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Abstract

KCNQL1 potassium channels are essential for physiological processes such as cardiac rhythm
and intestinal chloride secretion. KCNE-family subunits (KCNE1-5) associate with KCNQ1,
conferring distinct properties across various tissues. KCNQ1 activation requires membrane
depolarization and phosphatidylinositol 4,5-bisphosphate (PIP2) whose cellular levels are
controlled by Gag-coupled GPCR activation. While modulation of KCNQ1's voltage-dependent
activation by KCNE1/3 is well-characterized, their effects on PIP2-dependent gating of KCNQ1
via GPCR signaling remain less understood. Here we resolved structures of KCNQ1-KCNE1
and reassessed reported KCNQ1-KCNE3 structures with and without PIP2. We revealed that
KCNQ1-KCNE1/3 complexes feature two PIP2-binding sites, with KCNE1/3 contributing to a
previously overlooked, uncharacterized site involving residues critical for voltage sensor and
pore domain coupling. Via this site, KCNE1 and KCNE3 distinctly modulate the PIP2-dependent
gating, in addition to the voltage sensitivity, of KCNQ1. Consequently, KCNE3 converts KCNQ1
into a voltage-insensitive PIP2-gated channel governed by GPCR signaling to maintain ion
homeostasis in non-excitable cells. KCNE1, by significantly enhancing KCNQ1's PIP2 affinity
and resistance to GPCR regulation, forms predominantly voltage-gated channels with KCNQ1
for conducting the slow-delayed rectifier current in excitable cardiac cells. Our study highlights
how KCNE1/3 modulates KCNQ1 gating in different cellular contexts, providing insights for
tissue-specifically targeting multi-functional channels.
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INTRODUCTION

KCNQL1, also known as KvLQT1 or Kv7.1, is a voltage- and lipid-gated potassium channel,
found in various organs such as the heart, inner ear, colon, kidney, pancreas and stomach™®. It
plays a vital role in physiological processes including cardiac rhythm regulation, auditory
function, and gastric acid secretion’. Mutations in KCNQ1 protein or pharmacological
interference with its channel function can result in disorders like long-QT syndromes, short-QT
syndromes, atrial fibrillation, diabetes mellitus, and deafness, highlighting its potential as a drug
target'®*?,

KCNQ1 forms channel complexes with KCNEs (KCNE1-5), a family of single transmembrane
proteins that function as beta subunits for KCNQ1, modifying its voltage-dependent gating
behavior and conferring cell-specific biophysical properties™**™. In excitable cells such as
cardiomyocytes, KCNQ1 associates with KCNE1, which alters its voltage-dependent activation
by slowing activation and deactivation kinetics, shifting voltage dependence, increasing single-
channel conductance, and preventing inactivation (Figure 1A). These properties enable the
KCNQ1-KCNE1 complex to conduct the vital slow-delayed rectifier current (lxs) during the
repolarization phase of cardiac action potentials”®!**". In contrast, in non-excitable cells such
as polarized epithelial cells in the colon, small intestine, and airways®'®**, KCNE3 renders
KCNQ1 voltage-insensitive, with the channel complex exhibiting a linear current-voltage
relationship at physiological membrane potentials (Figure 1A). How this voltage-insensitive
KCNQ1-KCNE3 channel complex is gated remains to be clarified, and it has been thought as
being constitutively open, a behavior that would facilitate potassium flow to support epithelial
chloride secretion®®?! but could also be disruptive if uncontrolled. The other KCNE subunits
(KCNE2, KCNE4, and KCNES5) can regulate and alter the channel properties of KCNQ1?*%*, but
their precise physiological functions are less understood.

The potassium conductance of KCNQ1 or KCNQ1-KCNE1/3 channel complexes require
PIP2%2° PIP2 is a key signaling lipid in the Gaq protein-coupled receptor (GqPCR) signaling
pathway, where GPCR activation leads to PIP2 hydrolysis by phospholipase C (PLC)*'. Notably,
KCNQ2-KCNQ5 channels, neuronal paralogs of KCNQ1, conduct the classical M currents®, for
they are controlled by Gag-coupled muscarinic acetylcholine receptors. Yet, the modulation of
KCNQ1 and its KCNE complexes by GPCR pathways remains less understood. We previously
showed that KCNE1 enhances KCNQ1's affinity for PIP2*, but it is unclear whether KCNE3 has
a similar effect and whether (and how) KCNQ1-KCNE1/3 responds to GPCR stimulations. More
importantly, how homologous KCNE1 and KCNES3 tune the voltage- and lipid-dependent gating
properties of KCNQ1 to accommaodate its cell-specific physiological roles remains elusive.

Here we explore these open questions to understand how KCNE1 and KCNE3 modulate the
voltage and lipid dependencies of KCNQL to support its functions in excitable and non-excitable
cells. We present high-resolution structures of KCNQ1 (+PIP2) and KCNQ1-KCNE1 (+/- PIP2)
(Figure 1B-C). We integrated those data and previous structures of KCNQ1 (-PIP2)?® and
KCNQ1-KCNE3 (+/- PIP2)*° with electrophysiology assays and molecular dynamics (MD)
simulations. Notably, we revealed that structures of active KCNQ1 and its KCNE1/3 complexes
feature a second PIP2-binding site, in addition to the one we previously reported®. Like
KCNE1%*, KCNE3, modifies the PIP2-binding affinity of KCNQ1, but to a different extent. The
lower affinity renders KCNQ1-KCNE3 more sensitive to PLC activation and GQPCR regulation
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than KCNQ1-KCNE1. Therefore, the KCNQ1-KCNE3 complex is a PIP2-gated channel,
regulated by GPCR signaling. Taken together, we reveal an unexpected channel regulation

80 mechanism where KCNQL1 functions as a predominantly voltage-gated or a PIP2-gated channel
by association with either KCNE1 or KCNE3 subunits, thus adapting to different cellular
contexts.

RESULTS

85  Structural characterization of KCNQ1 and KCNQ1-KCNE1/3 complexes

We set out to investigate structures of the KCNQ1-KCNE1 complex. Unlike KCNQ1-KCNE3%,
KCNQ1-KCNE1 does not form a stable complex in detergent solutions. To address this issue,
we introduced a cysteine mutation pair to their extracellular regions, as previously described®.
The resulting complex (KCNQ1"**°-KCNE1%*'“) showed biochemical stability and biophysical

90  properties nearly identical to the wild-type complex (Figures S1A-S1D), enabling structural
determination of this weakly associated complex (Figures S1E-S1G). The KCNQ1"%°°-
KCNE1"**¢ complex was stable during purification in the absence of reducing reagents, but they
did not appear to form a disulfide bond in the cryo-electron microscope (cryo-EM) structure
(Figure S1H).

95 Same as KCNQ1-KCNE3 (+/- PIP2) complexes®, we prepared samples in lipid nanodiscs?*3>3®

for cryo-EM characterization of human KCNQ1 (+PIP2) and KCNQ1-KCNEL1 (+/- PIP2) channel
complexes and obtained near-atomic resolution structures. The samples were frozen under
depolarization conditions, so voltage sensors are in the activated “up” state (Figures 1B—1C and
S1-S3). In all structures, calmodulin (CaM) binds to KCNQ1 at a 1:1 stoichiometry, as an
100  obligate structural component?®3°?” (Figures 1B and S1A; Table S1). Through comprehensive
3D classification of the KCNQ1-KCNEL1 (-PIP2) particles, we observed complexes with different,
up to 4:4, stoichiometry (Figure S3D), a topic of considerable debate in the field®*“3. Our
complex was purified in a detergent solution, which might not fully represent the native cellular

environment; nonetheless, our results support the possibility of a 4:4 stoichiometry***

105 Analyses of KCNQ1, KCNQ1-KCNE3, and KCNQ1-KCNEL1 structures (Figure S4) reveals
similarities in overall architecture. Transmembrane domains of KCNQ1 and KCNQ1-KCNE1/3
exhibit a classic domain-swapped architecture?®*#4, Binding of KCNE1/3 induces slight
clockwise rotations of the voltage sensor domain viewed from cytosol (Figure S4A), while pore
domains are nearly identical with a root mean square deviation (RMSD) less than 0.5 A. As

110  previously observed in the KCNQ1-KCNE3 complex?®, PIP2 binding to KCNQ1-KCNE1
promotes a transition in the KCNQ1 S6-HA helices from a bent (-PIP2) to a straight (+PIP2)
conformation (Figures 1B—1C and S4B). In contrast, KCNQL1 with PIP2 was captured in both
bent and straight conformations (Figure 1B), indicating that KCNE1/3 may facilitate the
conformational transition. The bent-to-straight shift correlates with significant pore dilation

115 (Figure S4C-S4D) and is expected to increase potassium permeation, providing a general
structural mechanism for the PIP2-dependent activation of KCNQ1 and its KCNE1/3 complexes.
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Like KCNE3?°, KCNE1 tucks its transmembrane helix within a cleft formed by three neighboring
KCNQ1 subunits (Figure S5A). In the KCNQ1-KCNE1 complex, the voltage sensors are
displaced slightly downward (Figure S5B), and packing between KCNE1 and KCNQL1 is looser

120 compared to KCNQ1-KCNE3 (Figures S5C-S5G). The looser packing aligns with the lower
biochemical stability of KCNQ1-KCNEL1 relative to KCNQ1-KCNE3. The interactions between
KCNE1 and KCNQ1, along with the comparison to KCNE3, are shown in detail in Figures S5B—
S5H.

125 A second PIP2 binding site in KCNQ1

A notable feature of the KCNQ1-KCNE1 complex is the presence of two PIP2-binding sites per
KCNQL1 protomer, adding up to eight PIP2 molecules in the entire channel complex (Figure 2A),
whereas only one PIP2 per protomer had been previously reported in the KCNQ1-KCNE3
complex®. The first PIP2 is bound near the turn between the S4 helix and the S4-S5 linker (Site

130 1) (Figure 2A). Site 1 is formed mainly by S4, S2-S3 and S4-Sb5 linkers of the voltage sensor
and by KCNE1 (Figures 2A and S6A-S6D) and is similar to the reported site in KCNQ1-
KCNE3?°. We also observed PIP2 bound to this position in KCNQ1 alone, in both bent and
straight conformations (Figures S6A-S6B); in the bent conformation, CaM also interacts with
PIP2.

135 The second PIP2-binding site in KCNQ1-KCNE1 is formed by the S4-S5 linker, S5, S6-HA
helices and KCNE1 (Site 2) (Figures 2A and S6E-S6H). The high-resolution structure of
KCNQ1-KCNEL1 with PIP2 enables a detailed examination of Site 2 (Figure 2A). The positively
charged binding pocket (Figure S6F) includes residues Val255, Phe256, and Arg259 from the
S4-S5 linker; 11e263 from S5; Lys362 and Arg366 from the S6-HA helix; and Ser64, Arg67,

140  Ser68, Lys69, Lys70 and His73 from KCNE1l. Many of the KCNQ1 residues are critical for
coupling the voltage sensor and pore domains?.

To explore the significance of PIP2-binding Site 2, we conducted mutagenesis followed by
electrophysiology and structural characterization. Mutations of key polar or positively charged
residues at Site 2 affect channel gating and/or current amplitude (Figures S7TA-S7F). We also

145  determined the cryo-EM structure of the KCNQ1"*** mutant with KCNE1, which shows reduced
current amplitude and right-shifted voltage-dependent activation (Figure 2B) and found that this
mutation prevented the formation of a stable straight conformation, trapping the channel in
intermediate states (Figures 2C—2D). A similar effect was observed with the KCNQ1"*°?—
KCNE1 mutant complex (Figures S7TF-S7G).

150  Our findings of the PIP2-binding Site 2 are consistent with previous work showing that mutations
near Site 2 significantly reduce KCNQ1-mediated currents without affecting voltage sensor
movement, regardless of KCNE1 presence%. Moreover, KCNE1 was shown to increase the
PIP2 binding affinity via basic residues from the cytosolic side of its transmembrane helix,
including Arg67, Lys69, and Lys70%, which contribute to PIP2-binding Site 2 in the structure

155  (Figure 2A). Together, we conclude that PIP2 binding at Site 2 is crucial for the conformational
transition to, and stabilization of, the straight state, which is required to facilitate the coupling
between the voltage sensor and pore domains for channel opening.
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Our findings on PIP2-binding Site 2 in KCNQ1-KCNE1 prompted us to reevaluate the presence
of this site in KCNQ1 and KCNQ1-KCNE3%. We first attempted to model PIP2 at Site 2 into the

160 cryo-EM densities (Figures 3A and S6E-S6F). By setting the contour level of cryo-EM densities
to the same level as Site 1, we identified potential PIP2 densities in activated KCNQ1-KCNE3
(EMD-20967)%°, which had been previously overlooked, and in the straight conformation of
KCNQL1. The bent conformation of KCNQ1 (+PIP2) lacks density at Site 2, suggesting that PIP2
binding at Site 1 alone is insufficient for KCNQ1 activation (Figures S4C-S4D). The interactions

165 between PIP2 at Site 2 and KCNQ1 or KCNQ1-KCNES3 are detailed and analyzed in Figures
S6E-S6F. Taken together, we conclude that each KCNQ1 or KCNQ1-KCNE1/3 protomer
accommodates two PIP2 molecules in the straight conformation.

Validation of the PIP2-binding sites

170  Coarse-grained Free Energy Perturbation (FEP) and MD simulations were conducted to validate
and estimate the binding affinity of PIP2 in both bent and straight conformations of KCNQ1, as
well as for KCNQ1-KCNE3 and KCNQ1-KCNEL1 in the straight conformation (Figures 3B and
S8A). In agreement with structural observations, PIP2 binds to KCNQ1 and KCNQ1-KCNE1/3
at Site 2 in the straight conformation, with varying levels of free binding energies (Figure 3B). In

175  contrast, KCNQL1 in the bent state showed significantly lower binding free energy, comparable to
the negative control Kv4.2, which is consistent with the absence of PIP2 density at Site 2
(Figure 3A). Simulations of PIP2 binding at Site 1 showed similar binding free energies across
all complexes and conformations (Figure 3B). The binding free energies, indicative of the
theoretical PIP2-binding affinities, suggests that Site 1 has a high affinity to PIP2, and that

180 KCNQI1-KCNE1 has a higher PIP2-binding affinity than KCNQ1 alone or KCNQ1-KCNE3 at
Site 2. This led us to speculate that the association with different KCNEs results in varied PIP2-
binding affinities and sensitivities in KCNQL1.

To test the hypothesis and support computational predications, we monitored the PIP2 dose-
dependent recovery of KCNQ1-KCNE3 and KCNQ1-KCNE1 channels from current rundown,

185 results of which were believed to be indicators of PIP2-binding affinities®® (Figures 3C-3D).
KCNQ1 and KCNQ1-KCNE1/3 complexes exhibit current rundown in excised membrane
patches®, likely due to PIP2 degradation or diffusion out of the membrane, and external PIP2
application could restore the potassium current in a dose-dependent manner. We found that
KCNQ1-KCNEL1 recovered more readily than KCNQ1-KCNES3, with apparent EC50 values of

190 3.22 UM and 25.32 uM (Figures 3C-3D), respectively. Furthermore, adding excess PIP2 to
excised membrane patches increased the maximum current of KCNQ1-KCNE3 channels
beyond their baseline levels but not of KCNQ1-KCNE1 channels (Figures 3C-3D). These data
suggest that the endogenous PIP2 concentration in the oocyte membrane is adequate to
activate KCNQ1-KCNE1 channels but insufficient to fully open KCNQ1-KCNE3 channels.

195  Combined with our previous findings that KCNE1 enhances the same EC50 of KCNQ1 by over
100-fold®, we conclude that KCNE1 and KCNE3 association lead to varying PIP2 sensitivities,
ranked as: KCNQ1-KCNE1 > KCNQ1-KCNE3 > KCNQL1 alone.

MD simulations indicate that residues like S64 and S68 in KCNE1 have higher contact
frequencies than their counterparts, G78 and S82 in KCNE3 (Figure S8B). Structurally, KCNE1
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200 appears to displace the PIP2 molecule at Site 2, leading to shorter distances between the PIP2
head group and the positive residues (K362 and R362) on the S6-HA helix (Figures S6E and
S6G), contacts with R539 of KCNQ1 that are absent in KCNQ1-KCNE3 complexes (Figures
S6G and S8D). These structural differences provided a plausible explanation to the observed
higher PIP2 affinity and sensitivity at Site 2 of KCNQ1-KCNEL1.

205
Sensitivity to Gg-coupled GPCR signaling

PIP2 is degraded by PLC upon Gg-coupled GPCR activation. Thus, in light of their different
PIP2 affinities and sensitivities, KCNQ1-KCNE1 or KCNQ1-KCNE3 complexes should display
diverse responses to GgPCR signaling (Figure 4A). To test this hypothesis, we co-expressed
210 Gag-coupled GPCR with KCNQ1 or KCNQ1-KCNE1/3 complexes in Xenopus oocytes. We
used M1R (muscarinic acetylcholine receptor M1), a predominantly Gaq protein-coupled
receptor”®, and measured channel activities before and after the application of M1R agonist
Oxotremorine-M (Oxo-M)*® (Figures 4A-4B and S9). Activation of M1R by Oxo-M reduced the
potassium currents of KCNQ1, KCNQ1-KCNE3, and KCNQ1-KCNE1 to approximately 6%,
215  18%, and 76%, respectively, of initial current amplitudes. In fact, we observed significant current
reduction for KCNQ1 and KCNQ1-KCNE3, but not for KCNQ1-KCNEL1, in response to the
basal activity*’ of M1R, without Oxo-M application (Figure 4B). These findings suggest that the
higher sensitivity of KCNQ1 and KCNQ1-KCNE channel complexes to Gg-coupled GPCR
signaling correlates with their lower apparent PIP2 affinity, observed in excised membrane
220 patches and MD simulations.

To quantitatively evaluate the sensitivity of KCNQ1 channel complexes to GPCR signaling, we
employed a PLC agonist m-3M3FBS* to mimic GqPCR activation and measured the current
inhibition of KCNQ1 and KCNQ1-KCNE1/3 channels (Figures 4C and S10). The IC50 values in
response to m-3M3FBS were determined to be 0.64 pM for KCNQ1, 1.42 pM for KCNQ1-

225 KCNE3, and 8.47 uM for KCNQ1-KCNE1. Notably, at the highest concentration of the PLC
agonist tested (100 uM), the KCNQ1-KCNEL1 current was not completely inhibited, as confirmed
by application of the KCNQL1 inhibitor XE991 (Figure 4C). This implies that a portion of the Ixs
current, conducted by KCNQ1-KCNE1 complexes in cardiac cells, could be resistant to GgPCR
regulation under physiological conditions.

230
DISCUSSION

In this study, we analyzed cryo-EM structures of KCNQ1, and KCNQ1-KCNE1/3 complexes
with and without PIP2, which revealed two distinct PIP2-binding sites within each KCNQ1
protomer (Figures 1 and 2A). Site 1 was shown to be regulated by membrane potential®. Site 2
235 s believed to be important for coupling voltage sensor and pore domains® and occupied when
KCNQL1 is in the straight conformation (Figure 3A). PIP2 binding at Site 2 is crucial for the
transition to and stabilization of the straight conformation (Figure 2C), and thus essential for
channel activation and ion conductance. Combining structural biology with MD simulations and
functional assays (Figures 3B—3D and 4), we further demonstrated that KCNE1 and KCNE3, by
240  contributing significantly to the formation of PIP2-binding Site 2, impart different PIP2 and
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GPCR sensitivities to KCNQ1. As a result, KCNQ1 operates as a PIP2-gated channel in non-
excitable cells with KCNE3 and as a predominantly voltage-gated potassium channel in
excitable cells with KCNEL. The distinct modulation of KCNQ1 channels by KCNE1 and KCNE3
offers valuable insights for developing targeted therapies for KCNQ1-related diseases. For

245  cardiac disorders involving KCNQ1-KCNE1 complexes, pharmacological tools specifically
targeting KCNE1 would be beneficial. In contrast, for cystic fibrosis associated with KCNQ1—
KCNE3 complexes, targeting Gg-coupled GPCR signaling pathways could be also effective as
KCNE3-specific compounds.

The PIP2 binding Site 2 is located at the interface between the voltage sensor and pore

250 domains, believed to facilitate their mechanical coupling. The site is formed by the S0-S1
segments of the voltage sensor domain and the S4-S5 linker, S5, and S6 segments of the pore
domain from the neighboring subunit (Figure S6F). PIP2 binding at Site 2 mediates the
interaction between these domains, inducing significant conformational changes, including the
formation of a continuous helix between S6 and HA and pore dilation (Figure S4, Movies S1-2).

255  The accessory subunits KCNE1 or KCNE3 displace the S0-S1 segment of the voltage sensor
domain, occupying its position in the PIP2 binding Site 2 (Figure S6F, Movies S3-4). Differences
in PIP2 coordination by KCNE1 and KCNE3 (Figures S6G-H, S8D) may account for variations
in PIP2 affinity at Site 2; however, these differences do not fully explain the differences in
voltage-dependent gating, which is likely a kinetic problem requiring further investigation.

260 KCNE1 and KCNE3 interact with PIP2 via conserved residues on the inner face of their
transmembrane helices. Given that all five human KCNE isoforms modulate KCNQ1 and
possess conserved PIP2-binding residues (Figure S5H), we speculate that all KCNQ1-KCNE
complexes should contain a second PIP2 binding site, with KCNESs interacting with PIP2 in a
comparable manner.

265  We propose a working model to illustrate the molecular mechanism underlying the cell-specific
regulation of KCNQ1 by KCNE1 and KCNE3 (Figure 5). Our research shows that KCNE1 and
KCNE3 tune the voltage- and lipid-dependent gating sensitivity of KCNQ1. In excitable cells,
KCNQ1 associates with KCNEL1 to form a channel complex that is voltage-dependent but less
responsive to Gg-coupled GPCR signaling. Indeed, it is well-established that KCNE1 modifies

270  the voltage-dependent gating of KCNQ1 by slowing its activation and deactivation kinetics,
thereby facilitating the Ixs current conduction in cardiac tissues’®. However, modulation of Ixs
current by GgPCR, manifesting a biphasic effect in overexpressed systems®, is seemingly
contradictory and has yet to be clarified in native cardiac systems?’*'** Additionally, the
movement of voltage sensor upon depolarization could disrupt PIP2 binding at Site 1%,

275 indicating that voltage-dependent gating might be able to override PIP2 regulation in excitable
cells. In non-excitable cells, KCNQ1 associates with KCNE3, forming a channel that remains
open under physiological membrane potentials®>®. The voltage-insensitive KCNQ1-KCNE3
channel complex is more susceptible to regulation by PIP2 degradation and GgPCR signaling.
Although the detailed mechanism underlying the differential voltage-dependent gating between

280 KCNE1 and KCNE3 requires further investigation, our structures provide a framework for future
functional and structural studies to elucidate these differences. Nevertheless, we provide a
novel molecular framework demonstrating how the multifunctional KCNQ1 channel adjusts its
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voltage and lipid dependences to fulfill diverse physiological roles across different tissues
through association with sequence-homologous KCNE subunits.

285 KCNE1/3 and PIP2 appear to synergistically regulate KCNQ1, a mechanism that may have
broad implications for ion channel modulation by KCNE subunits and PIP2. In KCNQ1,
KCNE1/3 facilitate PIP2 binding by contributing to the formation of the PIP2-binding pocket;
PIP2, in turn, enhances the interaction between KCNQ1 and KCNE1, as mutations in the PIP2-
binding site of KCNQ1 (KCNQ1%%*°) result in weaker cryo-EM density for KCNE1 (Figure S7F).

290 These findings suggest a co-modulatory mechanism in which KCNE subunits and PIP2 act as
mutual cofactors, each enhancing the other's ability to regulate ion channel function. This co-
modulatory mechanism may extend beyond KCNQL1 to other ion channels regulated by KCNEs
and PIP2. For example, the hERG channel is known to be modulated by both KCNE2%° and
PIP2°%, but the structural details of this regulation remain poorly understood. The concept of co-

295  modulation could provide a framework to address this gap, offering insights into the molecular
basis of such regulatory interactions. Moreover, this mechanism may apply to other ion
channels, including HCN, Kv1.2, Kv4, and probably TMEM16A, all of which have been reported
to be regulated by KCNE subunits®®® and PIP2%. This suggests that the co-modulation
mechanism by KCNEs and PIP2 could represent a widespread, yet previously underappreciated,

300 mechanism for fine-tuning ion channel activity.

Together, our work uncovers a novel paradigm of channel modulation whereby cell-specific
KCNE beta subunits alter the primary gating signals of KCNQ1, enabling it to fulfill diverse
physiological roles across various tissues. These molecular insights provide a deeper
mechanistic understanding of the functional plasticity of KCNQL, highlighting its ability to alter

305 sensitivity between two different gating signals: voltage and lipid. The foundational knowledge
establishes a basis for developing strategies to target ion channel regulation in a tissue-specific
manner, potentially leading to more precise therapeutic interventions for disorders linked to
KCNQL1 dysfunction.
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FIGURE LEGENDS
310 Figure 1: Structural and functional characterization of KCNQ1 and KCNQ1-KCNEs

A. Electrophysiological recording curves of KCNQ1 (black), KCNQ1-KCNE3 (red) and KCNQ1-
KCNEL1 (magenta) in oocytes. The G-V curve (upper panel) is plotted in the inset using the
same color code as the raw traces (lower panel). In lower panel, the left (black), middle (red)
and right (magenta) are representative electrophysiological traces of KCNQ1 wild type (WT),

315 KCNQ1-KCNE3, KCNQ1-KCNE1 complexes, respectively. Voltage steps are applied from
-100 mV to 60 mV for KCNQ1 and KCNQ1-KCNE3 at 10-mV increments, and -100 mV to
80 mV for KCNQ1-KCNE1 at 10-mV increments. Holding voltage is -80 mV for 0.5 s and tall
current was recorded at -40 mV for 2 s (n 210), All constructs used are wild-type full-length
proteins in the electrophysiology recording. B. Cryo-EM maps of KCNQL1 (left), KCNQ1-KCNES3

320 (middle) and KCNQ1-KCNEZ1 (right) in nanodiscs with the presence of PIP2. C. Cryo-EM maps
of KCNQ1, KCNQ1-KCNE3 and KCNQ1-KCNEL1 in nanodiscs with the absence of PIP2. In B—
C, KCNQ1, CaM, KCNE1 and KCNE3 are colored in blue, orange, magenta, and red
respectively. Overall resolutions of the cryo-EM maps are indicated. Constructs used for cryo-
EM analysis are described in the method session with N- and C-terminus loop truncation.

325
Figure 2: PIP2-binding sites in the KCNQ1-KCNE1 complex

A. PIP2-binding sites in the KCNQ1-KCNE1 complex. KCNQ1, KCNE1 and PIP2 are colored in
blue, magenta and black, respectively. Cryo-EM density with a ball-and-stick model of PIP2 are
shown for both sites. For Site 2, a zoom-in view of the PIP2-binding pocket with key residues
330 are displayed. B. Top: electrophysiology characterization of the KCNQ1**** mutation. I/lxcno1-
kener OF wild type (wt) and K362E mutation at 40mV is plotted as bar graphs (n>10, **: p £ 0.01).
Bottom: G-V curve of the wt (black) and K362E (red) mutation. Vy,, of wt and K362E are 31.42
mV and 57.18 mV, respectively. C. The conformational changes in the cytosolic domain of
KCNQ1 from bent to straight conformation upon PIP2 activation. The orientation changes of
335 cytosolic domain of KCNQl1 and CaM are indicated by red dashed circles. D. The
conformational changes in the cytosolic domain of KCNQ1%***-KCNE1 mutation in the
presence of PIP2. The cytosolic domains present different orientations within one complex.

Figure 3: PIP2-binding sites in KCNQ1 and KCNQ1-KCNE complexes

340 A. Cryo-EM density of two PIP2-binding sites in KCNQ1 bent, KCNQ1 straight, KCNQ1-KCNE3
straight, and KCNQ1-KCNE1 straight conformations. The two sites in each complex are
contoured at the same level. PIP2 molecules are modeled into Site 2 in the insets. B. CG-FEP
simulations results of the relative binding free energy of PIP2 to each binding site for the
complexes in A. We use the binding of Kv4.2 to PIP2 as a negative control for non-specific

345  binding, which has not been reported to bind PIP2. (mean + SEM, n=15). n stands for number of
FEP repeats. C-D. Measurement of KCNQ1-KCNEs recovery from current rundown by PIP2
titration and their EC50. Left: the represent current recovery trace at the PIP2 concentration
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near EC50. Right: curve fitting of the titration experiment with EC50 indicated. The Hill
coefficient was 1.35 and 2.21, respectively, for the KCNE3 and KCNE1 traces. Data are
350 presented as mean £ SEM, n =3.

Figure 4: Sensitivity of KCNQL1 and KCNQ1-KCNE complexes to GqPCR pathway

A. A cartoon showing the pathway that we reconstituted in Oocytes to test the sensitivity of
KCNQ1 and KCNQ1-KCNEs to GgPCR pathway. B. Normalized current of KCNQ1 and

355 KCNQI1-KCNE complexes in response to M1R activation by Oxo-M. Q1 alone, Q1E3, and
Q1E1 stands for KCNQ1, KCNQ1-KCNE3 and KCNQ1-KCNE1 complexes, respectively. M1R
represents the Gg-coupled muscarinic acetylcholine receptor M1. Oxo-M is an agonist of M1R.
ns: no significant differences; ****; p < 0.0001, n is the number of oocytes recorded. For KCNQ1
and KCNQ1-KCNE1 groups, n = 10. For the KCNQ1-KCNE3 group, n 2 6; C. Curve fitting of

360 the PLC agonist titration experiments in Figure S10 with IC50 indicated. PLC agonist failed to
inhibit the KCNQ1-KCNE1 completely with 100 mM agonist. A complete inhibition of the
KCNQ1-KCNE1 was indicated using a KCNQ1 inhibitor, XE991 (red data dot). Data are
presented as mean + SEM, n = 5. Hill co-efficient of the curves are -1.814 for KCNQ1, -0.7389
for KCNQ1-KCNE3, and -1.724 for KCNQ1-KCNEL1.

365
Figure 5: Working model of the cell-specific regulation of KCNQ1

KCNQ1 can form complexes with KCNE1 and KCNE3, and these complexes are activated by
voltage and lipid signals with varying sensitivities in a tissue-specific manner. The KCNQ1-
KCNE1 complex is predominantly voltage-gated and maintains its function in excitable cells,
370  such as nerve and muscle cells, due to its resistance to PIP2 degradation and GgPCR signaling.
Conversely, the KCNQ1-KCNE3 complex is voltage-insensitive and remains constitutively open
under physiological conditions, facilitating potassium conduction in non-excitable cells, like
epithelial cells, but is more susceptible to GgPCR signaling regulation due to its lower PIP2-
binding affinity. PIP2 affinities are qualitatively indicated by color indicators with a pointer for
375  different channels. Cryo-EM structures of the underlined states are available.

Figure S1: Structural determination of KCNQ1-KCNEL1 in the presence of PIP2

A. Expression, purification and reconstitution of KCNQ1"**°-KCNE1**® complexes in
nanodiscs using MSP2N2 as the membrane scaffold. The SDS-PAGE lane of the purified
380 complex is shown. B. Representative electrophysiological recordings of KCNQ1-KCNE1 wt
(black) and cysteine mutation pair (red) in different reducing (green) and oxidizing (blue)
conditions. The voltage step applied from -100 mV to + 80 mV at 10-mV increments. Holding
potential is -80 mV and tail current record at - 40 mV. C. The G-V curves with the same color
code of the recordings in panel (B). The Vi, of each condition is indicated. D. The current
385 amplitude of the recordings in panel (B) at 40 mV. Data are presented as mean + SEM, n = 5.
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*** p < 0.001; ***: p < 0.0001; ns: not significant. E. A brief flow chart of the structure

determination process. The local resolution map, angular distribution and resolution FSC at

0.143 curves are shown. F. Local cryo-EM density of PIP2 molecules and key secondary

structures of KCNQ1 and KCNE1. G. Model-to-Map FSC of the KCNQ1-KCNE1 complex. H.
390  Modeling of 1145C of KCNQ1 and K41C of KCNE1 with nearby cryo-EM density shown.

Figure S2: Structural determination of KCNQ1 in the presence of PIP2

A. A brief flow chart of the cryoEM structure determination procedure. The local resolution maps
are also shown. B—C. Angular distribution (left) and resolution Fourier shell correlation (FSC)

395 (right) at 0.143 of the straight conformation (B) and bent conformation (C) reconstructions. D.
Model-to-Map FSC of the straight (left) and bent (right) conformations. E—F. Cryo-EM density of
key secondary structures of KCNQ1 and PIP2 molecules in straight (E) and bent (F)
conformations, respectively.

400 Figure S3: Structural determination of KCNQ1-KCNEL1 in the absence of PIP2

A. A brief flow chart of the structural determination protocol for KCNQ1-KCNE1 complexes in
nanodiscs without PIP2. B. Cryo-EM density of key secondary structures of KCNQ1 and KCNEL1.
C. The FSC curve between cryo-EM map and structural model. D. 3D classes and maps of
KCNQ1:KCNE1 in different stoichiometry (from 4:4 to 4:1). The cartoon models of KCNQ1 and

405 KCNEL1 are colored in blue and magenta, respectively. The cryo-EM density is colored in
transparent blue.

Figure S4: Structural comparison between KCNQ1 and KCNQ1-KCNE1/3

A. The rotation of voltage sensor domains introduced by binding of KCNE subunits viewed from

410 the cytosol side. KCNQ1, KCNQ1-KCNE3, and KCNQ1-KCNEL1 are colored in grey, blue and
magenta, respectively. Structures are aligned to the pore domains of KCNQ1. B. PIP2-caused
bent-to-straight transition of KCNQl and KCNQ1-KCNE1/3 complexes. C-D. The ion
conductance path (C) and pore radius (D) plotted using the HOLE program.

415  Figure S5: Structural comparison between KCNQ1-KCNE1 and KCNQ1-KCNE3

A. Binding pocket of KCNE1 (magenta) and KCNE3 (red) in KCNQ1 in both bent and straight
conformations. B. Alignment of KCNQ1-KCNE1 (blue and magenta) and KCNQ1-KCNE3 (grey)
by S4-S5 linker and S5 to show the relative displacement of the pore domain upon KCNE
binding. C-G. Detailed interactions between KCNQ1l and KCNE1/3 side by side. Three
420 neighboring KCNQ1 subunits are colored in cyan, green and pink, respectively. KCNE1 and
KCNE3 are colored in magenta and red, respectively. PIP2 binding sites are indicated by
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dashed circles. H. Sequence alignment between KCNEs. The transmembrane helix is
highlighted in yellow. Key residues involving in PIP2 site 2 are labelled with red dots.

425  Figure S6: PIP2-binding sites in KCNQ1 and KCNQ1-KCNE complexes

A-D. PIP2-binding pockets at Site 1 in KCNQ1 (+PIP2, bent) (A), in KCNQ1 (+PIP2, straight)
(B), KCNQ1-KCNE3 (+PIP2, straight) (C), and KCNQ1-KCNE1 (+PIP2, straight) (D). E. PIP2-
binding pockets at Site 2 (from left to right) in KCNQ4 (PDB 7VNP)**, KCNQ1 (+PIP2, straight),
KCNQ1-KCNE3 (+PIP2, straight), and KCNQ1-KCNE1 (+PIP2, straight). Here KCNQ4 was
430 used for comparison, for its structure revealed two similar PIP2 binding sites. F. Atomic details
of the PIP2-binding site 2 in KCNQ1 (+PIP2, straight), KCNQ1-KCNES3 (+PIP2, straight), and
KCNQ1-KCNE1 (+PIP2, straight) from left to right. Inset: electrostatic surface representation of
the binding pocket. Key residues show different contact frequency in KCNEs based on MD
simulations are underlined with bold fonts. G. Structural alignment of PIP2-binding Site 2
435  between KCNQ1-KCNE1 (blue, magenta and black) and KCNQ1-KCNE3 (grey). The shortest
distances between PIP2 and C-alpha of K362 and R366, and between PIP2 and D537 and 1542
are shown. D537 and 1542 are the two resolved residues to indicate the distance between PIP2
and R539, which was not resolved in our cryo-EM structure. H. Comparison between KCNQL1,
KCNQ1, KCNQ1-KCNE1 and KCNQ1-KCNES3, which shows the different voltage sensor
440  displacement upon PIP2 binding at Site 2.

Figure S7: Structural and functional characterization of mutations at Site 2

A-D. Current amplitude and G-V curve of Site 2 mutations with or without KCNE1. A: KCNQ1
R259Q/E; B: KCNQ1 K362Q/E; C: KCNQ1 R366Q/E; D: KCNE1 R67Q, K69Q, R67Q+K69Q,

445 and S68E. The bar graphs are plotted using currents recorded at 40 mV. Statistical
significances are annotated as follows: ns: p > 0.05, not significant; *; p < 0.05; **: p < 0.01; ***;
p <0.001; ****; p < 0.0001. For all experiments in Figures S7A-D, n = 10. E. Current amplitude
changes in Site 2 when KCNE3 mutations are introduced at corresponding residues as KCNEL1.
Same statistical significance annotation is used as in Figures S7A-D, n=8. F. Structural

450  determination of KCNQ1"***?—-KCNE1 complexes in PIP2 nanodiscs. Similar procedure was
used for KCNQ1*®** _KCNE1. The structures indicated by colored hexagons are used for
comparison in structural comparison in (G). G. Structure comparison between the KCNQ1%¢%_
KCNE1 mutation and the wild type. The cytosolic domain orientation is indicated by a red
dashed circle. Structures are filtered to 20 A for comparison.

455
Figure S8: MD simulation of PIP2 binding

A. RMSD of PIP2 in Sites 1 and 2, indicating the stability of the PIP2 molecule in its binding site.
B. Contact frequency of key residues in KCNE1 and KCNE3 to the PIP2 molecule bound in Site
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2. C-D. Contact frequency of key residues in KCNQL1 to the PIP2 molecule bound Sites 1 and 2.
460 Data are plotted as mean £ SEM, n = 12 (4 PIP2 molecules for each channel with 3 repeats).

Figure S9: GPCR activation and KCNQ1-KCNEL1 current

A. Raw traces of KCNQ1-KCNEL1 in response to different concentrations of Oxo-M treatment.
Traces are colored with the same color codes used in (B) and (C). For KCNQ1-KCNE1, raw

465  traces recorded from -100 mV to +80 mV at 10-mV increments, for KCNQ1 and KCNQ1-
KCNES3, raw traces recorded from -100 mV to +60 mV at 10-mV increments. B. The current
traces at 40 mV upon application of different concentrations of Oxo-M. C. The G-V curve of
KCNQ1-KCNEL1 in the presence of different concentrations of Oxo-M. The Vy,, are indicated.
Data are plotted as mean + SEM, n >3.

470
Figure S10: Representative traces of PLC titration and channel inhibition

A. Representative raw traces of KCNQ1-KCNE1 channel activity in response to varying
concentrations of m-3M3FBS. Traces are color-coded, with consistent color usage in panels B
and C. Voltage steps were applied from -100 mV to 80 mV in 10 mV increments. B.

475  Conductance-voltage (G-V) curve for KCNQ1-KCNEL in the presence of different m-3M3FBS
concentrations. Data are presented as mean + SEM, with n >6. C. Current traces recorded at 40
mV with the application of various m-3M3FBS concentrations. D. Raw traces depicting KCNQ1—
KCNE3 channel responses to different m-3M3FBS concentrations. Traces are color-coded, with
the same colors used in panel E. Voltage steps were applied from -100 mV to 60 mV in 10 mV

480 increments. E. Current traces at 40 mV with the application of m-3M3FBS at different
concentrations. F. Representative raw traces of KCNQ1 channels alone under varying
concentrations of m-3M3FBS. Consistent color-coding is maintained in panels g and h. Voltage
steps were applied from -100 mV to 60 mV in 10 mV increments. G. G-V curve for KCNQL1 in
the presence of different m-3M3FBS concentrations. Data are presented as mean + SEM, with

485 n > 6 experiments. H. Current traces recorded at 40 mV upon application of varying
concentrations of m-3M3FBS.

Movie S1: Site 2 PIP2-induced conformational change of KCNQZ1 at the protomer level

490 Movie S2: Site 2 PIP2-induced conformational change of KCNQ1 at the pore region

Movie S3: PIP2-binding site remodeling by KCNEL1
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Movie S4: PIP2-binding site remodeling by KCNE3

495
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Table S1: Cryo-EM data collection, refinement and validation statistics

KCNQ1-KCNE1 KCNQ1-KCNE1 KCNQ1 (+PIP2)
(PIP2-free) (+PIP2) Bent Straight
(EMDB-XXXX) (EMDB-XXXX) (EMDB-XXXX) (EMDB-XXXX)

(PDB XXXX) (PDB XXXX) (PDB XXXX) (PDB XXXX)
Data collection and processing
Magnification 130,000 130,000 130,000
Voltage (kV) 300 300 300
Electron exposure (e /A% 51.18 52.47 52
Defocus range (um) 0.5~2.0 0.5~2.0 0.6~1.8
Pixel size (A) 0.6485 0.6485 0.6485
Symmetry imposed C4 C4 C4
Initial particle images (no.) 2,190,512 1,525,191 1,984,244 1,984,244
Final particle images (no.) 148,708 110,909 93,105 283,225
Map resolution (A) 2.7 3.9 3.8 3.7
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 2.5-30 2.5-30 2.5-30 2.5-30
Refinement
'('I‘D'g%' L"o%dee)' used 6v00 6v01 6uzz 6v01
Model resolution (A) 3.05 4.05 3.93 3.78
FSC threshold 0.5 0.5 0.5 0.5
Model resolution range (A) 2.5-30 2.5-30 2.5-30 2.5-30
Map sharpening B factor (AZ) -108 -203 -145 -174
Model composition
Non-hydrogen atoms 31160 16180 29180 13228
Protein residues 2088 2200 1984 1900
Ligands CA: 8 PT5: 8, CA: 8 PT5: 4, CA: 8 PT5: 8, CA: 8
B factors (A%
Protein 55.42 55.95 31.16 26.28
Ligand 63.50 86.06 29.15 19.78
R.m.s. deviations
Bond lengths (A) 0.01 0.003 0.004 0.003
Bond angles (°) 0.659 0.585 0.538 0.516
Validation
MolProbity score 1.48 1.60 1.34 1.36
Clashscore 5.74 9.16 3.91 5.98
Poor rotamers (%) 0.00 0.00 0.00 0.00
Ramachandran plot
Favored (%) 97.07 97.43 97.08 97.85
Allowed (%) 2.93 2.57 2.92 2.15
Disallowed (%) 0.00 0.00 0.00 0.00



https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

DATA AVAILABILITY

Material availability
500 Plasmids generated in this study are available upon request.
Data and code availability

All tpr files associated with MD simulations in this study are available through this link at Zenodo
(https://zenodo.org/records/14632060). The cryo-EM maps of KCNQ1(+PIP2) and KCNQ1-
KCNE1 (+/- PIP2) have been deposited in the Electron Microscopy Data Bank under the

505 accession codes EMD-xxxxx (KCNQ1 with PIP2, bent), EMD-xxxxx (KCNQ1 with PIP2, straight),
EMD-xxxxx (KCNQ1-KCNE1, bent) and EMD-xxxxx (KCNQ1-KCNEL1 with PIP2, straight). The
corresponding coordinates have been deposited in the Protein Data Bank under the accession
codes XXXX, XXXX, XXXX and XXxX.
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MATERIALS AND METHODS
Cell lines

Sf9 cells were cultured in Sf-900 | SFM medium (GIBCO) at 27°C. HEK293S GnTlI- cells were
540  cultured in Freestyle 293 medium supplemented with 2% fetal bovine serum at 37°C.

Protein expression and purification

Construct design, protein expression and purification, nanodisc reconstitution for KCNQ1 and
KCNQ1-KCNE1 complexes followed the same protocol as the previous KCNQ1-KCNE3
study®®, with KCNE1 replacing the KCNE3. Briefly, N- and C-terminus loop of KCNQ1 are
545  truncated for stability, resulting a construct including residues 76-620. For protein purification
and monitoring, KCNQ1 is tagged with C-terminal GFP and KCNEL1 is tagged with N-terminal
mCherry tag. 1145C and K41C mutations were introduced to KCNQ1 and KCNEL, respectively,
for KCNQ1-KCNEL1 stabilization and purification. The KCNQ1 and KCNE1 (Homo sapiens:
NP_000210.2) coding cDNA were synthesized by Genewiz, Azenta Life Sciences.

550 Cryo-EM sample preparation and data collection

Cryo-EM grids were prepared using a Vitrobot Mark IV (FEI). Quantifoil R1.2/1.3 holey carbon
gold grids (400 mesh) were glow-discharged for 30 seconds. The concentrated protein sample
was mixed with 120 mM Fos-Choline-8 at a volume ratio of 1:50 immediately before applying to
the grid and vitrification. In the case of KCNQ1-KCNEZ1 (+/- PIP2), 3.5 pL of ~3.3 mg/mL protein

555  sample was applied to each grid, which were double-blotted for 5 seconds under blot force 0 at
100% humidity and 16 °C, then vitrified by plunging into liquid ethane cooled by liquid nitrogen.
For KCNQ1 (+PIP2) sample preparation, 3.5 uL of ~3.5 mg/mL protein sample was applied to a
same vitrification protocol as KCNQ1-KCNEL1 (+/- PIP2).

All datasets were acquired on 300 keV Titan Krios microscope (FEI) equipped with a K3 direct

560 electron detector (Gatan) using EPU software with magnification of 130,000. Data collection
was conducted in super-resolution mode with pixel size of 0.6485 A. For data collection of
KCNQ1-KCNEL1 (-/+PIP2) and KCNQ1 (+PIP2), images were recorded with a defocus range of
-0.5 to —2.071uym. Data were collected at a dose rate of ~10.8 to ~15.8 e/frame/s with images
captured over 50 frames.

565 Image processing and 3D reconstruction

Image stacks were gain-normalized and corrected for beam-induced motion using MotionCor2%.

The contrast transfer function parameters were estimated from motion-corrected summed

images without dose-weighting using CTFFIND4%®. All subsequent processing steps were

performed on motion-corrected, dose-weighted summed images. The data process was carried
570  outin CryoSPARC (version 4.6.2)%” and RELION®.

KCNQL1KCNEL (-PIP2) data processing was performed in CryoSPARC. 2D classification was
conducted to remove junk particles. ~715k particles were sorted out through Ab-Initio
Reconstruction and Heterogeneous Refinement with C1 symmetry. Non-uniform refinement
generated a map for KCNQ1-KCNE1 with C4 symmetry. Due to the various stoichiometry of
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575 KCNQ1 and KCNE1, heterogeneity limits the local resolution of KCNE1. To solve this issue,
KCNQ1-KCNE1 map was processed in ChimeraX®® with volume eraser to remove KCNELX.
Finally, various stoichiometry of KCNE1 to KCNQ1 maps were produced and used as initial
volumes. Another round of Heterogeneous Refinement successfully sorted out particles with
KCNQ1-KCNE1 stoichiometry of 4:4. Non-uniform refinement was performed with C4 symmetry

580 to generate the final map.

Data processing of KCNQ1-KCNEL1(+PIP2) was similar with KCNQ1-KCNEL(-PIP2), while
KCNQ1-KCNE1(+PIP2) particles of stoichiometry of 4:4 were sorted out through 3D
classification in CryoSPARC. Then particles were extracted to RELION through pyem™. ~111k
particles were subjected to 3D auto-refine with C4 symmetry. A mask was generated in RELION

585  excluding HD helix and micelle and input to local 3D auto-refine. After postprocess, map was
generated with an overall resolution of ~3.9 A.

For data process of KCNQ1 (+PIP2), good particles were classed out after 2D classification. 6

initial volumes were generated from Ab-Initio Reconstruction and were used as an input for

Heterogeneous Refinement to sort out particles with different conformations. KCNQ1 (+PIP2)
590 bent and straight conformations were confirmed and refined to near-atomic resolution.

Structural refinement and model building

Models were built in Coot™. Initially, KCNQ1-KCNE3 bent (PDB 6V00), KCNQ1-KCNES3 straight
(PDB 6V01), KCNQ1 bent (PDB 6UZZ) and KCNQ1 of KCNQ1-KCNE3 straight (PDB 6V01)
were docked into the cryo-EM maps of KCNQ1-KCNE1 bent, KCNQ1-KCNE1 (+PIP2) straight,
595 KCNQ1 (+PIP2) bent and KCNQL1 (+PIP2) straight, respectively. Manual rebuilding was then
conducted using Coot. The KCNE3 main chain was used as an initial model for building KCNE1
into KCNQ1-KCNEL1 electron density map. PIP2 molecules were generated as CIF files by the
phenix.eLBOW " and imported as PT5 during model building in Coot. The structural model was
iteratively refined using phenix.real_space_refine” with secondary structure restraints and
600 checked in Coot. The quality of the structures was assessed using the MolProbity server’.

The pore radii were calculated using HOLE™. Figures were created using PyMOL (The PyMOL
Molecular Graphics System, Version 2.6.0 and 3.1.1, Schrédinger, LLC) and UCSF Chimera’®.
The electrostatic representations in all figures were calculated using the PyMOL-APBS Plugin”’.

Coarse-grained free energy perturbation (CG-FEP)

605 The side chains and hydrogen atoms of KCNQ1, KCNQ1-KCNE1, and KCNQ1-KCNE3 in
complex with CaM, both in bent and straight conformations, were modeled using SwissModel™
based on the cryo-EM structures described in the manuscript. Kv4.2 (PDB 7UK5)™ served as a
negative control for non-specific binding in our study. The initial PIP2 binding site on Kv4.2 is
obtained by aligning the pore domain of Kv4.2 to the pore domain of the KCNQ1 channel. The

610  structural data was transformed from an all-atom representation to a coarse-grained model
utilizing martinize.py®. Subsequently, the protein was embedded within a 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) lipid bilayer and solvated in 0.15 M NaCl with coarse-
grained water particles using insane.py®’. This process yielded a simulation box measuring 13 x
13 x 13 nm?®, containing approximately 22,000 coarse-grained particles. For all simulations

615  conducted in this study, the Martini 2.3 force field was employed.
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Simulations were performed using GROMACS 2021.3%?, employing the V-rescale®® thermostat
for temperature coupling and the Parrinello-Rahman barostat®® for semi-isotropic pressure
control. The system's temperature was maintained at 323 K, and the pressure kept at 1 bar in
the xy plane. In this study, a positional restraint force of 1000 kJ mol™ nm? was applied to the

620  protein backbone. Energy minimization was conducted using the steepest descent algorithm
with an energy threshold of 1000 kJ mol™ nm™. The system was then equilibrated for 50 ns prior
to CG-FEP calculation.

In the CG-FEP calculation, the coarse-grained PIP2 molecules were then placed in the binding
site based on the cryo-EM structure and equilibrated for a further 500 ns. In the simulation with
625 Kv4.2, the additional 500 ns equilibration was omitted to prevent PIP2 from diffusing away from
the binding site. The PIP2 headgroup was alchemically transformed into other PC using an
approach similar to the previous study®® to assess the role of PIP2 during the conformational
transition. This was done in chemical space with A as a coordinate parameter. All
transformations were performed separately in both bound states and in bulk bilayer to create
630 complete thermodynamic cycles. In this study, each transformation was split into 15 windows
where Coulombic and Van der Waals interactions were transformed separately along the A co-
ordinate, with soft-core parameters (a = 0.5 and o = 0.3) for both interactions. Coulombic
interactions' A parameter was perturbed linearly in the first 9 windows remains at one until the
end (A = 0.00, 0.10, 0.20, ..., 1.00), while Van der Waals interactions’ A parameter was
635 perturbed linearly started from the sixth window toward the final window (A = 0.00 ... 0.00, 0.10,
0.20, ..., 0.90, 1.00). Energy minimizations were performed with the steepest descent algorithm
for 200 steps. 15 independent production simulations with randomized initial velocities were
then run using leap-frog stochastic dynamics integrator to 12 ns per window, where the first 2 ns
were discarded as equilibration. Using the alchemical-analysis software package, we
640 constructed free energy pathways from individual simulation windows with Multistate Bennett
Acceptance Ratio (MVBAR)®.

All-atom MD simulations

Structures were then converted from coarse-grained to all-atom representation using CG2AT2%'.

Specifically, H73 on KCNE1 was protonated to reflect its binding in the previous study®. The
645  system was then energy minimized using steepest-descent algorithm for 5000 steps and then

equilibrated for 10 ns with a restraint of 1000 kJ mol™ nm™ on the Ca atoms. All simulation

temperatures were maintained at 310K using a v-rescale thermostat and at 1 bar semi-isotropic

pressure coupling using a c-rescale barostat®. Three 500 ns production simulations for each

conformation were conducted with different randomized initial velocities. All all-atom simulations
650 were performed using GROMACS 2021.3 with the CHARMM36m forcefield.

PIP2 titration using inside-out patch clamp electrophysiology

Inside-out patch clamp experiments were performed at room temperature using an Axon 200 B
amplifier and an Axon™ Digidata 1500 B digitizer. Pipette resistance was maintained between
0.5 and 1.5 MQ. For KCNQ1-KCNE1 channels, the pipette solution comprised (in mM): 140
655 KOH, 5 EGTA, 2 KClI, and 20 HEPES, with pH adjusted to 7.2 using NaOH. The pipette solution
for KCNQ1-KCNE3 channels included (in mM): 96 NaCl, 2 KCI, 1.8 CaClI2, 1 MgClI2, and 5
HEPES, with pH adjusted to 7.4 using NaOH. The internal solution contained (in mM): 140 KOH,
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5 EGTA, 2 KCI, 20 HEPES, and 5 Mg-ATP, with pH set to 7.2 using NaOH. PIP2 (Echelon, P-
4508) was dissolved in the internal solution, stored at -80°C, diluted to working concentration,

660 and sonicated prior to use. For KCNQ1-KCNEL1 channels, the protocol involved holding at -80
mV, a test potential of +40 mV, and a return to -80 mV. For KCNQ1-KCNE3 channels, the
protocol used a holding potential of -60 mV, a +40-mV depolarization, and a return to -60 mV.
Data analysis was performed using Clampfit 11.2.

GPCR sensitivity and mutation analysis in oocytes

665 Channel expression in Xenopus oocytes: Stage V or VI oocytes were obtained from Xenopus
laevis by laparotomy in accordance with the protocol approved by the Washington University
Animal Institute Animal care and Use Committee Office. Oocytes were digested by collagenase
(0.8 mg/mL, Sigma-Aldrich, MO) and injected with channel cRNAs (Drummond Nanoject, PA).
Each oocyte was injected with 9.2 ng WT or mutant KCNQ1. For experiments with KCNE1 or

670 KCNES3 expressions in Figures 1A, 2B, S1B, S7A-D and S10, KCNQ1 and KCNE1 or KCNE3
were co-injected at 4:1 (KCNQ1/KCNE1 mutants: KCNE1) and 2: 1 (KCNQ1/KCNQ1 mutants:
KCNE3/KCNE3 mutants) mass ratio, respectively. For experiments with M1R expression in
Figure 4B and S9, M1R was co-injected at 10:1 (KCNQ1-KCNE1/3: M1R). Injected oocytes
were incubated in ND96 solution (96 mM NacCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 1 mM

675 MgCl,, 5 mM HEPES) supplemented with 2.5 mM CH3;COCO,;Na, and 1:100 penicillin-
streptomycin (pH 7.6) at 18 °C for 2-4 days before recording.

Two-electrode voltage clamp: Microelectrodes were pulled with borosilicated glass (B150-117-
10, Sutter Instrument, CA) with a micropipette puller (P-1000, Sutter Instrument, Novato, CA) to
a resistance of 0.3 — 3 MQ when filled with 3M KCI solution and submerged in ND96 solution at

680 room temperature. Whole-cell currents were recorded with a GeneClamp 500B amplifier (Axon
instrument, CA) driven by Patchmaster (HEKA, Holliston, MA). To avoid aliasing, the device
applied a low-pass filter to the measured currents at 2 kHz. In drug application experiments,
involving m-3M3FBS (Sigma Aldrich, MO), Oxo-M (Tocris Bioscience, Bristol), and
XE991(Sigma Aldrich, MO), appropriate amount of stock drug was directly added to the bath

685  solution by a manual pipette to the desired final concentration. The recording chamber was
thoroughly rinsed with 70% ethanol the deionized water after each experiment involving drug
application.

Data analysis: Conductance-voltage (GV) relationship was conducted by measuring the
instantaneous tail currents following test pulses, which were normalized to the maximum talil
690 current and fitted with the Boltzmann function in the form of:

G(V) =[1+exp (-Vs - (V-V12)*

where V is the test voltage, Vs is the slope, and Vi, is the voltage at half of maximum Gmax.


https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES
1. Abbott, G.W., Tai, K.K., Neverisky, D.L., Hansler, A., Hu, Z., Roepke, T.K., Lerner, D.J.,
695 Chen, Q., Liu, L., Zupan, B., et al. (2014). KCNQ1, KCNE2, and Na+-coupled solute

transporters form reciprocally regulating complexes that affect neuronal excitability. Sci
Signal 7, ra22. 10.1126/scisignal.2005025.

2. Preston, P., Wartosch, L., Gunzel, D., Fromm, M., Kongsuphol, P., Ousingsawat, J.,

Kunzelmann, K., Barhanin, J., Warth, R., and Jentsch, T.J. (2010). Disruption of the K+
700 channel beta-subunit KCNE3 reveals an important role in intestinal and tracheal CI-
transport. J Biol Chem 285, 7165-7175. 10.1074/jbc.M109.047829.

3. Manderfield, L.J., and George, A.L., Jr. (2008). KCNE4 can co-associate with the I(Ks)
(KCNQ1-KCNE1) channel complex. FEBS J 275, 1336-1349. 10.1111/j.1742-
4658.2008.06294 .x.

705 4. Kunzelmann, K., Bleich, M., Warth, R., Levy-Holzman, R., Garty, H., and Schreiber, R.
(2001). Expression and function of colonic epithelial KvLQT1 K+ channels. Clin Exp
Pharmacol Physiol 28, 79-83. 10.1046/j.1440-1681.2001.03407 .x.

5. Grahammer, F., Herling, A.W., Lang, H.J., Schmitt-Graff, A., Wittekindt, O.H., Nitschke, R.,

Bleich, M., Barhanin, J., and Warth, R. (2001). The cardiac K+ channel KCNQ1 is
710 essential for gastric acid secretion. Gastroenterology 120, 1363-1371.
10.1053/gast.2001.24053.

6. Schroeder, B.C., Waldegger, S., Fehr, S., Bleich, M., Warth, R., Greger, R., and Jentsch,
T.J. (2000). A constitutively open potassium channel formed by KCNQ1 and KCNES3.
Nature 403, 196-199. 10.1038/35003200.

715 7. Barhanin, J., Lesage, F., Guillemare, E., Fink, M., Lazdunski, M., and Romey, G. (1996).
K(V)LQT1 and IsK (minK) proteins associate to form the I(Ks) cardiac potassium current.
Nature 384, 78-80. 10.1038/384078a0.

8. Sanguinetti, M.C., Curran, M.E., Zou, A., Shen, J., Spector, P.S., Atkinson, D.L., and

Keating, M.T. (1996). Coassembly of K(V)LQT1 and minK (IsK) proteins to form cardiac
720 I(Ks) potassium channel. Nature 384, 80-83. 10.1038/384080a0.

9. Jespersen, T., Grunnet, M., and Olesen, S.P. (2005). The KCNQ1 potassium channel:
from gene to physiological function. Physiology (Bethesda) 20, 408-416.
10.1152/physiol.00031.2005.

10. Yu, X.X,, Liao, M.Q., Zeng, Y.F., Gao, X.P., Liu, Y.H., Sun, W., Zhu, S., Zeng, F.F., and

725 Ye, Y.B. (2020). Associations of KCNQ1 Polymorphisms with the Risk of Type 2 Diabetes
Mellitus: An Updated Meta-Analysis with Trial Sequential Analysis. J Diabetes Res 2020,
7145139. 10.1155/2020/71451309.

11. Lubberding, A.F., Juhl, C.R., Skovhoj, E.Z., Kanters, J.K., Mandrup-Poulsen, T., and

Torekov, S.S. (2022). Celebrities in the heart, strangers in the pancreatic beta cell:

730 Voltage-gated potassium channels K(v) 7.1 and K(v) 11.1 bridge long QT syndrome with
hyperinsulinaemia as well as type 2 diabetes. Acta Physiol (Oxf) 234, e13781.
10.1111/apha.13781.

12. Nakano, Y., and Shimizu, W. (2016). Genetics of long-QT syndrome. J Hum Genet 61, 51-
55. 10.1038/jhg.2015.74.

735 13. McCrossan, Z.A., and Abbott, G.W. (2004). The MinK-related peptides.
Neuropharmacology 47, 787-821. 10.1016/j.neuropharm.2004.06.018.

14. Roura-Ferrer, M., Sole, L., Oliveras, A., Dahan, R., Bielanska, J., Villarroel, A., Comes, N.,
and Felipe, A. (2010). Impact of KCNE subunits on KCNQ1 (Kv7.1) channel membrane
surface targeting. J Cell Physiol 225, 692-700. 10.1002/jcp.22265.

740 15. Van Horn, W.D., Vanoye, C.G., and Sanders, C.R. (2011). Working model for the
structural basis for KCNE1 modulation of the KCNQ1 potassium channel. Curr Opin Struct
Biol 21, 283-291. 10.1016/j.sbi.2011.01.001.


https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

16. Sesti, F., and Goldstein, S.A. (1998). Single-channel characteristics of wild-type IKs

channels and channels formed with two minK mutants that cause long QT syndrome. J
745 Gen Physiol 112, 651-663. 10.1085/jgp.112.6.651.

17. Yang, Y., and Sigworth, F.J. (1998). Single-channel properties of IKs potassium channels.
J Gen Physiol 112, 665-678. 10.1085/jgp.112.6.665.

18. Barro-Soria, R., Perez, M.E., and Larsson, H.P. (2015). KCNES3 acts by promoting voltage
sensor activation in KCNQ1l. Proc Natl Acad Sci U S A 112, E7286-7292.

750 10.1073/pnas.1516238112.

19. Barro-Soria, R., Ramentol, R., Liin, S.l., Perez, M.E., Kass, R.S., and Larsson, H.P.
(2017). KCNE1 and KCNE3 modulate KCNQ1 channels by affecting different gating
transitions. Proc Natl Acad SciU S A 114, E7367-E7376. 10.1073/pnas.1710335114.

20. Abbott, G.W. (2016). KCNE1 and KCNE3: The yin and yang of voltage-gated K(+) channel

755 regulation. Gene 576, 1-13. 10.1016/j.gene.2015.09.059.

21. Al-Hazza, A., Linley, J., Aziz, Q., Hunter, M., and Sandle, G. (2016). Upregulation of
basolateral small conductance potassium channels (KCNQ1/KCNE3) in ulcerative colitis.
Biochem Biophys Res Commun 470, 473-478. 10.1016/j.bbrc.2015.12.086.

22. Angelo, K., Jespersen, T., Grunnet, M., Nielsen, M.S., Klaerke, D.A., and Olesen, S.P.

760 (2002). KCNES5 induces time- and voltage-dependent modulation of the KCNQ1 current.
Biophys J 83, 1997-2006. 10.1016/S0006-3495(02)73961-1.

23. Grunnet, M., Jespersen, T., Rasmussen, H.B., Ljungstrom, T., Jorgensen, N.K., Olesen,
S.P., and Klaerke, D.A. (2002). KCNE4 is an inhibitory subunit to the KCNQ1 channel. J
Physiol 542, 119-130. 10.1113/jphysiol.2002.017301.

765 24. Tinel, N., Diochot, S., Borsotto, M., Lazdunski, M., and Barhanin, J. (2000). KCNE2
confers background current characteristics to the cardiac KCNQL1 potassium channel.
EMBO J 19, 6326-6330. 10.1093/emb0j/19.23.6326.

25. Loussouarn, G., Park, K.H., Bellocq, C., Baro, I., Charpentier, F., and Escande, D. (2003).

Phosphatidylinositol-4,5-bisphosphate, PIP2, controls KCNQ1/KCNE1 voltage-gated
770 potassium channels: a functional homology between voltage-gated and inward rectifier K+
channels. EMBO J 22, 5412-5421. 10.1093/emboj/cdg526.

26. Zaydman, M.A,, Silva, J.R., Delaloye, K., Li, Y., Liang, H., Larsson, H.P., Shi, J., and Cui,
J. (2013). Kv7.1 ion channels require a lipid to couple voltage sensing to pore opening.
Proc Natl Acad SciU S A 110, 13180-13185. 10.1073/pnas.1305167110.

775  27. Zaydman, M.A., and Cui, J. (2014). PIP2 regulation of KCNQ channels: biophysical and
molecular mechanisms for lipid modulation of voltage-dependent gating. Front Physiol 5,
195. 10.3389/fphys.2014.00195.

28. Sun, J., and MacKinnon, R. (2017). Cryo-EM Structure of a KCNQ1/CaM Complex

Reveals Insights into Congenital Long QT Syndrome. Cell 169, 1042-1050 e1049.
780 10.1016/j.cell.2017.05.019.

29. Sun, J., and MacKinnon, R. (2020). Structural Basis of Human KCNQ1 Modulation and
Gating. Cell 180, 340-347 e349. 10.1016/j.cell.2019.12.003.

30. Ma, D., Zhong, L., Yan, Z., Yao, J., Zhang, Y., Ye, F., Huang, Y., Lai, D., Yang, W., Hou,
P., and Guo, J. (2022). Structural mechanisms for the activation of human cardiac KCNQ1

785 channel by electro-mechanical coupling enhancers. Proc Natl Acad Sci U S A 119,
€2207067119. 10.1073/pnas.2207067119.

31. Sanchez-Fernandez, G., Cabezudo, S., Garcia-Hoz, C., Beninca, C., Aragay, A.M., Mayor,
F., Jr., and Ribas, C. (2014). Galphaq signalling: the new and the old. Cell Signal 26, 833-
848. 10.1016/j.cellsig.2014.01.010.

790 32. Brown, D.A., and Adams, P.R. (1980). Muscarinic suppression of a novel voltage-sensitive
K+ current in a vertebrate neurone. Nature 283, 673-676. 10.1038/283673a0.

33. Li, Y., Zaydman, M.A., Wu, D., Shi, J., Guan, M., Virgin-Downey, B., and Cui, J. (2011).

KCNE1 enhances phosphatidylinositol 4,5-bisphosphate (PIP2) sensitivity of IKs to


https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

modulate channel activity. Proc Natl Acad Sci U S A 108, 9095-9100.

795 10.1073/pnas.1100872108.

34. Chung, D.Y., Chan, P.J., Bankston, J.R., Yang, L., Liu, G., Marx, S.O., Karlin, A., and
Kass, R.S. (2009). Location of KCNEL1 relative to KCNQL1 in the I(KS) potassium channel
by disulfide cross-linking of substituted cysteines. Proc Natl Acad Sci U S A 106, 743-748.
10.1073/pnas.0811897106.

800 35. Nath, A., Atkins, W.M., and Sligar, S.G. (2007). Applications of phospholipid bilayer
nanodiscs in the study of membranes and membrane proteins. Biochemistry 46, 2059-
2069. 10.1021/bi602371n.

36. Denisov, I.G., and Sligar, S.G. (2016). Nanodiscs for structural and functional studies of
membrane proteins. Nat Struct Mol Biol 23, 481-486. 10.1038/nsmb.3195.

805 37. Willegems, K., Eldstrom, J., Kyriakis, E., Ataei, F., Sahakyan, H., Dou, Y., Russo, S., Van
Petegem, F., and Fedida, D. (2022). Structural and electrophysiological basis for the
modulation of KCNQ1 channel currents by ML277. Nat Commun 13, 3760.
10.1038/s41467-022-31526-7.

38. Wang, K.W., and Goldstein, S.A. (1995). Subunit composition of minK potassium

810 channels. Neuron 14, 1303-1309. 10.1016/0896-6273(95)90277-5.

39. Wang, W., Xia, J., and Kass, R.S. (1998). MinK-KvLQT1 fusion proteins, evidence for
multiple stoichiometries of the assembled IsK channel. J Biol Chem 273, 34069-34074.
10.1074/jbc.273.51.34069.

40. Chen, H., Kim, L.A,, Rajan, S., Xu, S., and Goldstein, S.A. (2003). Charybdotoxin binding

815 in the I(Ks) pore demonstrates two MinK subunits in each channel complex. Neuron 40,
15-23. 10.1016/s0896-6273(03)00570-1.

41. Morin, T.J., and Kobertz, W.R. (2008). Counting membrane-embedded KCNE beta-
subunits in functioning K+ channel complexes. Proc Natl Acad Sci U S A 105, 1478-1482.
10.1073/pnas.0710366105.

820 42. Nakajo, K., Ulbrich, M.H., Kubo, Y., and Isacoff, E.Y. (2010). Stoichiometry of the KCNQL1
- KCNE1l ion channel complex. Proc Natl Acad Sci U S A 107, 18862-18867.
10.1073/pnas.1010354107.

43. Murray, C.l., Westhoff, M., Eldstrom, J., Thompson, E., Emes, R., and Fedida, D. (2016).
Unnatural amino acid photo-crosslinking of the IKs channel complex demonstrates a

825 KCNE1:KCNQ1 stoichiometry of up to 4:4. Elife 5. 10.7554/eLife.11815.

44. Long, S.B., Campbell, E.B., and Mackinnon, R. (2005). Crystal structure of a mammalian
voltage-dependent  Shaker family K+ channel. Science 309, 897-903.
10.1126/science.1116269.

45. Ishii, M., and Kurachi, Y. (2006). Muscarinic acetylcholine receptors. Curr Pharm Des 12,

830 3573-3581. 10.2174/138161206778522056.

46. Tang, C., Castoldi, A.F., and Costa, L.G. (1993). Effects of the muscarinic agonist
oxotremorine on membrane fluidity in rat lymphocytes. Biochem Mol Biol Int 29, 1047-
1054.

47. Sabbir, M.G., Calcutt, N.A., and Fernyhough, P. (2018). Muscarinic Acetylcholine Type 1

835 Receptor Activity Constrains Neurite Outgrowth by Inhibiting Microtubule Polymerization
and Mitochondrial Trafficking in Adult Sensory Neurons. Front Neurosci 12, 402.
10.3389/fnins.2018.00402.

48. Bae, Y.S,, Lee, T.G., Park, J.C., Hur, J.H., Kim, Y., Heo, K., Kwak, J.Y., Suh, P.G., and
Ryu, S.H. (2003). Identification of a compound that directly stimulates phospholipase C

840 activity. Mol Pharmacol 63, 1043-1050. 10.1124/mol.63.5.1043.

49. Mandala, V.S., and MacKinnon, R. (2023). The membrane electric field regulates the
PIP(2)-binding site to gate the KCNQ1 channel. Proc Natl Acad Sci U S A 120,
€2301985120. 10.1073/pnas.2301985120.


https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

50. Matavel, A., and Lopes, C.M. (2009). PKC activation and PIP(2) depletion underlie

845 biphasic regulation of IKs by Gg-coupled receptors. J Mol Cell Cardiol 46, 704-712.
10.1016/j.yjmcc.2009.02.006.

51. Jensen, B.C., O'Connell, T.D., and Simpson, P.C. (2011). Alpha-1-adrenergic receptors:
targets for agonist drugs to treat heart failure. J Mol Cell Cardiol 51, 518-528.
10.1016/j.yjmcc.2010.11.014.

850 52. Kienitz, M.C., Vladimirova, D., Muller, C., Pott, L., and Rinne, A. (2016). Receptor
Species-dependent Desensitization Controls KCNQ1/KCNE1 K+ Channels as
Downstream Effectors of Gg Protein-coupled Receptors. J Biol Chem 291, 26410-26426.
10.1074/jbc.M116.746974.

53. Daleau, P., and Turgeon, J. (1994). Angiotensin Il modulates the delayed rectifier

855 potassium current of guinea pig ventricular myocytes. Pflugers Arch 427, 553-555.
10.1007/BF00374275.

54. Matsumoto, Y., Ogura, T., Uemura, H., Saito, T., Masuda, Y., and Nakaya, H. (1999).
Histamine H1-receptor-mediated modulation of the delayed rectifier K+ current in guinea-
pig atrial cells: opposite effects on IKs and IKr. Br J Pharmacol 128, 1545-1553.

860 10.1038/sj.bjp.0702918.

55. Julio-Kalajzic, F., Villanueva, S., Burgos, J., Ojeda, M., Cid, L.P., Jentsch, T.J., and
Sepulveda, F.V. (2018). K(2P) TASK-2 and KCNQ1-KCNE3 K(+) channels are major
players contributing to intestinal anion and fluid secretion. J Physiol 596, 393-407.
10.1113/JP275178.

865 56. Abbott, G.W., Sesti, F., Splawski, I., Buck, M.E., Lehmann, M.H., Timothy, K.W., Keating,
M.T., and Goldstein, S.A. (1999). MiRP1 forms IKr potassium channels with HERG and is
associated with cardiac arrhythmia. Cell 97, 175-187. 10.1016/s0092-8674(00)80728-x.

57. Bian, J., Cui, J., and McDonald, T.V. (2001). HERG K(+) channel activity is regulated by
changes in phosphatidyl inositol 4,5-bisphosphate. Circ Res 89, 1168-1176.

870 10.1161/hh2401.101375.

58. Lussier, Y., Furst, O., Fortea, E., Leclerc, M., Priolo, D., Moeller, L., Bichet, D.G., Blunck,
R., and D'Avanzo, N. (2019). Disease-linked mutations alter the stoichiometries of HCN-
KCNE2 complexes. Sci Rep 9, 9113. 10.1038/s41598-019-45592-3.

59. McCrossan, Z.A., Lewis, A., Panaghie, G., Jordan, P.N., Christini, D.J., Lerner, D.J., and

875 Abbott, G.W. (2003). MinK-related peptide 2 modulates Kv2.1 and Kv3.1 potassium
channels in mammalian brain. J Neurosci 23, 8077-8091. 10.1523/JINEUROSCI.23-22-
08077.2003.

60. Abbott, G.W. (2017). beta Subunits Control the Effects of Human Kv4.3 Potassium
Channel Phosphorylation. Front Physiol 8, 646. 10.3389/fphys.2017.00646.

880 61. Avalos Prado, P., Hafner, S., Comoglio, Y., Wdziekonski, B., Duranton, C., Attali, B.,
Barhanin, J., and Sandoz, G. (2021). KCNE1 is an auxiliary subunit of two distinct ion
channel superfamilies. Cell 184, 534-544 e511. 10.1016/j.cell.2020.11.047.

62. Talbi, K., Ousingsawat, J., Centeio, R., Schreiber, R., and Kunzelmann, K. (2023). KCNE1
does not shift TMEM16A from a Ca(2+) dependent to a voltage dependent CI(-) channel

885 and is not expressed in renal proximal tubule. Pflugers Arch 475, 995-1007.
10.1007/s00424-023-02829-5.

63. Gada, K.D., and Logothetis, D.E. (2022). PKC regulation of ion channels: The involvement
of PIP(2). J Biol Chem 298, 102035. 10.1016/j.jbc.2022.102035.
64. Zheng, Y., Liu, H., Chen, Y., Dong, S., Wang, F., Wang, S., Li, G.L., Shu, Y., and Xu, F.

890 (2022). Structural insights into the lipid and ligand regulation of a human neuronal KCNQ
channel. Neuron 110, 237-247 e234. 10.1016/j.neuron.2021.10.029.

65. Zheng, S.Q., Palovcak, E., Armache, J.P., Verba, K.A., Cheng, Y., and Agard, D.A. (2017).
MotionCor2: anisotropic correction of beam-induced motion for improved cryo-electron
microscopy. Nat Methods 14, 331-332. 10.1038/nmeth.4193.


https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

895 66. Rohou, A., and Grigorieff, N. (2015). CTFFIND4: Fast and accurate defocus estimation
from electron micrographs. J Struct Biol 192, 216-221. 10.1016/j.jsb.2015.08.008.

67. Punjani, A., Rubinstein, J.L., Fleet, D.J., and Brubaker, M.A. (2017). cryoSPARC:
algorithms for rapid unsupervised cryo-EM structure determination. Nat Methods 14, 290-
296. 10.1038/nmeth.4169.

900 68. Kimanius, D., Dong, L., Sharov, G., Nakane, T., and Scheres, S.H.W. (2021). New tools
for automated cryo-EM single-particle analysis in RELION-4.0. Biochem J 478, 4169-4185.
10.1042/BCJ20210708.

69. Goddard, T.D., Huang, C.C., Meng, E.C., Pettersen, E.F., Couch, G.S., Morris, J.H., and
Ferrin, T.E. (2018). UCSF ChimeraX: Meeting modern challenges in visualization and

905 analysis. Protein Sci 27, 14-25. 10.1002/pro.3235.

70. Asarnow, D., Palovcak, E., Cheng, Y. (2019). UCSF pyem Vv0.5.
https://doi.org/10.5281/zeno0do.3576630

71. Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular graphics.
Acta Crystallogr D Biol Crystallogr 60, 2126-2132. 10.1107/S0907444904019158.

910 72. Moriarty, N.W., Grosse-Kunstleve, R.W., and Adams, P.D. (2009). electronic Ligand
Builder and Optimization Workbench (eLBOW): a tool for ligand coordinate and restraint
generation. Acta Crystallogr D Biol Crystallogr 65, 1074-1080.
10.1107/S0907444909029436.

73. Afonine, P.V., Poon, B.K., Read, R.J., Sobolev, O.V., Terwilliger, T.C., Urzhumtsev, A.,

915 and Adams, P.D. (2018). Real-space refinement in PHENIX for cryo-EM and
crystallography. Acta Crystallogr D Struct Biol 74, 531-544. 10.1107/S2059798318006551.

74. Chen, V.B., Arendall, W.B., 3rd, Headd, J.J., Keedy, D.A., Immormino, R.M., Kapral, G.J.,
Murray, L.W., Richardson, J.S., and Richardson, D.C. (2010). MolProbity: all-atom
structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr

920 66, 12-21. 10.1107/S0907444909042073.

75. Smart, O.S., Neduvelil, J.G., Wang, X., Wallace, B.A., and Sansom, M.S. (1996). HOLE: a
program for the analysis of the pore dimensions of ion channel structural models. J Mol
Graph 14, 354-360, 376. 10.1016/s0263-7855(97)00009-x.

76. Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C.,

925 and Ferrin, T.E. (2004). UCSF Chimera--a visualization system for exploratory research
and analysis. J Comput Chem 25, 1605-1612. 10.1002/jcc.20084.

77. Jurrus, E., Engel, D., Star, K., Monson, K., Brandi, J., Felberg, L.E., Brookes, D.H., Wilson,
L., Chen, J., Liles, K., et al. (2018). Improvements to the APBS biomolecular solvation
software suite. Protein Sci 27, 112-128. 10.1002/pro.3280.

930 78. Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer,
F.T., de Beer, T.A.P., Rempfer, C., Bordoli, L., et al. (2018). SWISS-MODEL: homology
modelling of protein structures and complexes. Nucleic Acids Res 46, W296-W303.
10.1093/nar/gky427.

79. Ye, W., Zhao, H., Dai, Y., Wang, Y., Lo, Y.H., Jan, L.Y., and Lee, C.H. (2022). Activation

935 and closed-state inactivation mechanisms of the human voltage-gated K(V)4 channel
complexes. Mol Cell 82, 2427-2442 e2424. 10.1016/j.molcel.2022.04.032.

80. Marrink, S.J., Risselada, H.J., Yefimov, S., Tieleman, D.P., and de Vries, A.H. (2007). The
MARTINI force field: coarse grained model for biomolecular simulations. J Phys Chem B
111, 7812-7824. 10.1021/jp071097f.

940 81. Wassenaar, T.A., Ingolfsson, H.l., Bockmann, R.A., Tieleman, D.P., and Marrink, S.J.
(2015). Computational Lipidomics with insane: A Versatile Tool for Generating Custom
Membranes for Molecular Simulations. J Chem Theory Comput 11, 2144-2155.
10.1021/acs.jctc.5b00209.

82. Pronk, S., Pall, S., Schulz, R., Larsson, P., Bjelkmar, P., Apostolov, R., Shirts, M.R., Smith,

945 J.C., Kasson, P.M., van der Spoel, D., et al. (2013). GROMACS 4.5: a high-throughput



https://doi.org/10.1101/2025.06.08.658478

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.08.658478; this version posted June 9, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and highly parallel open source molecular simulation toolkit. Bioinformatics 29, 845-854.
10.1093/bioinformatics/btt055.
83. Bussi, G., Donadio, D., and Parrinello, M. (2007). Canonical sampling through velocity
rescaling. J Chem Phys 126, 014101. 10.1063/1.2408420.
950 84. Parrinello, M., and Rahman, A. (1981). Polymorphic transitions in single crystals: A new
molecular dynamics method J Appl Phys, 8. https://doi.org/10.1063/1.328693.
85. Corey, R.A,, Vickery, O.N., Sansom, M.S.P., and Stansfeld, P.J. (2019). Insights into
Membrane Protein-Lipid Interactions from Free Energy Calculations. J Chem Theory
Comput 15, 5727-5736. 10.1021/acs.jctc.9b00548.
955 86. Klimovich, P.V., Shirts, M.R., and Mobley, D.L. (2015). Guidelines for the analysis of free
energy calculations. J Comput Aided Mol Des 29, 397-411. 10.1007/s10822-015-9840-9.
87. Vickery, O.N., and Stansfeld, P.J. (2021). CG2AT2: an Enhanced Fragment-Based
Approach for Serial Multi-scale Molecular Dynamics Simulations. J Chem Theory Comput
17, 6472-6482. 10.1021/acs.jctc.1c00295.
960 88. Bernetti, M., and Bussi, G. (2020). Pressure control using stochastic cell rescaling. J
Chem Phys 153, 114107. 10.1063/5.0020514.



https://doi.org/10.1101/2025.06.08.658478



https://doi.org/10.1101/2025.06.08.658478



https://doi.org/10.1101/2025.06.08.658478



https://doi.org/10.1101/2025.06.08.658478



https://doi.org/10.1101/2025.06.08.658478



https://doi.org/10.1101/2025.06.08.658478

