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ML277 regulates KCNQ1 single-channel amplitudes
and kinetics, modified by voltage sensor state

Jodene Eldstrom@®, Donald A. McAfee®, Ying Dou, Yundi Wang, and David Fedida®

KCNQ1 is a pore-forming K* channel subunit critically important to cardiac repolarization at high heart rates. (2R)-N-[4-(4-
methoxyphenyl)-2-thiazolyl]-1-[(4-methylphenyl)sulfonyl]-2 piperidinecarboxamide, or ML277, is an activator of this channel
that rescues function of pathophysiologically important mutant channel complexes in human induced pluripotent stem
cell-derived cardiomyocytes, and that therefore may have therapeutic potential. Here we extend our understanding of ML277
actions through cell-attached single-channel recordings of wild-type and mutant KCNQ1 channels with voltage sensor domains
fixed in resting, intermediate, and activated states. ML277 has profound effects on KCNQ1 single-channel kinetics,
eliminating the flickering nature of the openings, converting them to discrete opening bursts, and increasing their amplitudes
approximately threefold. KCNQ1 single-channel behavior after ML277 treatment most resembles 10 state-locked channels
(E160R/R231E) rather than AO state channels (E1I60R/R237E), suggesting that at least during ML277 treatment, KCNQ1 does
not frequently visit the AO state. Introduction of KCNE1 subunits reduces the effectiveness of ML277, but some enhancement

of single-channel openings is still observed.

Introduction

The voltage-gated potassium channel, KCNQ1 (Kv7.1), is found
throughout the body and, in complexes with accessory subunits,
plays important roles in repolarization, ion homeostasis, and
hormone secretion (Liin et al., 2015; Liu et al., 2014). In the heart,
KCNQ1 assembles with KCNE1 to make up the slowly activating
delayed rectifier current (Ix; Barhanin et al., 1996, Sanguinetti
et al., 1996). Loss of function mutations in either of these two
subunits can lead to long QT (LQT) syndrome types 1 and 5,
respectively, and an elevated risk of sudden cardiac death. To
date, pharmacologic treatment of individuals with LQT1 is of an
indirect nature and limited to administration of B-adrenergic
receptor blockers (Schwartz et al., 2020).

KCNQ1 is structurally a typical voltage-gated potassium (Kv)
channel in that it consists of four subunits, each containing six
transmembrane domains (TMDs). The first four TMDs make up a
peripheral voltage sensor domain (VSD) that is coupled to the pore
domain (PD) via a linker between the fourth (S4) and fifth (S5)
transmembrane regions. This is referred to as the S4-S5L and
is thought responsible for electro-mechanical coupling of VSD
movement to pore opening. The biophysical behavior of KCNQ1 is
variably altered upon association of any one of five B-subunits,
KCNEI1-5. In addition, calmodulin is an obligate partner of KCNQ],
where it is required for assembly and trafficking of the channel

complex to the cell’s surface (Ghosh et al., 2006; Shamgar et al.,
2006). PIP2 is also required for channel activity, and binding of
the lipid in the region of the S4-S5L (Sun and MacKinnon, 2020) is
largely responsible for coupling of VSD activation to pore opening
(Loussouarn et al., 2003; Zaydman et al., 2013).

Some effort has been expended to find activators of KCNQl
and I, as a direct therapeutic approach to the treatment of LQT1.
Those that have been identified have tended to fall into those
that only or mostly activate KCNQ1 ((2R)-N-[4-(4-methoxy-
phenyl)-2-thiazolyl]-1-[(4-methylphenyl)sulfonyl]-2-piper-
idinecarboxamide; ML277; Yu et al., 2013), zinc pyrithione
(Gao et al., 2008), and L-364,373 (Salata et al., 1998); and those
that mostly activate I in a 4:4 KCNQL:KCNE1 stoichiometry,
phenylboronic acid (Mruk and Kobertz, 2009), hexachloro-
phene (Zheng et al., 2012), mefenamic acid (MefA), and 4,4’
diisothiocyano-2,2’-stilbenedisulfonic acid (Busch et al., 1997;
Wang et al., 2020). However, after showing little activity on
KCNQI1 coexpressed with KCNE1 in expression systems, some of
these compounds do shorten the duration of the action poten-
tial in isolated myocytes (Xu et al., 2015, Salata et al., 1998). This
suggests that the stoichiometry of Ix, in the myocytes, the ratio
of KCNQ1 to KCNEL], could be less than a saturating 4:4 or that
sequence differences between species are important.
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ML277 is a potent KCNQI activator that was developed from a
library screen and subsequent refinement process (Mattmann
et al., 2012). When exposed to ML277, KCNQI peak currents in
mammalian cells increase approximately three- to sixfold, acti-
vation is shifted ~15-20 mV more negative, and deactivation
slows significantly (Yu et al., 2013, Xu et al., 2015). In addition,
elimination of inactivation is thought to contribute to the ob-
served increase in currents (Yu et al., 2013, Hou et al., 2019).
Much like several other KCNQI activators, the action of ML277 is
dependent on the stoichiometry of the KCNQ1/KCNE1 complex,
with some finding little (Xu et al., 2015) or no effect (Yu et al.,
2013, Hou et al., 2019) of the drug when KCNQ1 is complexed
with a saturating level of KCNE1. However, ML277 enhances Ik,
inisolated guinea pig and canine ventricular myocytes (Xu etal.,
2015) and rabbit atrial myocytes (Kanaporis et al., 2019) in ad-
dition to shortening the action potential in these cells, and
in human induced pluripotent stem cell (iPSC)-derived car-
diomyocytes from healthy controls and LQT1 patients (Ma et al.,
2015, Wuriyanghai et al., 2018, Yu et al., 2013). This, as stated
earlier and by others (Yu et al., 2013; Xu et al., 2015), suggests
that I, in myocytes may not be fully saturated with KCNEI, and
if this is also true of I, in the intact human heart, ML277, or a
derivative, could potentially be used as a therapeutic to treat
patients with LQTL.

In the current study, we offer new insight into ML277 action
on KCNQI channels by first being able to examine the drug ef-
fects on single channels, and separating effects on voltage gating
versus the pore. Our work indicates that increases in single-
channel currents in response to ML277 in KCNQI and in I,
complexes with different stoichiometries of KCNQ1 and KCNE1
are at least as important as those induced by changes in deac-
tivation gating. The differential sensitivities of the gating and
pore actions of the drug suggest the possibility of multiple
binding sites on the KCNQI channels, and the particular actions
of ML277 in channel constructs that have fixed voltage sensors,
stabilized in basal, intermediate, or activated states, illuminate
some underlying commonalities between them in the way that
they conduct, activate, and inactivate.

Materials and methods

Chemicals

ML277, (N-[(3R,4S)-3,4-dihydro-3-hydroxy-2,2-dimethyl-6-(4,4,4-
trifluorobutoxy)-2H-1-benzopyran-4-yl]-N-methylmetanesulfonamide;
HMRI1556, referred to as HMR in this article), and N-trityl-3-
pyridinemethanamine (UCL2077) were obtained from Tocris
Biosciences and were dissolved at high concentrations in DMSO
and stored at -20°C as per the manufacturer’s instructions. They
were diluted >1,000-fold in the bathing solutions before the
electrophysiological measurements. All other chemicals were
obtained from Sigma-Aldrich.

Molecular biology

The tethered constructs of KCNE1 (E) plus KCNQ1 (Q) (EQ, EQQ,
EQQQQ, E160R-Q*Q, E160R-QQQ*Q*, E160R-Q*QQ*Q*) were
generated as previously described (Murray et al., 2016; Westhoff
et al., 2019). The K41C mutation was introduced into EQ using
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site-directed mutagenesis, confirmed by sequencing, and the
mutant KCNE was transferred into EQQ and EQQQQ. The other
KCNE1 mutants were generated as described earlier (Wang et al.,
2020). R2 (E160R/R231E-Q), R4 (E160R/R237R-Q), and E160R/
C314A/G219C/C331A-Q (denoted in figures by Q*) were kind
gifts from Jianmin Cui, Washington University, St. Louis, MO.
Throughout the paper, the EI60R mutation in Q1 is denoted by
an asterisk (Q*), and the K41C mutation in El is denoted by an
apostrophe (E’).

Cell culture and transfection

tsA201 transformed human embryonic kidney 293 (TSA; whole-
cell experiments) or ltk-mouse fibroblast cells (LM; whole-cell
and single-channel experiments) were handled as previously
described (Murray et al., 2016). There were no observable dif-
ferences in peak tail current response between the two cell types
(data not shown). As a result, the vast majority of whole-cell
experiments were conducted in TSA cells because they ex-
pressed more current, and LM cells were used for single-channel
experiments because they have fewer endogenous channels.
Cells plated on coverslips were transfected 24 h later using
Lipofectamine 2000 (Thermo Fisher Scientific) as per the
manufacturer’s protocol. The channel constructs were trans-
fected with GFP in a 3:1 ratio. All experiments were performed
24-48 h after transfection at room temperature. Successfully
transfected cells were identified by GFP fluorescence.

Whole-cell and cell-attached patch clamp
Whole-cell currents were acquired using an Axopatch 200B
amplifier, Digidata 1440A, and pClamp 10 software (Molecular
Devices). A linear multistage electrode puller (Sutter Instru-
ment) was used to pull electrode pipettes from thin-walled bo-
rosilicate glass (World Precision Instruments). Pipettes were fire
polished before use. Electrode resistances for whole-cell re-
cordings were between 1 and 2 MQ, with series resistances <4
MQ. Series resistance compensation of ~80% was applied to all
whole-cell recordings, with a calculated voltage error of ~1 mV/
nA current. Whole-cell currents were sampled at 10 kHz and
filtered at 2-5 kHz (Murray et al., 2016; Westhoff et al., 2017).
Single-channel currents were acquired using an Axopatch
200B amplifier, Digidata 13304, and pClamp 9 software (Mo-
lecular Devices). Single-channel electrodes were pulled from
thick-walled borosilicate glass (Sutter Instrument) using the
linear multistage electrode puller (Sutter Instrument). After
fire-polishing, single-channel electrode resistances were be-
tween 40 and 60 MQ. Before use, electrodes were coated with
Sylgard (Dow Corning). Current records were sampled at 10
kHz; low-pass-filtered at 2 kHz at acquisition using a -3 dB,
four-pole Bessel filter; and digitally filtered at 200 Hz for pre-
sentation and analysis (Werry et al., 2013; Eldstrom et al., 2015;
Murray et al., 2016; Thompson et al., 2017; Westhoff et al., 2017).

Electrophysiology solutions

For whole-cell recordings, the bath solution contained (in mM)
135 NaCl, 5 KCl, 1 MgCl,, 2.8 NaAcetate, and 10 HEPES (pH 7.4,
with NaOH). The pipette solution contained (in mM) 130 KCl, 5
EGTA, 1 MgCl,, 4 Na,-ATP, 0.1 GTP, and 10 HEPES, pH 7.2, with
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KOH. For single-channel recordings, the bath solution contained
(in mM) 135 KCl, 1 MgCl,, 1 CaCl,, 10 HEPES, and 10 dextrose, pH
7.4, with KOH. The pipette solution contained (in mM) 6 NaCl,
129 Mes, 1 MgCl,, 5 KCl, 1 CaCl,, and 10 HEPES, pH 7.4,
with NaOH.

Analysis

G-V plots were obtained from normalized tail current ampli-
tudes. A Boltzmann sigmoidal equation was used to fit G-Vs
(Prism 9; GraphPad Software) to obtain the half-activation
voltage (Vi/;) and slope factor. Gaussian fits of all-points his-
tograms of single-channel events (using 0.01-pA bin widths)
were obtained in Clampfit 10 (Molecular Devices).

Concentration-response curves were generated by normal-
izing the ML277 peak tail current values from +60 test pulses to
the peak control amplitude for data collected from the same cell.
Normalized values were then plotted against ML277 concen-
tration and fit with an [Agonist] versus response (three pa-
rameters) function in Prism to obtain half maximal effective
concentrations (ECsos).

All results are reported as mean + SEM, unless otherwise
stated. Statistical comparison was performed in Prism using one-
way ANOVA, two-tailed Student’s t test, or Mann-Whitney test.
P values <0.05 were considered to be statistically significant.

Online supplemental material

Fig. S1 includes KCNQI diary plots after ML277 and HMR addi-
tion, concentration-response curves for HMR, and peak tail
current changes at different voltages. Fig. S2 contains additional
G-V data for EQQQQ, EQQ, EQ, Q*Q, QQQ*Q*, Q*QQ*Q*, and
Q*QQQ as well as a plot of deactivation time constants versus
voltage for EQ, EQQ, and EQQQQ. Fig. S3 shows the tail currents
after HMR block of Q* channels and a GFP transfected cell
treated with ML277, as well as data from the S338F mutant of
KCNQL

Results

ML277 increases the amplitude of KCNQ1 whole-cell and
single-channel currents

As previously described, there is a dramatic increase in peak
current, a slowing of deactivation, and a loss of voltage-dependent
gating upon exposure of KCNQI to 1 uM ML277 (Fig. 1; Yu et al.,
2013, Xu et al., 2015). The change in peak current has a relatively
fast onset, within ~30 s of bath application, as shown in Fig. 1 A. In
this example, the entire bath contents were replaced with ML277-
containing solution during trace 4, and no change is observed in
trace 5, but a dramatic increase in peak current is evident during
trace 6 (pulses applied every 15 s), which stabilizes by trace 8. The
magnitude of the response was variable as shown in Fig. S1, A, C,
and D. The enhanced current is sensitive to HMR with a half-
maximal inhibitory concentration (ICso) of around 3.5 uM,
though this increases to nearly 6 uM if the ML277 is not washed
out of the bath (Fig. S1, B and E). 0.1% DMSO alone was also tested
on KCNQJ, and while there was no effect on the V;, of activation,
a nonsignificant decrease in tail currents was observed (mean
decrease of 14.0 + 6.2%; n = 5; Fig. S1 F).
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Voltage-dependent gating of KCNQI appears to be greatly
reduced upon exposure to ML277 using a protocol with a 15-s
interpulse interval (Fig. 1 B). During these longer 4-s pulses,
although activation appears almost constitutive, inactivation of
KCNQI is seen to be preserved in the presence of ML277 at
higher pulse potentials. However, during test pulses to +60 mV
using longer interpulse intervals of 30 or 60 s, the channels do
appear able to fully deactivate as the instantaneous current at
the start of the test pulses returns to control levels (Fig. 1 A,
bottom). The effect of ML277 on peak tail currents was measured
without contamination from endogenous currents in both TSA
and LM cells (which deactivate much faster at -40 or -50 mV).
ML277 increased KCNQI tail currents by 8.5 + 1.8-fold at +60 mV
at a concentration of 1 uM (Fig. 1 D; and Fig. S1, C and D). The
complete voltage-dependence of the concentration-response to
ML277 is shown in Fig. 1 C and illustrates the complexity of the
drug action on this channel. These data are normalized to the
largest tail current in each case, which occurs at positive po-
tentials in control due to channel activation gating and at pro-
gressively more negative voltages at higher doses of ML277 due
to constitutive activation in ML277, and the persistence of in-
activation. At the lowest dose of 100 nM, ML277 shifted the G-V
curve -11.8 mV and increased current size, but higher concen-
trations flattened the curves and resulted in the 1-pM and 2-uM
ML277 G-V curves converging at the highest voltages. The ECso,
measured from tail currents at +60 mV from data normalized to
the control value at +60 resulted in a value of 100 nM (Fig. 1 D).

One way to determine if ML277 is simply modifying gating or
has other effects on the channel is to carry out single-channel
recordings. Usually, single-channel recordings enable mea-
surement of open probability and channel conductance, either of
which could lead to an increase in current observed at a whole-
cell level. As we have published previously, though (Hou et al.,
2017), KCNQI single-channel openings are very small-amplitude
(~0.02 pA; Fig. 1 E), hard to separate from the noise, and often
very brief, giving a flickery appearance. This makes them very
difficult to record and to accurately describe quantitatively
given the frequency limitations of the recording system. How-
ever, exposure to 1 uM ML277 increased the apparent amplitude
of openings (0.069 + 0.003 pA; Fig. 1 E) and prolonged burst
durations of KCNQI under our recording conditions, making
events much more obvious and easier to measure as shown by
the all-points histogram, where opening events are now distin-
guishable as a separate peak from closings (Fig. 1 G). Ensemble
averages of 17 active traces of KCNQI1 and KCNQI + ML277 show
the increase in current size overall as well as the obvious in-
crease in the tail current amplitude on drug exposure (Fig. 1 F).
From these data, it is clear that open event durations have in-
creased, but in WT KCNQJ, it is not possible to discriminate
between a change in VSD activation or increased VSD-pore
coupling that stabilizes the open state. Similarly, it cannot be
determined whether the increased opening amplitudes are sec-
ondary to the longer open times or represent an increased
maximum channel conductance. That these changes can be at-
tributed to KCNQ1 channels, though, can be demonstrated by the
ML277-enhanced single-channel current sensitivity to HMR
(Fig. S1 G).
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Figure 1. KCNQI responds to ML277 with a large increase in current. (A) Top: Representative KCNQI current traces (t) just as (t5) and after 1 uM ML277 was added to
the bath. Cell was pulsed from a holding potential of ~80 mV to +60 mV for 2 s, then for 1 s to 40 mV. The interpulse interval was 15 s. Bottom: Effect of increasing
interpulse intervals at a holding potential of —~80 mV on current waveform at +60 mV for 2 s in the presence of 1 uM ML277. Trace t1 obtained in control solution, others after
rest intervals as indicated in the presence of ML277. (B) Representative KCNQL currents in control (top) and in 1 M ML277 conditions (bottom), obtained using 4 s voltage-
clamp pulses from -90 to +80 mV in 10 mV steps. Interpulse interval was 15 s, and tail currents were measured at =50 mV for 1 s. (C) Normalized G-V plots for KCNQ1
obtained from peak tail currents at different concentrations of ML277 as indicated (n = 5-11). The Vi, for KCNQI in control conditions was -20.9 + 2.3 mV.
(D) ML277 concentration-response curves at +60 mV using tail current data normalized to same cell control values and it with drug versus response, three parameter curves
to obtain ECsos using GraphPad software, n = 2-6. (E) Representative single-channel recordings of GFP-tagged KCNQL in control conditions above (blue) and in 1 pM ML277
below (red) from the same patch. The voltage protocol is shown above the control sweeps, and the interpulse interval was 10 s. (F) Ensemble averages of 17 active sweeps of
control KCNQI (blue trace) and after 1 uM ML277 treatment (red trace). Control traces were combined from two different patches including patch shown in A and B. ML277
traces were only from the patch shown. (G) All-points histograms of 40 KCNQ1 single-channel sweeps in control (blue bars) and 40 sweeps in 1 pM ML277 (red bars).

KCNE1 and ML277 modest increase in currents (Yu et al., 2013). We found that even
Previous studies have shown that when high levels of KCNElare the addition of one KCNEI reduced the ability of ML277 to en-
expressed with KCNQl, the complex becomes insensitive to hance current amplitudes (Fig. 2, A and B) such that there was
ML277, and that a 2:4 stoichiometry of E1:Ql shows only a no difference in the tail current increase induced by ML277
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Figure 2. ML277 increases amplitude of EQQQQ openings. (A) Representative whole-cell current traces from cells before (blue trace) and after exposure to
1 uM ML277 (red trace) for channel complexes containing increasing numbers of KCNEL. The example for EQ shows an extra sweep in orange to highlight the
current rundown that took place after 8 min recording. (B) Bar chart showing the tail current amplitude in ML277 divided by control amplitude for Q1 and WT
Is of different stoichiometries. **** P < 0.0001. (C) V1, of activation before and after 1 uM ML277 treatment for EQ, EQQ, and EQQQQ (n = 6-12). See Table 1
for slope factors. All error bars denote mean + SEM. (D and E) Representative single-channel recordings of EQQQQ in control (D) and in 1 uM ML277 (E) from
the same patch. The voltage protocol is shown above the control sweeps, and the interpulse interval was 10 s. (F) Ensemble average currents of 16 active
sweeps in control EQQQQ (blue trace) and after 1 uM ML277 treatment (red trace) from the same patch. (G) All-points histograms of the same data used in F.
(H) First latencies for EQQQQ in control and ML277 conditions. Mean first latencies were 0.91 + 0.07 s for control (108/287 active, 38%) and 0.64 + 0.04 s in

the presence of ML277 (223/703 active, 32%), n = 3.

between EQ (4:4), EQQ (2:4), and EQQQQ (1:4). A 2-pM dose was
tried on EQQ (not shown), but this produced only a minor increase
from the 1-uM ML277 dose. Overall, a 10-mV hyperpolarizing shift
in the voltage-dependence of activation was observed for EQQQQ
with ML277 treatment (Fig. S2 and Table 1) as measured from the
G-V relationships obtained from peak tail currents. The Vs of
activation across all KCNEI-containing constructs in the presence
of ML277 were significantly different from their control values
(Fig. 2 C and Fig. S2). However, the impact on deactivation was
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much greater, with EQ (4:4) showing no change in the rate of
deactivation on ML277 treatment and EQQQQ showing the most
slowing at voltages between -50 and -70 mV (Table 2 and Fig.
S2 H). The EQ construct was more likely than the other constructs
to show a decrease in current after a brief increase, as shown by
the orange sweep in Fig. 2 A (bottom right), which was recorded
3 min after the ML277 effect peaked.

At the single-channel level, 1 uM ML277 is also able to in-
crease the amplitude of openings through EQQQQ channels, but
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Control mL277 P value
Construct Vi, (mv) Slope n Vi, (mv) Slope n
EQ 30.1+3.0 219+ 1.0 12 175 £+ 45 212 + 15 10 0.003
EQQ 124 +£23 19.0+13 9 49 +29 185+ 09 7 0.006
EQQQQ -13+22 180+ 25 8 -123 +3.8 16.5+ 2.0 6 0.031
Q -20.9+23 105 + 2.0 4
Q*QQQ -103 +4.8 18.6 £ 21 4
Q*Q 35+22 156 + 1.3 7 -05+75 146 +3.8 3 ns
QQQ*Q* -133+28 172+ 21 4 -14.2 +15 135+12 3 ns
Q*QQ*Q* 54 +46 135+ 15 6 76 £3.0 159 + 1.0 4 ns
K41C-E'QQQQ -9.0+74 163+ 31 3
K41C-E'QQ -7.0£23 201+ 17 6 -50.9 + 10.9 458 +5.39 5 0.0003
KCNES5-Q ~134 ~35 3 ~54 ~60 4

V3, of activation was obtained from -40 mV tail portion of voltage-clamp protocols (-90 mV holding potential, pulsed from =90 up to +60 to +100 mV in
10 mV steps for 4 s, then to —~40 mV for 1 s). Statistical comparison was performed using unpaired t tests in GraphPad Prism.

the openings remain flickery. The increase is easier to see in
EQQQQ channels, which have a larger conductance than KCNQ1
channels, and the action of ML277 is clear from both the indi-
vidual traces (Fig. 2, D and E) and the ensemble averages
(Fig. 2 F), where deactivation is slowed. The all-points histo-
grams of equal numbers of active sweeps show that higher
openings are achieved with a clear second peak evident at ~0.08
pA, which is not the case in control data (Fig. 2 G). There is also a
decrease in the number of closed events, which is in part a result
of a decrease in the latency to first opening (Fig. 2 H). The mean
first latency for EQQQQ in control conditions was 0.91 + 0.07 s
(108/287 active, 38%) and 0.64 + 0.04 s in the presence of ML277
(223/703 active, 32%). ML277 showed similar effects on EQQ and
EQ single channels (Fig. 3 A), with more frequent and larger
amplitude events as shown in the all-points histograms (Fig. 3
B), which were at least in part due to significantly shortened
first latencies (Fig. 3 C and Table 3). 39% of control EQQ traces
were active (138/356) versus 58% of ML277 traces (347/602). In
control conditions, 21% of EQ traces were active (123/597), and
14% were active in ML277 (116/835).

Constitutively activated KCNQ1 channels respond to ML277

Fixed, activated KCNQI mutants involve charge reversal muta-
tions between the S2 and the S4 in the VSD that effectively
“lock” the VSD (Fig. 4, A and B) in an intermediate-activated
state (E1I60R/R231E, in this paper referred to as R2) or a fully
activated state (E160R/R237E, referred to as R4; Zaydman et al.
2014). Since these mutants have a fixed activation, any increase
in current observed would be the result of enhanced VSD-pore
coupling, increased conductance, or change in inactivation. Both
of these VSD mutants respond quite robustly to 1 pM ML277
(Fig. 4, A and B), with R2 tail currents increasing ~3.5 fold (3.75 +
0.59) and R4 increasing ~6-fold (5.86 + 1.30; Fig. 4 C), but as the
complete voltage-dependence of their concentration-responses
to ML277 shows in Fig. 4 D for R2 and R4, there is an important

Eldstrom et al.
ML277 and KCNQ1/KCNE1

difference between them. For R2, the activation gating effects
of the drug are removed, and there is a monotonic decline of the
concentration-response relationships with potential, reminis-
cent of the effect of inactivation in Q1 alone (Fig. 1 C). For R4,
while the effect of ML277 on activation gating is removed, there
is no residual effect of inactivation. It should be noted that the
control currents for R4 were very small, and when normalized,
there is an exaggerated effect of the small increase in current
at the more positive voltages. The ECsos from data collected at
+60 mV and normalized to the peak tail current collected before
drug addition were 41.4 and 66.2 nM for R2 and R4, respectively
(Fig. 4 E). From these two sets of data (Fig. 4, D and E), it seems,
were it not for inactivation, R2 would have responded equally
as well to ML277 as R4.

Single-channel recordings of R2 show a similar response to
ML277 treatment as KCNQI (Fig. 5, A and B), with small flick-
ering openings transitioning to larger, more stable openings.
Averaged Gaussian fits of the all-points histograms identified
two peaks of 0 and 0.02 pA in control conditions and O and
0.073 pA in ML277 (Fig. 5, C and E). Interestingly, R4 while
responding alike in terms of having larger, more stable openings
than in control conditions (Fig. 5 D), had smaller openings than
R2, with the nonzero peaks of the amplitude histograms aver-
aging 0.021 + 0.003 pA for control and 0.050 + 0.0037 pA in
ML277 (Fig. 5, C and E).

KCNQ1 channels with closed state restrained VSD still respond
to ML277

To explore the importance of the VSD positioning in the ML277
effects, we also studied channels with increasing numbers of
subunits containing the E160R mutation alone, which prevents
VSD activation (Fig. 6 A; Westhoff et al., 2019). This would tell us
if the VSD needed to approach the PD or the S4-S5L needed to
move to create the binding site for ML277 and have an effect. All
of the E160R mutants we tried responded to ML277 with an
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Table 2. Deactivation rates for EQ, EQQ, and EQQQQ before and after ML277 treatment

Mean (s) SEM n Mean (s) SEM n P value
Voltage (mV) EQ EQ + ML277
-50 1.65 0.09 10 153 0.06 7 ns
-60 1.82 0.12 9 1.60 0.05 7 ns
-70 153 0.36 8 1.81 0.10 5 ns
-80 0.76 0.03 10 0.60 0.04 8 ns
-90 0.70 0.03 10 0.60 0.04 8 ns
-100 0.57 0.03 10 0.50 0.02 8 ns

EQQ EQQ + ML277
-50 1.39 0.20 7 2.55 0.16 5 P =0.0004
-60 1.08 0.14 7 2.42 0.15 5 P < 0.0001
-70 0.74 0.10 6 2.62 0.52 5 P < 0.0001
-80 0.54 0.10 5 130 0.12 4 ns
-90 0.43 0.07 6 1.08 0.10 5 ns
-100 0.47 0.06 3 0.98 0.16 3 ns

EQQQQ EQQQQ + ML277
-50 1.02 0.14 5 2.18 0.26 4 P =0.0008
-60 0.78 0.15 5 2.52 0.53 3 P < 0.0001
-70 0.69 0.08 5 2.26 0.29 5 P < 0.0001
-80 0.40 0.10 5 135 0.23 5 P =0.0071
-90 0.38 011 6 135 0.22 5 P =0.0016
-100 0.26 0.01 3 0.90 0.08 3 ns

To obtain tail currents for measurement of deactivation rates, cells were held at -80 mV, and pulsed to +60 mV for 4 s followed by a 10-s pulse to a range of
potentials from =50 to ~100 mV in 10-mV steps. Exponential fits and one-way ANOVA statistical comparison were performed using GraphPad Prism.

increase in current, whether there were one, two, three, or four
E160R-containing subunits in the channel complex (Fig. 6 A).
Channels with more movable subunits showed larger increases
than those with fewer or even none (Fig. 6 B). We noted that
KCNQI currents can increase without any moving VSD, with an
average fold increase of 2.49 + 0.26 (Fig. 6, A and B). To rule out
an endogenous current being responsible for this increase, GFP-
only transfected cells were exposed to ML277, and in the absence
of KCNQ1, endogenous currents decreased upon ML277 treat-
ment (Fig. 6, A and B). In addition, this current through channels
with four E160R-containing subunits was sensitive to HMR
and returned on washoff of the blocker (Fig. S3 A). This
supports the notion that the currents being recorded from
E160R-Q*-transfected cells (four resting VSD) are through
“uncoupled” channels, i.e., channels that open independent
of the VSD status (Ma et al., 2011). Data in Fig. 6 C show the
median and range of peak tail currents for each construct
before and after ML277 treatment.

Looking at the two constructs containing E160R in either
adjacent subunits (QQQ*Q*; at least one subunit with a moving
VSD next to another moving VSD) or opposite subunits (Q*Q; no
moving subunit with a moving VSD next door), there was no
difference in the magnitude of current increase on ML277
treatment, so these data are combined in Fig. 6 B, but with the

Eldstrom et al.
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Q*Q data points colored green. In one of three cells of the Q*Q
configuration exposed to 1 uM ML277, there was a significant
fraction of voltage-independent current (shown in Fig. S2 B),
which was subsequently seen in four of four cells when the dose
of ML277 was increased to 2 or 3 uM (Fig. 6 D). The QQQ*Q* and
Q*QQ*Q* constructs also responded to higher doses with an in-
crease in the fraction of voltage-independent current (Fig. S2).
This suggests that gating effects are at the level of individual
subunits as long as the dose is high enough to find the moving
VSD in the complex. This is reflected in a higher ECs, value of
235 nM from the concentration-response curve (Fig. 6 E) com-
pared with WT Q1 (100 nM; Fig. 1 D).

ML277 and voltage-dependent state occupancy

In whole-cell recordings of KCNQI1 plus ML277, currents showed
a slight decline over time at higher voltages during the 4-s test
pulse (Fig. 1 B). In the tail currents of these recordings, the more
negative voltages had larger amplitudes than the more positive
voltages, as shown in Fig. 7 A, where only the -20 and +60 mV
traces are shown. We took advantage of an approximately three-
channel KCNQI cell-attached patch that lasted long enough in
ML277 to collect multiple traces at -20, 0, +20, and +60 mV, to
look at this more closely. As can be seen in Fig. 7 B, it was rare for
all three channels to be open at +60 mV (upper trace) and rare
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Figure 3. ML277 increases the amplitude of EQQ and EQ openings. (A) Single-channel recordings of EQQ (top) and EQ (bottom) before (blue traces) and
after addition of 1 uM ML277 (red traces) from the same patch as control data. The voltage protocol is shown above the data. (B) All-points amplitude
histograms of three active sweeps of EQQ before (blue) and after 1 uM ML277 addition (red; top) and 27 active sweeps combined from three different cells of
EQ before (blue) and after 1 uM ML277 addition (bottom). (C) Scatter plot of first latencies to opening of the active sweeps for EQ, EQQ, and EQQQQ before
and after ML277 exposure. See Table 3 for mean values.

for all three channels to be closed at -20 mV (lower trace). The each of 4 s duration, the percent time closed was 0.3%. At 0 (20
percent closed time for all sweeps collected at each voltage was  traces), +20 (10 traces), and +60 mV (55 traces), the percent
measured using the single-channel search function based on a  closed times were 0.6, 2.6, and 29.8%, respectively. As was ob-
half-amplitude criterion. During 10 traces pulsed to -20 mV, served in the whole-cell recording (Fig. 7 A), the amplitudes of

Table 3. First latency to channel opening for EQ, EQQ, and EQQQQ before and after ML277 treatment

Control mL277

Mean + SEM No. of cells Active/total Mean * SEM No. of cells Active/total P value
EQ 144 £ 0.09 7 123/587 1.16 + 0.09 6 116/835 P = 0.006
EQQ 112 + 0.07 5 138/356 0.54 £ 0.03 4 347/602 P < 0.0001
EQQQQ 0.91 + 0.07 3 108/287 0.64 + 0.04 3 223/703 P < 0.0001

First latencies were obtained from 4-s sweeps pulsed to +60 mV. Only active sweeps were used for averages. Statistical comparison was performed using a
Mann-Whitney test in GraphPad Prism.
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Figure 4. R2 and R4 mutants also respond to ML277 with an increase in current amplitude. (A and B) Cartoons representing the putative interactions
between the charges in the S2 and S4 TMDs of the VSDs that hold them in the 10 state (R2; A) and the AO state (R4; B). Next to the cartoons are representative
whole-cell current traces from cells before (blue trace) and after exposure to 1 uM ML277 (red trace). Cells were held at -90 mV and pulsed for 4 s to +60 mV
and then -40 mV for 0.8 s. Interpulse interval was 15 s. (C) Bar chart of peak tail currents measured in ML277 divided by control peak current measurement for
R2(n = 4) and R4 (n = 5). The mean ratio + SEM for R2 is 3.75 + 0.59, and for R4 it is 5.86 + 1.30. (D) Normalized G-V plots for R2 (top) and R4 (bottom) obtained
from peak tail currents at different concentrations of ML277 as indicated (n = 3-11). Voltage protocol was the same as for A and B. (E) ML277 concentration-
response curves at +60 mV for R2 (n = 3-8) and R4 (n = 2-6), using tail current data normalized to same cell control values and fit with drug versus response.
Three parameter curves were used to obtain ECsos using GraphPad software.

the tail currents in ensemble averages are larger from the
-20 mV pulse than from the +60 mV (data not shown). After
pulsing to -20 mV, most of the channels are open during the tail
(Fig. 7 C), whereas after pulsing to +60 mV, openings are more
evenly distributed between one and two channels being open.
The amplitude of KCNQ1 + ML277 single-channel openings at
-40 mV is 0.03 pA.

Although R2 and R4 do not show time-dependent activation
due to their VSDs being locked in activated states, we measured
tail currents after pulses to different voltages for these con-
structs also. In the presence of 2 uM ML277, like KCNQL, R2 tails
decline as the voltage becomes more positive and show larger

Eldstrom et al.
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amplitude tail currents at -20 compared with +60 mV (Fig. 7 D). An
approximately two-channel cell-attached patch of R2 in 1 uM ML277
was pulsed for 4 s to voltages from -80 to +110 mV in 10-mV steps,
and shown in Fig. 7 E are the +60 and -20 traces. This channel too
shows rare openings of both channels at +60 mV (upper trace) and
rare closings of both channels at -20 mV (lower trace).

We had one recording each of single-channel patches of R2
and KCNQ1 in which we were able to run voltage-clamp proto-
cols similar to those used for whole-cell recordings after treat-
ment with ML277. Cells were held at -80 mV and pulsed to
voltages between -80 and +110 mV in 10-mV steps for 4 s each.
Using the single-channel search function in Clampfit, closed times
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Figure 5. Increased single-channel current amplitudes in R2 and R4 mutants with ML277. (A and B) Representative single-channel recordings of R2 in
control (A) and in 1 pM ML277 (B) from the same patch. The voltage protocol is shown above the control sweeps, and the interpulse interval was 10 s. (C) All-
points histograms of 10 R2 single-channel recording sweeps in control (blue) and 10 sweeps in 1 uM ML277 (red) from the same patch. All-points histograms of
R4 single-channel sweeps (right). (D) Representative sweeps of single-channel recordings of R4 in control conditions (upper sweep) and in 1 uM ML277 (lower
sweep) from the same patch. The voltage protocol is shown above the control sweeps, and the interpulse interval was 10 s. (E) Amplitudes of openings for R2,
R4, and KCNQI after exposure to ML277 as determined by Gaussian fits of all-points histograms. Error bars denote mean + SEM.

were then measured at each voltage (Fig. 7 F). Some of the lower
voltages were not measured as it was difficult to discern the closed
state, but what is evident from this analysis is that the open prob-
ability is decreasing with increasing voltage in both the whole-cell
and multi-channel patch data. R2 and KCNQ1 appear to respond in a
similar manner to increasing voltage in the presence of ML277.
These single-channel results are supported by the whole-cell
voltage dependence of tail current amplitudes for R2, which

Eldstrom et al.
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shows that tail currents are >50% smaller at +80 than they are
at -80 mV in the presence of 2 uM ML277 (Fig. 7 G). This is very
similar to the trend for the voltage-dependent action of ML277
on Q1 tail currents (Fig. 1 C) but, interestingly, not for R4, which
does not show this decline (Fig. 7 G). Despite the differences in
G-V curves, there was no statistical difference in the change in
KCNQI tail current amplitudes between the different doses of
ML277 (Fig. 7 H).
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Figure 6. KCNQ1 mutants with 1-4 VSD restrained in the closed state respond to ML277 with an increase in current. (A) Cartoon shows the putative
interactions between charges in S2 and S4 in the EI60R mutant. Cartoons above each representative whole-cell recording denote the number and location of
subunits in the channel tetramer containing WT (blue circle) or E160R subunits (red circle). Protocol is as in Fig. 4, A and B. Control traces are blue, and those in
1 uM ML277 are red. A sample from a GFP-only transfected cell is also shown. (B) Graph of the ratio of peak tail currents in ML277 to control for different
channel complexes. Subunits containing E160R are denoted by an *. (C) Bar chart showing the median and range of tail current amplitudes for each channel
type before (blue bars) and after ML277 (red bars). (D) G-V plots of Q*Q from peak tail currents at 40 mV, shown in control (blue circles), and at different
concentrations of ML277 as indicated. All error bars denote mean + SEM (n = 3-15). (E) ML277 concentration-response curves at +60 mV using tail current data

normalized to same cell control values and fit with drug versus response. Three parameter curves to obtain ECsos using GraphPad software, n = 3-7.

Discussion
An important finding of this study is that in addition to changing

the whole-cell gating, ML277 substantially changes KCNQI1 single-
channel behavior in a number of ways. The activator eliminates
the characteristic KCNQ1 flicker, making the openings much
more stable and larger (Fig. 1). ML277 also reduces the latency
and increases the amplitude of opening events from KCNEI1-
containing complexes (Figs. 2 and 3), although the amplitude
increase is greatly diminished in channels with a 4:4 KCNEL:
KCNQI stoichoimetry (EQ). This amplitude change in the ho-
momer is subtly different between channels locked in inter-
mediate (I0) and fully activated (AO) open states (Fig. 5) that
may be an amplification of differences in conductance that
were too small to be seen in the absence of drug in our previous
study (Hou et al., 2017). Overall, these results contrast with our
observations of cAMP-dependent regulation of Iy, which re-
sulted in more events at higher amplitudes but not openings
beyond those seen in control (Thompson et al., 2017).

Eldstrom et al.
ML277 and KCNQ1/KCNE1

VSD gating versus pore effects
It was clear from the original studies of ML277 that there were
multiple effects on the channel, with an increase in current
being accompanied by changes to gating but also changes at the
pore level in the form of a decreased Rb* to K* conductance (Ggp/
Gg) ratio (Xu et al., 2015). Two lines of evidence in particular
suggested that we might see a change in KCNQI pore function
upon ML277 treatment. Previous work had shown that low-dose
ML277 could increase KCNQI currents without affecting VSD
gating when monitored by voltage-clamp fluorometry (Hou
et al., 2019). This same study using the R4 mutant showed an
increase in current on ML277 treatment. Obviously, if the
channel is already activated and the VSDs fixed, as in the case of
R2 and R4, any increase in current must result from drug-
induced changes in VSD-pore coupling that favor/stabilize pore
opening, increased conductance, or reduced inactivation.

In this study, we have two measures for increases in current
induced by ML277. These are the relative change in whole-cell
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Figure7. Open probability of ML277 activated KCNQ1 and R2 channels decrease with voltage. (A) Representative whole-cell currents of KCNQ1 obtained
during a voltage-clamp protocol after 1 pM ML277 treatment. Cells were held at -90 and pulsed from -90 to +60 or +100 in 10-mV steps for 4 s, then to
-40 mV for 0.9 s. The interpulse interval was 15 s. Only the ~20 and 60 mV traces are shown for clarity. (B) Representative portions of cell-attached recordings
of a three-channel patch of KCNQ1 + ML277 at +60 mV (upper trace) and -20 mV (lower trace). (C) All-points amplitude histograms from the tail currents of
the same cell-attached patch as in B. Histograms are for 10 traces at each test pulse. (D) Representative whole-cell currents of R2 after treatment with 2 uM
ML277. Protocol as in A. Only —20 and +60 mV are shown for clarity. (E) Representative portions of cell-attached recordings of a two-channel patch of R2 +
1 UM ML277 at +60 mV (upper trace) and —20 mV (lower trace). (F) Percent closed time at each voltage for an approximately two-channel patch of R2 or
KCNQL. Same protocol as in A except HP was 80 mV. Only sweeps with at least one recognizable closing could be analyzed. (G) G-V plots of R2 before (n = 3)
and after treatment with 2 uM ML277 (n = 3) and R4 after treatment with 2 uM ML277 (n = 5). Protocol as in A. (H) Bar chart showing the tail current amplitude
in ML277 divided by control amplitude for KCNQ1 in different concentrations of ML277. All error bars denote mean + SEM.

tail current induced by the drug, and the increase in single-
channel opening amplitudes. KCNQI showed an 8.4-fold mean
increase in tail currents, with some cells showing up to a 12- or
14-fold increase (Fig. 2 B and Fig. S1 D), while the amplitude of
KCNQI openings alone increased approximately threefold from
~0.022 pA at +60 mV to 0.069 pA in ML277 (Fig. 1 G and Fig. 5
E). Removal of the ability of the VSD to influence the action of
ML277 still resulted in ~3.5- and 6-fold increases in tail current
amplitudes, and 3-fold increases in single-channel amplitudes
for R2 and R4, respectively (Fig. 4), and about 3-fold increases in
tail currents in channels made up of E160R-Q* (Fig. 6 B). As more
active VSDs are included in E160R-Q* channels, and the ML277

Eldstrom et al.
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action on the VSD is added in, the drug effect on the tail current
increases in a step-wise fashion. Together with the dose de-
pendence of the gating effects of E160R mutants (Fig. 6, C and D;
and Fig. S2), this suggests that more than one M1277 can bind to
each channel, and with each that is bound, a further current
increase is possible.

Since WT channels are subject to ML277-induced changes in
VSD and pore function, while R2, R4, and E160R-Q* are arguably
only subject to pore effects of ML277, the ratios discussed above
suggest that pore effects are at least an equally important con-
tributor as VSD effects to the increase in current observed as a
result of ML277 treatment. That we observed current decline
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over time, particularly with EQ (Fig. 2 A and Fig. S1 A), and that
ML277 did not increase the number of active sweeps suggested
that ML277 might not act as a general PIP2 mimetic. As well, in
the E160R-Q* channel with four copies of the E160R mutant
(Fig. 6, A and B), the VSDs are held at rest, and thus any ion
conduction is the result of spontaneous PD opening with mini-
mal involvement from VSD coupling. Enhancement by ML277
would then result from spontaneous openings, longer openings,
bigger openings due to enhanced conductance, or a combination
of these, whether by direct binding to the channel or by affecting
other modulators such as PIP2 or calmodulin. We did try some
single-channel recordings of this mutant in the hope of cap-
turing these events but were not successful.

The decoupled channel and resting KCNQ1 conductance
KCNQ1 is said to have “loose coupling” between the VSD and the
PD (Vardanyan and Pongs, 2012). This can manifest in channels
that have activated VSDs and a closed pore due to depleted PIP2
(Zaydman et al, 2013; Barro-Soria et al, 2017, Sun and
MacKinnon, 2017, 2020) and also as channels conducting (volt-
age-independent conductance fraction) at voltages at which the
VSD is in the resting state (Ma et al., 2011; Barro-Soria et al.,
2014; Osteen et al., 2012; Zaydman et al., 2014). It is either this
small probability event affected by ML277 that results in the
small increase in currents in cells expressing E160R-Q* (Fig. 6, A
and B), or perhaps M1277 itself is acting as a ligand to open the
channel. How KCNQI is able to conduct with a VSD at rest is
potentially the result of several unique aspects of the channel.
First, KCNQI lacks the Pro-Val-Pro motif that makes up the S6
gate in many other Kv channels (Seebohm et al., 2006), and this
makes the KCNQI pore more stable in the open state (Vardanyan
and Pongs, 2012), with many mutations in KCNQ1 leading to
constitutive currents (Ma et al., 2011). Second, the S4-S5L that
connects the VSD to the pore contains a loop structure at the N
terminus where other Kv channels have a longer a helix (Sun
and MacKinnon, 2017). This flexible loop, with two sequential
glycines, might also allow for less rigid coupling between the
VSD and the pore. Third, KCNQ1 is also a ligand gated channel,
with both PIP2 and calcium via calmodulin being critical to
KCNQI pore opening (Ghosh et al., 2006; Shamgar et al., 2006;
Chang et al., 2018).

KCNQ1 inactivation and ML277

Inactivation of KCNQI is time- and voltage-dependent, requiring
depolarizations above —-30 mV for >100 ms to become evident as
a hook in the tail currents, which reflects a faster recovery
process compared with the rate of deactivation (Sanguinetti
et al., 1996; Tristani-Firouzi and Sanguinetti, 1998). This in-
activated state is not absorbing and reaches a steady-state
>40 mV (Pusch et al., 1998). It is not sensitive to changes in
external potassium concentration, which differentiates it from
classical C-type inactivation (Tristani-Firouzi and Sanguinetti,
1998). The delay in reaching the inactivated state and the pres-
ence of the hook in the tail current, in addition to a progressive
slowing of deactivation as depolarization is prolonged, led to the
conclusion that KCNQI has at least two open states. This notion
of more than one open state was further supported by studies
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that showed the second open state was more sensitive to Na*
block (Pusch et al., 2001). More recently, it has been suggested
that KCNQI is not inactivating per se, but that current decline is
a result of occupancy of a second open state with a lower open
probability (Hou et al., 2017). ML277 is thought to eliminate
inactivation as no hook was observed in the tail currents after
drug exposure (Yu et al., 2013). What, then, is the nature of the
current and/or conductance decline at higher voltages in KCNQ1
and R2 (Figs. 1, 4, and 7)? This could result from several ML277-
related actions. Voltage-dependent effects on drug affinity could
lead to a reduction in drug potency. Alternatively, ML277
might induce or enhance a secondary slow inactivation pro-
cess independent from the generally recognized relatively fast
inactivation seen in KCNQI. Non-drug-related effects, such as
voltage-dependent intracellular Na* block of the open pore at
positive potentials, might also be revealed by ML277 exposure
(Pusch et al., 2001).

There are many interesting links between inactivation and
ML277. For example, KCNQ2, which does not inactivate
(Seebohm et al., 2001; Jensen et al., 2007) and has a low Ggy/Gk
ratio (Prole and Marrion, 2004), is insensitive to MIL277
(Mattmann et al., 2012). Swapping the glycine at 272 in KCNQI
for cysteine, which is the equivalent residue in KCNQ2, abol-
ishes inactivation in KCNQ1 and reduces the Gg,/Gk ratio
(Seebohm et al., 2001; Seebohm et al., 2003), and while ML277
has not reportedly been used on G272C, G272A is less sensitive to
the drug (Hou et al., 2020). G272 is within 4 A of F332 in the
KCNQI cryo-EM structure (6UZZ; Sun and MacKinnon, 2020),
and when this residue is mutated, F3324, the effects of ML277
are reduced (Xu et al., 2015), and inactivation is again removed
(Seebohm et al. 2003). It is difficult to tell if residues in this
region of the channel make up the binding site for ML277 or they
are important to the mechanism of action of the drug, but it is
thought that perhaps flexibility at this location is important for
modulation by KCNE1 (Nakajo et al. 2011), an interaction that
would also explain the decreased effect of ML277, the loss of
inactivation, and the reduction of Ggp/Gx on KCNEl coex-
pression, whether sterically or allosterically.

Next to G272 is another residue of interest in the inactivation
story. L273, which appears to interact with the pore helix at
G306 and V307 (Sun and MacKinnon, 2020), when mutated to
L273F introduces an additional slow inactivation process into
KCNQI (Gibor et al., 2007; Seebohm et al., 2001). While several
different mutations spread between the S4-S6 region have been
shown to lead to a slow inactivation process, that this site is next
to G272 could be relevant to ML277’s effects on inactivation.
Slow inactivation of R2 could explain why R4 showed larger
increases in tail currents over control (Fig. 5 C), while having
smaller single-channel openings than R2 upon ML277 treatment
(Fig. 5 E). Of particular interest is that KCNQL seems to share
this “slow inactivation” characteristic with R2 (Fig. 7, A-C and
H), in addition to having larger single-channel openings (Fig. 5
I). Together this suggests that the KCNQl VSD may largely
transition only to the IO state and not the AO state. This could
explain the greater overlap of the fluorescence-voltage and G-V
curves (Osteen et al., 2010) and the greater sensitivity to the
blocker XE991 (Taylor et al., 2020).
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Figure 8. The K41C mutation in KCNE1 allows ML277 to activate Iy, as long as the complexes are not fully saturated. (A) Representative whole-cell
currents of K41C-E'QQQQ obtained using a voltage-clamp protocol before (top) and after 1 uM ML277 (bottom). Cells were held at -90 and pulsed from =90 to
+100 in 10-mV steps for 4 s, then to 40 mV for 0.9 s. The interpulse interval was 15 s. Only even voltages are shown for clarity. The graph on the right shows
the G-V plots (n = 3). (B) Representative whole-cell currents of K41C-E’QQ obtained using the same activation protocol as described in A. The upper record is
before ML277, and the lower trace is after 1 uM ML277 was added to the bath. The graph on the right shows the G-V plots (n = 4 or 5). (C) G-V plots for K41C-
E'Q in control conditions and in 1 uM ML277 (n = 4 or 5). (D) Bar chart shows the tail current amplitude in ML277 divided by control amplitude for WT channel
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complexes and those containing the K41C-KCNE1 mutant with different stoichiometries of E1:QL. (E) Bar chart showing the tail current amplitude in ML277
divided by control amplitude for WT I and Iy, assembled with various mutants of KCNEL. EQ and K41C-E'Q are linked constructs, and the others are co-
transfected. (F) Representative whole-cell currents of KCNE5-Q obtained using the same activation protocol as described in A. The upper record is before
ML277, and the middle record is after 1 uM ML277 was added to the bath. The lower panel shows a sample control trace (blue) and a trace collected in the
presence of ML277. The cell was held at =90 mV, pulsed to +60 mV for 4 s, and then =40 mV for 0.8 s. The interpulse interval was 15 s. The graph on the right
shows the G-V plots (n = 4). (G) Bar chart showing ratio of the tail current for KCNES-Q in ML277 divided by control after a test pulse to 60 mV for 4 s.
(H) Sequence alignment of human KCNE proteins for the TMD region and that just N-terminal to it. Arrow indicates K41in KCNEL All error bars denote mean +

SEM.

Stoichiometry in cardiomyocytes
As mentioned previously, an important aim of the study of fixed
stoichiometries of Iy is to enable better interpretation of car-
diomyocyte data. ML277 has been shown to shorten the action po-
tential in human cardiac iPSCs (Yu et al, 2013), guinea pig and
canine ventricular myocytes (Xu et al., 2015), and rabbit atrial my-
ocytes (Kanaporis et al., 2019). This action potential shortening was
accompanied by a 28% increase in I, currents in guinea pig, ~100%
in human iPSCs, and 228% in canine ventricular myocytes (Xu et al.,
2015), with no shift in the Vy;, of activation in the guinea pig (re-
mained at ~25 mV) and a +30 mV shift in the canine cells (shifting
from approximately -10 to +20 mV). In rabbit atrial myocytes,
ML277 treatment resulted in an ~50% increase in K* currents and an
approximately —10 mV shift in the V,/, (Kanaporis et al., 2019). These
data suggest that in the guinea pig, Iy, might be saturated with
KCNEI (reflecting our EQ data; Fig. 2, B and C), but that in the iPSCs,
rabbit and the canine myocytes either 1:4 or 2:4 are possible, though
we did not see a positive shift in Vy, with any of our constructs
(Fig. 2 and Table 1). The sequence for canine KCNQI is the most
divergent of the four species above, showing 71% identity with hu-
man KCNQI, which increases to 94% when just considering the re-
gion from the start of Sl to the end of S6. Much of the divergence
occurs in the lower S1 domain as well as an A149V in the S1-S2L,
L1871 in the S2-S3L, and V207L in S3, as well as an E290D and R293Q
in the loop between S5 and the pore helix (numbering is as for
human sequence). It is not obvious why these changes might reverse
the effect on activation from that seen in the other three species,
which have 99% identity between the start of S1 and the end of Se.
We and others have shown that the region just N-terminal to
the TMD of KCNEI is important for the effects of stilbenes such as
4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid and 4-acetamido-
4’-isothiocyanatostilbene-2,2’-disulfonic acid, and fenamates such
as MefA (Abitbol et al., 1999; Wang et al., 2020), on I currents.
We also found that a K41C mutation in KCNE1 abolished the effects
of MefA, which is most potent as an activator on a 4:4 KCNEL
KCNQ! stoichiometry. In addition, a double mutant of KCNEI,
G40N/K41IN, when expressed with KCNQl, showed enhanced
rubidium ion (Rb*) conductance halfway between that normally
seen for Iy, and KCNQI alone (Barro-Soria et al., 2017), indicating
this region of KCNEI1 was interacting with the PD and could affect
conductance. Based on the KCNQI/KCNE3 structure (Sun and
MacKinnon, 2020), these residues would be expected to be near
the external portion of the filter helix, and there are also species
sequence divergences surrounding K41 in KCNEL The human and
guinea pig KCNEI1 sequences are *°GKLE*?, whereas the canine
sequence is SQLA and the rabbit sequence is GQME, which
presents another potential variable in the species response to
ML277. We did test in particular whether the charge at K41 in
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human KCNEI1 was important for reducing the effects of ML277
(Fig. 8), and if this might explain the results in rabbit and canine
myocytes by using the K41C mutant that abolished the effect of
MefA (Wang et al., 2020). Our results suggest that if I, in the
rabbit and canine were not saturated with KCNEL, it is possible
that the loss of charge at position 41 of KCNEI1 could be a con-
tributing factor in the greater response to ML277 in these species.
This is also consistent with the more gradual decline in the ML277
effect with increasing KCNE3 expression (Yu et al., 2013) that has
the sequence >*DDNS®” at this location, and the results showing a
doubling of peak tail currents with a KCNE5-KCNQI construct
(Fig. 8, F and G) that contains the sequence 5°GDDA (Fig. 8 H).

Do we know anything more about where ML277 is binding?
Studies that have tested ML277 on mutants of KCNQI have indi-
cated an ML277 binding site in the vicinity of the S4-S5L and the
lower S5 and S6 (Xu et al., 2015; Hou et al., 2020). Slowed deac-
tivation and current-enhancing effects could even be separated by
specific point mutations, one of these being a turn and a half of the
helix below G272 (Xu et al., 2015). While we did not specifically
explore this issue, we can add several additional observations
from our experience. There do appear to be different effects de-
pending on dose of ML277 (conductance versus gating). Whether
this means two different binding sites with different affinities or
one effect requires fewer bound ML277 molecules is not clear.

If the ML277 binding site extends to near where G40/K41 are
found when KCNEL is part of the complex, this would explain why
ML277 enhances conductance, reduces Rb* permeation, and is less
effective on the 4:4 stoichiometry (Xu et al., 2015), a result perhaps
of some steric or electrostatic hindrance by the KCNEI subunit.
Looking at the cryo-EM structure, we cannot explain the obser-
vation that when ML277 was added to the bath after recording had
started, it often took at least 10 min to start seeing the change in
single-channel openings in KCNQI, R2, and R4. However, if the
bath was not cleaned properly between batches of cells, the change
was immediately evident, suggesting that the patch pipette was
hindering drug access to the binding site.

Two lines of evidence suggest that there may be a site of
ML277 interaction of unknown significance in the vicinity of the
inner vestibule. The first is the fact that HMR is less effective
when ML277 is in the bath at the same time (Fig. S1 B), as though
there is competition for a partially overlapping binding site, or
the activator is providing steric hindrance to the blocker. The
second is that the S338F mutant is actually blocked by ML277
(Fig. S3). The significance of this inner vestibule site is unclear
but is not related to the changes in gating or enhanced current as
these properties persist for many minutes after ML277 washout
from the bath and restoration of full HMR block (Fig. S1 E).
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Conclusions

MIL277 has complex effects on KCNQI channels, leading to changes
in both VSD gating behavior and pore activation, with each con-
tributing equally to enhanced whole-cell currents. While the effects
of ML277 are much more modest in the presence of KCNEI], the
stoichiometry of I, is unknown in the human heart and may well be
variable, which might make some channel behavior modifiable by
ML277 or its analogues. The slowed deactivation and a small boost in
conductance might be enough to rescue some channel complexes
containing LQT mutations, particularly at high heart rates.
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Figure S1. Peak KCNQ1 currents after ML277 addition and response to HMR. (A) Diary plots of peak KCNQ1 current over time after 1 uM ML277 addition,
normalized to last control level for eight different cells. Cells were held at -80 mV and pulsed to +60 mV for 2 s, then to -40 mV for 1 s repeatedly with an
interpulse interval of 15 s. In a few examples (red triangles, yellow circles), after ML277 has its effect, the current begins to decrease again before stabilizing,
and while the decrease did not always happen in the recording time frame, it suggests that ML277 might not act as a PIP2 mimetic given that PIP2 has
previously been shown to prevent rundown of whole-cell currents (Li et al, 2011; Loussouarn et al., 2003). (B) Concentration-response curves for HMR
inhibition of KCNQI currents under different experimental conditions; KCNQ1 pulsed to +60 mV and HMR added after washout of ML277 (red circles, ICsq =
3.44 uM); KCNQ1 pulsed to +60 mV and HMR added with ML277 remaining in solution (magenta triangles, ICs = 5.88 uM); KCNQ1 pulsed to ~20 mV and HMR
added with ML277 remaining in solution (green triangles, ICso = 4.86 uM); and KCNQL in control bath solution pulsed to +60 mV (blue circles, ICs = 2.54 uM),
n = 2-6. (C) Paired peak tail current amplitudes before and after exposure to 1 uM ML277. Protocol was as in A. (D) Chart of peak KCNQ1 tail current
amplitudes in ML277 divided by peak current in control conditions with four different test protocols as labeled. (E) Diary plots of KCNQ1 peak currents showing
response to increasing concentrations of HMR under the different experimental conditions detailed in B. A pause in the diary plot is shown where a voltage-
clamp protocol was run before beginning the 10-min washout. (F) Top: G-V plot of KCNQ1 before (blue circles) and after exposure to 0.1% DMSO (cyan circles).
Vi, of activation and slope values was -22.5 + 1.5 mV and 12.8 + 2.0 for control, -23.7 + 1.8 mV and 14.5 + 1.8 in DMSO, n = 4 for each. Cells were held at
-90 mV and pulsed from =90 to +80 for 4 s, then to -40 mV for 0.9 s, with an interpulse interval of 15 s. Bottom: Plot of peak tail currents in 0.1% DMSO
divided by control values after a 4-s, +60 mV pulse. (G) Ensemble averages of 53 sweeps of KCNQ1 treated with 1 uM ML277 (red) and 53 sweeps of the same
cell after treatment with 20 uM HMR. Protocol is shown above. The interpulse interval was 10 s. All error bars in the figure denote mean + SEM.
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Figure S2. G-V plots and some representative currents for EQQQQ, EQQ, EQ, and KCNQ1 E160R mutants before and after ML277 treatment. Cartoons
below construct labels denote the number and location of subunits in the channel tetramer containing WT (blue circle) or E160R containing KCNQ1 subunits
(red circle) or KCNE1 (green circle). (A) Representative whole-cell currents of EQQQQ obtained using an activation protocol before (top) and after 1 M ML277
(bottom). Cell was pulsed from a holding potential of ~80 mV to +60 mV for 4 s, then for 1's to ~40 mV. The interpulse interval was 15 s. Right: G-V plots of
EQQQQ before (blue circles) and after (red circles) 1 uM ML277 exposure. (B-D) Representative whole-cell currents of E160R-Q*Q (B), E160R-QQQ*Q* (C), and
E160R-Q*QQ*Q* (D) obtained using an activation protocol before (top) and after 1 uM ML277 (bottom). Cells were held at 90 and pulsed from =90 to +80 or
+100 in 10 mV steps for 4 s, then to ~40 mV for 0.9 s. The interpulse interval was 15 s. G-V plots are shown in the graph to the right. The EI60R-Q*Q record in
red triangles in A represents only one cell responding as such at the 1 pM ML277 dose, red circles in A represent 2 cells, for all others in the figure n = 3 or 4.
(E-G) G-V plots for E160R-Q*QQQ (E), EQQ (F), and EQ (G). Protocol as in A. (H) Plot of deactivation time constants (t) versus voltage for EQ, EQQ, and
EQQQQ before and after 1 uM ML277. See Table 2 for n values and statistics. Error bars throughout figure denote mean + SEM.
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Figure S3. HMR blocks ML277-enhanced Q* currents, and ML277 blocks the S338F mutant KCNQ1 channel. (A and B) Tail currents from channels made
up of (A) E160R-Q (Q*) and (B) GFP transfected cells, under control conditions (blue), after 1 uM ML277 (red), after 10 uM HMR + ML277 (green), and after
washout (cyan). Cells were held at ~80 mV, pulsed to +60 mV for 4 s, and then pulsed to ~40 mV for 0.75 s. (C) Representative whole-cell current traces from
cells before (blue trace) and after exposure to 1 pM ML277 (red trace) for KCNQL channel containing the S338F mutation. (D) Paired peak tail current
measurements before and after ML277 treatment, measured after a 4-s pulse to +60 mV. (E) Bar chart of peak tail currents measured in ML277 divided by
control peak current measurement for S338F mutant. The mean was 0.42 + 0.10 (n = 4).
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