in the KCNQ1 VSD that are important for C28 modula-
tion by mutagenesis studies. Docking of C28 onto the VSD
pocket in the cryo-EM structure of human KCNQ1 (8) showed
residues that may interact with C28 (Fig. 4E and SI Appendix,
Fig. S3A). We mutated these residues to alanine (except for
R228 to glutamine) and measured the shift of voltage-dependent
activation of the mutant IKs channel at various C28 concentra-
tions (Fig. 4F). The mutation of these residues increased the C28
concentration for half maximal shift of G–V relations, EC50, and
decreased the maximum amplitude of G–V shifts (Fig. 4G).
These include arginine residues in S4 that are part of the voltage
sensor, and some of the mutations altered voltage-dependent
activation of IKs in the absence of C28 (SI Appendix, Fig. S3 B–D),
supporting the idea that C28 binds to our targeted pocket and in-
terferes with voltage sensor movements. A structural comparison

C

D E

A B

Fig. 3. C28 enhances KCNQ1 VSD activation. (A) Currents of psWT KCNQ1
(black) and with C28 (1.5 μM, red) at various test voltages (see B). The po-
tentials before and after test pulses were −80 and −40 mV, respectively. (B)
G–V relations. Solid lines are fits to the Boltzmann relation with V1/2 and
slope factor (millivolts): −50.4 ± 0.9 and 13.9 ± 0.7 for psWT, and −59.7 ± 1.1
and 15.2 ± 1.4 for C28. n = 7. (C) Fluorescence change of psWT in response to
voltage pulses to 40 mV (−80 mV before and −40 mV after the test pulse,
pulse interval: 40 s) altered direction upon C28 (1.5 μM) application. (D)
Fluorescence changes of psWT KCNQ1 (black) and with C28 (1.5 μM, red) in
response to the voltage protocols from the same oocyte in A. (E) Normalized
fluorescence–voltage relation. The curves are fits with double Boltzmann
functions (F1 and F2) with the V1/2 and the slope factor. V1/2 (millivolts):
F1 −51.9 ± 1.1 and F2 49.1 ± 2.0 for psWT; F1 −60.6 ± 1.4 and F2 39.1 ± 3.3
for C28. Slope factor (millivolts): F1 12.2 ± 0.5 and F2 36.0 ± 0.8 for psWT,
and F1 21.5 ±1.4 and F2 26.5 ±3.1 for C28. n = 5. The statistical significance of
differences in V1/2 between C28 and control were tested using unpaired
Student’s t test; P < 0.001 for G–V (B), and P < 0.005 and P < 0.05 for F1 and
F2, respectively (E).

C D

E F

A B

G

Fig. 4. Interactions of C28 with the VSD of KCNQ1. (A and B) C28 alters KTQ
channel activation. KTQ is a fusion protein between the two-pore–domain
channel TASK3 and KCNQ1 VSD (Inset). (A) Currents were elicited by voltage
pulses from −100 to 80 mV with 20 mV increments from a holding potential
of −80 mV. (B) G–V and Boltzmann fits (solid lines) with V1/2 and slope factor
(millivolts): 53.1 ± 2.5 and 18.4 ± 2.5 for control; 14.9± 8.2 and 32.8 ± 8.0 for
C28. (C and D) C28 has no effect on KTV channel activation. KTV is a fusion
protein between TASK3 and Kv1.2 VSD (Inset). In C, currents were elicited by
voltage pulses from −100 to 40 mV with 20 mV increments. In D, G–V and
Boltzmann fits (solid lines) with V1/2 and slope factor (millivolts) for control
(21.7 ± 4.0 and 18.5 ± 4.2) and for C28 (19.2± 3.8 and 22.5 ± 4.0). (E) Residues
interacting with C28 based on molecular docking to the cryo-EM structure of
human KCNQ1 (PDB entry: 6uzz). The S3 to S4 loop was missing in the cryo-
EM structure, and we built it using MODELER (55). (F) G–V shift of mutant IKs
in response to C28. Each data point was averaged from recordings in three
to seven oocytes. The curve for WT is the same as in Fig. 2D. (G) Maximal G–V
shift and EC50 for each mutation and WT.

4 of 8 | PNAS Lin et al.
https://doi.org/10.1073/pnas.2024215118 Modulating the voltage sensor of a cardiac potassium channel shows antiarrhythmic

effects

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024215118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024215118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024215118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024215118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024215118/-/DCSupplemental
https://doi.org/10.1073/pnas.2024215118


between the VSDs of KCNQ1 and KV1.2 (SI Appendix, Fig. S4 A
and B) shows that the KCNQ1 VSD has short extracellular S1 to
S2 and S3 to S4 loops, which expose the binding pocket com-
pletely to the extracellular solution. In addition, the residues that
are important for C28 interaction in the KCNQ1 VSD are not
conserved in the KV1.2 VSD (SI Appendix, Fig. S4B). These
structural differences may underscore the specificity of C28 for
KCNQ1 and IKs.

C28 Enhances VSD–Pore Coupling in IKs Channels. The above results
show that C28 activated KCNQ1 and IKs channels by shifting the
voltage-dependent opening to more negative voltages (Figs. 1
and 2) because of the enhancement of VSD activation by C28
(Fig. 3) via interactions with the VSD (Fig. 4). However, C28
may activate IKs via an additional mechanism. The amplitude of
IKs increased with C28 application at all voltages (Fig. 2 A and
B). Even at very positive voltages, where the voltage-dependent
activation was saturated, the IKs amplitude seemed to increase in
the presence of C28 (Fig. 2B). This suggests an enhancement of
the maximum conductance, in addition to the shift of the G–V
relation. A change in the maximum conductance could be due to
a change in the single-channel conductance. Since the total
number of channels expressed in a cell is not expected to change
with C28 application, the maximum conductance is proportional
to the single-channel conductance. However, given that C28
binds to the VSD of IKs channels but not in the pore (Fig. 4), it is
unlikely that C28 directly changed single-channel conductance of
these channels. On the other hand, a change of the VSD–pore
coupling could change the efficiency of pore opening in response
to VSD activation to alter the maximum conductance. C28 may
enhance the efficiency of VSD–pore coupling, such that the
maximal open probability of each channel is increased to give
rise to our observed results.
On the other hand, C28 did not increase the maximum con-

ductance of KCNQ1 (Fig. 1 C and D). Then why does C28 show
different effects on the maximum currents of KCNQ1 and IKs? It
has been shown that the KCNQ1 channel can open when the
VSD moves to either the intermediate or the activated states,
resulting in two distinct open states, the intermediate open (IO)
and the activated open (AO). For the KCNQ1 channel, IO is the
predominant open state, whereas for the IKs channel AO is the
exclusive open state, because the association of KCNE1 sup-
presses IO (35, 36). At the IO and AO states, the interactions
between the VSD and the pore differ, resulting in different
VSD–pore coupling (12). In addition, the VSD–pore coupling in
KCNQ1 and IKs channels are dependent on the membrane lipid
PIP2 (13, 31), and KCNE1 association enhances PIP2 binding to
the channel (4, 36). These results demonstrate that the VSD–

pore coupling mechanism differs in the KCNQ1 and IKs chan-
nels. Thus, C28 may show different effects on the maximum
currents of KCNQ1 and IKs based on its differential effects on
the IO and AO state. To test this idea, we examined if C28 af-
fected the current amplitude of mutant KCNQ1 channels with
the VSD arrested in either the intermediate state or the acti-
vated state (Fig. 5). The mutant KCNQ1 channels were stabi-
lized in the IO and AO states, respectively, producing
constitutive currents (Fig. 5 A and B, black) and no longer ac-
tivated by voltage changes (10, 36, 40). Any C28 effect on the
current amplitudes of these mutant channels should therefore be
proportional to modulation of VSD–pore coupling. We found
that C28 enhanced current amplitude in the channel with the
VSD arrested in the activated state (Fig. 5 A and B) but not in
the channel with the VSD arrested in the intermediate state
(Fig. 5 C and D). These findings clearly show that C28 modu-
lated VSD–pore coupling of the IO state and AO state differ-
ently. Since KCNQ1 and IKs conduct primarily at the IO and AO
state, respectively, these results are consistent with the idea that
in the IKs channel C28 binding to the VSD also affects the

interactions between the VSD and the pore, resulting in changes
of the VSD–pore coupling to alter the maximum conductance in
IKs but not in KCNQ1.

C28 Reverts Drug-Induced APD Prolongation. Current antiarrhyth-
mic drug therapy restores normal cardiac rhythm by inhibiting
membrane ion conductance, which in turn alters the conduction
velocity, varies the excitability of cardiac cells by changing the
duration of the effective refractory period, and/or suppresses
abnormal automaticity (41, 42). In a computational simulation of
canine ventricular APs, we found that an increase of the IKs
current by shifting its voltage dependence of activation to more
negative voltages could reverse much of the prolongation of
APD caused by the elimination of IKr (SI Appendix, Fig. S5A),
while inducing only a small shortening in control conditions (SI
Appendix, Fig. S5B). Similar effects of IKs current on APDs could
be observed experimentally on isolated myocytes from the canine
ventricle in the presence of dofetilide alone, in combination with
C28 and with application of C28 alone (SI Appendix, Fig. S5 C
and D).
With these encouraging preliminary studies, we further ex-

amined the effects of C28 on IKs and APs in cardiac myocytes.
We first tested the effects of C28 on other ion channels that are
also critical for shaping cardiac APs (16) (SI Appendix, Fig. S6).
C28 did not show effects on the voltage dependence of voltage-
gated Ca2+, Na+, or other K+ channels (SI Appendix, Fig. S6 A–D).
These results suggest that, although these channels have VSDs
with a similar membrane topology to the KCNQ1 VSD, the spe-
cific structural features of the VSD in KCNQ1 and IKs channels
may render it the specificity to its C28 interaction (SI Appendix,
Fig. S4B). On the other hand, C28 activated the M-channel
formed by KCNQ2/KCNQ3 with a smaller effect than KCNQ1

B

DC

A

Fig. 5. Effects of C28 on KCNQ1 channels in the AO and IO states. (A)
Current traces of KCNQ1 with mutations E160R-R237E, which arrested the
VSD in the activated state and stabilized the channel at the AO state (36).
Currents were recorded without (black) and with (red) 10 μM C28 at various
voltages (see B). The voltage before and after the test pulses were −80
and −40 mV, respectively. (B) Steady-state current-voltage relations of
KCNQ1 E160R-R237E mutant. (C) Current traces of KCNQ1 with mutations
F167R-Q234E-D202N, which arrested the VSD at the intermediate state, thus
the channels were stabilized at the IO state (10). Currents were recorded
without (black) and with (red) 10 μM C28 at various voltages (see D). The
voltage before and after the test pulses were −80 and −40 mV, respectively.
(D) Current-voltage relations of KCNQ1 F167R-Q234E-D202N mutant. P <
0.05 in B but P > 0.05 in D between control and C28 at all voltages, using
unpaired Student’s t test.
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(SI Appendix, Fig. S7), which are expressed in neurons but share
a more closely homologous VSD with KCNQ1 (43).
We then tested the effects of C28 on IKs and APs of guinea pig

(GP) ventricular myocytes. We used low concentrations of C28
in order to determine the concentration range that might be
effective in reducing drug-induced prolongation of APD but less
effective in reducing the normal APDs. Varying concentrations
of C28 (1 nM to 1 μM) shifted voltage dependence of the IKs
channels in GP ventricular myocytes in a manner similar to those
expressed in Xenopus oocytes, but in the GP myocytes, IKs
seemed to be more sensitive to C28 (Figs. 2D and 6 A and B).
This difference in drug action between oocytes and mammalian
cells has been reported for other channels (44). C28 only mod-
ulated the currents that were sensitive to the IKs channel inhib-
itor Chromanol 293B but had no effect on currents that were not
inhibited by Chromanol 293B (SI Appendix, Fig. S8 A–C), indi-
cating that C28 specifically modified IKs channels in ventricular
myocytes. Furthermore, in ventricular myocytes, C28 at these
concentrations did not alter the maximum conductance of IKs in
GP ventricular myocytes but increased IKs amplitude in the
voltage range of the AP, primarily by shifting G–V to more
negative voltages (Fig. 6 A–C and SI Appendix, Fig. S8D). C28

effectively reversed the prolongation of the APD caused by the
IKr blocker (Moxifloxacin, Moxi) and by a PI3K inhibitor (PI-
103) (Fig. 6 D and E). It has been shown that PI-103 decreases
IKr and IKs currents, the L-type Ca2+ channel current ICa,L, and
the peak Na+ current INa, while it increases the persistent Na+

current INaP (22). These results indicate that the enhancement of
IKs currents by C28 stabilized APs with the alteration of multiple
other ion channels. On the other hand, the same dosage of C28
had smaller or absent effects on the normal APD (Fig. 6E and SI
Appendix, Fig. S8 E and F). Prolonged ventricular APs manifest
in the whole heart as an increased QT interval in electrocar-
diogram (45). The effects of C28 on APD suggest that C28 should
be effective at reducing or eliminating the drug-induced QT pro-
longation by shifting voltage dependence of IKs channel activation,
while having little or no effect in control conditions.
It was shown that some congenital gain-of-function KCNQ1

mutations are associated with atrial fibrillation (46). While C28’s
enhancement of IKs is responsible for reducing drug-induced
ventricular APD prolongation, is it prone to induce atrial fi-
brillation as well? To answer this question, we recorded APs in
GP atrial myocytes in the presence of various concentrations of
C28. The AP was not affected by C28 up to 1 μM (Fig. 6 F and

Fig. 6. C28 enhances IKs and stabilizes APs in GP ventricular and atrial myocytes. (A) IKs currents, measured as the Chromanol 293B sensitive currents (SI
Appendix, Fig. S8 A and B), of control (black) and with C28 (100 nM, red) at various voltages (see B) from a ventricular myocyte. The voltage before and after
the test pulses were −40 and −20 mV, respectively. (B) IKs G–V relations in various C28 concentrations. The lines are fits to Boltzmann equation. (C) V1/2 of G–V
relations versus C28 concentration. (D) C28 (100 nM) on APs in control and in the presence of PI-103 (1 μM) and Moxifloxacin (Moxi, 100 μM). (E) Effects of C28
on APD. *P < 0.05, n = 5 to 44. (F) APs of a GP atrial myocyte recorded in control, C28 (100 nM and 10 μM), and after washout (Wash). The stimulus was 180 pA
in amplitude and 10 ms in duration at 1 Hz frequency. (G) Effects of C28 on atrial APD. *P < 0.05 compared to control, n = 9 to 12.
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G), a concentration that is more than 100-fold higher than the
concentration that was effective in reversing drug-induced pro-
longation of ventricular APD (Fig. 6D). This result indicates that
C28 at a wide range of concentrations may alleviate LQTS
symptoms without the risk of causing atrial fibrillation.

Discussion
The antiarrhythmic drugs currently in clinical use target various
ion channels or β-adrenergic receptors (41, 47, 48), but curiously,
none of these enhances IKs, although the IKs channel is impor-
tant in controlling the APD in the heart. In the physiological
response to fight or flight, heart rate accelerates and IKs in-
creases to shorten APDs, maintaining stable electrical activity
and sufficient diastolic refilling (49). On the other hand, muta-
tions in the IKs channel subunits, KCNQ1 and KCNE1, predis-
pose patients to multiple types of cardiac arrhythmias (50) such
as LQTS (51), short QT syndrome (52), and atrial fibrillation
(46). In this study, molecular docking studies indicate that a shift
of voltage-dependent activation of IKs to more negative voltages
is desirable for antiarrhythmic effects, with minimal impact on
the normal APD (SI Appendix, Fig. S5). We used in silico
screening that targeted the VSD of KCNQ1 to identify C28,
which was shown experimentally to shift voltage dependence of
IKs activation to more negative voltages and enhance current
amplitude (Figs. 1–6). C28 is specific in modulating IKs VSD
activation and effective in preventing drug-induced APD pro-
longation or reversing it toward normal in ventricular myocytes
(Fig. 6). Importantly, C28 shows smaller or negligible effects on
APD of normal myocytes from both ventricle and atrium (Fig. 6).
For our in silico screening, we used the KCNQ1 VSD as a

target in the hope that the compound docking to the site would
directly affect VSD activation. Several lines of evidence vali-
dated that C28 is such a compound. We found that C28 shifts
voltage dependence of KCNQ1 and IKs opening (Figs. 1 and 2).
C28 interferes with the interactions of the gating charge with
local environment during charge movements and shifts voltage
dependence of VSD activation to more negative voltages
(Fig. 3). C28 modulation is portable with the KCNQ1 VSD when
it is fused with the nonvoltage-sensitive, two-pore–domain channel
TASK3 (Fig. 4). Mutations of the amino acids that were predicted
to interact with C28 in the in silico screening reduced C28 mod-
ulation (Fig. 4). Our conclusion that the shift of voltage depen-
dence in KCNQ1 and IKs activation in C28 is primarily due to the
C28-induced shift of voltage-dependent VSD activation is based
on 1) the VCF measurements (Fig. 3E) and 2) the result that
C28 no longer exhibits an effect on KCNQ1 activation when the
VSD is arrested by mutations in the intermediate state (Fig. 5 C
and D). The quantitative relation between the shifts in voltage
dependence of VSD activation and pore opening might not be
determined precisely because of a possible interaction between
C28 and the fluorophore (Fig. 3C). For the IKs channels, C28
also causes an additional current enhancement (Fig. 2 A and B)
by increasing the VSD–pore coupling (Fig. 5 A and B). Our study
also showed that, although the VSDs in all voltage-gated ion
channels share a similar structure, C28 is specific for KCNQ1
VSD activation in ventricular myocytes (Figs. 4 and 6 and SI
Appendix, Figs. S2, S6, and S8). These results indicate that the
KCNQ1 VSD can be used as a drug target to develop antiarrhythmic
drugs.
In our study, the AP in GP ventricular myocytes were pro-

longed by Moxi and PI-103, which alter multiple cardiac ion
channels to cause aLQTS (22). C28 effectively prevented or re-
versed these effects of the LQT-causing drugs (Fig. 6 C and D),
supporting the hypothesis that increasing IKs can correct heart
rhythm disturbed by changing other ion channels. Drugs ap-
proved to treat arrhythmias by blocking specific ion channels lack
in efficacy and also have significant proarrhythmic potential (20,
53). For ventricular tachyarrhythmias in particular, antiarrhythmic

drug therapy may be contraindicated (54). C28 enhances IKs to
show antiarrhythmic effects, which indicates a mechanism on a
new target for antiarrhythmic drug development. Importantly,
our study shows that C28 has prominent features for cardiac
safety. First, C28 affects APD in ventricular myocytes more
prominently when it is abnormally prolonged than in control
conditions (Fig. 6 and SI Appendix, Figs. S5 and S8). Second, C28
specifically activates the KCNQ1 VSD and has little effect on the
voltage dependence or current of other ion channels that are
important in shaping ventricular AP (Fig. 4 and SI Appendix,
Figs. S6 and S8). The specificity of C28 will exclude off-target
effects that may adversely alter heart rhythm. Third, C28 has
small effects on atrial APD (Fig. 6), reducing the risk of atrial
fibrillation as a side effect. These safety features of C28 are
encouraging, considering the low concentration required for
antiarrhythmic effects, which ranges from 1 to 100 nM in GP
ventricular myocytes (Fig. 6). At these concentrations, C28 did
not alter currents other than IKs, or APD in ventricular, or atrial
myocytes (Fig. 6 and SI Appendix, Fig. S8).
These results describe the development and efficacy of a lead

compound for the treatment of congenital or aLQTS. The results
are significant, if this approach leads to a drug that can treat
congenital and aLQT, for various reasons. 1) The arrhythmia
TdP is often lethal. 2) The approach would eliminate an enor-
mous expense in developing new drugs for any therapeutic ap-
plication because of the Food and Drug Administration
requirement that all new drugs minimize risk of aLQT. 3) It
would result in greater efficacy for existing drugs by eliminating
current dose restrictions induced by the aLQT side effect. In
summary, it would dramatically reduce the cost of drug devel-
opment, expand current drug efficacy, and save lives.
At present, the ion channels contributing to the function of

many specific cells, the diseases associated with ion channel
dysfunction in excitable and some nonexcitable tissues, the at-
omistic structures of ion channel families, and the molecular
mechanisms of ion channel function are being elucidated at a
rapid pace. Meanwhile, more powerful computational hardware
and algorithms are also being developed at an increasing speed.
This progress may provide a unique opportunity for rationally
designed strategies for drug screening and development. This
study provides an example to demonstrate the effectiveness of
this approach.

Materials and Methods
C28 was identified by screening a compound library using molecular docking
software and the structure model of the KCNQ1 channel and subsequently
testing the effects of the compound on the currents of KCNQ1 and IKs
expressed in Xenopus oocytes. In the oocytes, we used the two-electrode
voltage clamp and VCF to study the functional effects and molecular
mechanism of the action of C28 on KCNQ1 and IKs channels. The effects of
C28 on IKs were examined in freshly isolated GP ventricular myocytes, while
cardiac APs were recorded from both GP ventricular and atrial myocytes
using the patch clamp technique. Detailed methods can be found in SI
Appendix, Supplementary Materials.

Data Availability.All study data are included in the article and/or SI Appendix.
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