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Abstract

Human M-channels, primarily assembled by heteromeric KCNQ2/KCNQ3 subunits,
are critical regulators of neuronal excitability, and loss-of-function mutations in either
subunit are linked to epileptic disorders. Yet, the molecular mechanisms underlying
heteromeric assembly, gating, and pharmacological modulation have remained largely
elusive. Here, we present high-resolution cryo-EM structures of human M-channels in
apo and activator-bound states, revealing a dominant asymmetric 3:1 and a minor
staggered 2:2 stoichiometry of KCNQ2 to KCNQ3, with consistent ratios across
datasets. We further examine the mechanisms of action (MOAs) of two distinct
modulators: ICA-110381 selectively engages and stabilizes activated KCNQ2 voltage
sensors, whereas XEN1101 occupies pore fenestrations and promotes channel opening
through a PIP;-assisted cooperative gating process. Electrophysiological analyses
corroborate these observations, establishing the basis for subtype-selective modulation,
cooperative gating, and KCNQ3-driven low-voltage activation. Together, our findings
provide a foundation for interpreting pathogenic mutations and advancing the rational

design of next-generation antiepileptic therapeutics targeting the M-channels.
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Introduction

Voltage-gated potassium channels of the KCNQ family (KCNQ1-5) are widely expressed in
excitable tissues, where they shape action potentials by driving repolarization and stabilizing
the resting potential!-. Individual isoforms exhibit distinct tissue distributions: KCNQI
predominates in the heart, kidney, and cochlea?*, KCNQ4 is restricted to inner ear hair cells
and certain brainstem regions involved in auditory modulation®®, and KCNQ2, KCNQ3, and
KCNQS5 are enriched in the central nervous system!’-, Among neuronal channels, KCNQ2
and KCNQ?3 form homo- and hetero-tetramers that primarily mediate the non-inactivating M-
current, a key regulator of neuronal excitability at the axon initial segment and nodes of
Ranvier’ !4, Notably, heteromeric KCNQ2/KCNQ3 channels generate substantially larger
currents than either homomer, highlighting their crucial physiological and therapeutic

relevance!:12.13.15,

Structurally, KCNQ channels adopt a canonical domain-swapped architecture with
four independent subunits, each containing six transmembrane helices (S1-S6). The S5 and
S6 segments from all subunits assemble into the central pore domain (PD), while S1-S4
constitute the peripheral voltage-sensing domains (VSDs)>!%-1°. Recent cryo-EM studies have
resolved several homomers, including KCNQI, KCNQ2, KCNQ4, and KCNQ52%%7, and
uncovered modulatory roles of auxiliary subunits such as KCNE1/3%18:28.29 'the chaperone
calmodulin (CaM)!'7-3%-32_ the endogenous lipid phosphatidylinositol 4,5-bisphosphate
(PIP,)?3*733:34 "and a range of pharmacological agents?*-27-333¢ By contrast, the structural

organization and pharmacological modulation of heteromeric M-channels, especially the
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physiologically dominant KCNQ2/KCNQ3 complex, remain poorly understood. The

stoichiometry of heteromeric M-channel assembly has long been a key question in the field.

Loss-of-function mutations in KCNQ2 or KCNQ3 are associated with certain types of
epileptic disorders, including KCNQ2-related developmental and epileptic encephalopathy
(DEE7)*7® and benign familial neonatal seizures (BFNS1/2)*-*!. More than 80 pathogenic
variants have been identified, underlining the critical role of M-channels in maintaining
cortical excitability***>43. Enhancing the M-current pharmacologically has long been pursued
for epilepsy treatment. Retigabine, the first FDA-approved KCNQ channel opener,
potentiated M-channel activity but was ultimately withdrawn due to adverse effects such as
retinal pigmentation and urinary retention**#¢, These complications arose from off-target
activation of retinal or bladder KCNQ isoforms, emphasizing the urgent need for subtype-

selective modulators.

Recent efforts have yielded promising next-generation KCNQ modulators with
improved specificity and safety profiles. XEN1101 (Azetukalner), a pore-targeting
KCNQ2/3-selective opener, has demonstrated sustained seizure-reducing efficacy in phase
I1b trials, without requiring titration or causing pigmentary abnormalities*’*. ICA-110381,
by contrast, is a KCNQ2-specific activator with anticonvulsant properties that targets voltage
sensors, providing a mechanistically distinct route to channel opening®>>°. Concurrently, drug
repurposing efforts have highlighted variant- and isoform-specific effects of compounds such

36,51

as gabapentin and donepezil on KCNQ channels”“~", reinforcing the therapeutic potential of
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subtype-selective agents to avoid off-target effects while addressing drug-resistant epilepsy.

Here, we reported cryo-EM structures of heteromeric human M-channels in both apo
and activator-bound states at high resolutions of 2.4-3.0 A. Combined with functional assays,
these structures revealed how XEN1101 and ICA-110381 engage distinct binding modes to
stabilize activated ‘up’ VSDs. We further uncovered a stepwise gating mechanism in which
PD-targeting modulators act cooperatively with PIP; binding at the VSD-PD interface to
reinforce conformational transitions and promote pore opening. Together, these findings
provided the structural basis of cooperative gating in heteromeric M-channels and established
a mechanistic framework for subtype-specific pharmacology, with direct implications for the

treatment of epilepsy and related channelopathies.

Results

Structural and functional characterization of heteromeric M-channels

To reconstruct heteromeric M-channels, we first co-expressed codon-optimized full-length
KCNQ2 (Uniprot 043526) and KCNQ3 (Uniprot O43525) with distinct C-terminal affinity
tags (Fig. S1). Whole-cell patch-clamp recordings in HEK293T cells confirmed that co-
expression produced robust heteromeric currents, with amplitudes substantially larger than

those generated by either subunit alone (Fig. S2a,b and Table S1).

Using tandem affinity purification, we isolated channel complexes containing both

KCNQ2 and KCNQ3 subunits. However, the low expression level initially limited cryo-EM
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particle collections. Guided by prior work on homomeric KCNQ structures, we truncated
disordered regions at both termini to improve protein stability and yield**-?®. The truncated
constructs indeed expressed at higher levels and retained gating properties comparable to

wild-type channels (Fig. la-c).

Following well-established protocols for protein purification, cryo-sample
preparation, data acquisition, and processing, we obtained high-resolution three-dimensional
reconstructions of heteromeric KCNQ2/KCNQ3 channels at 2.4-2.7 A (Figs. S2-S4 and Table
S2). Although calmodulin (CaM) was not co-expressed, densities corresponding to
endogenous CaM were observed bound to the intracellular HA-HB hairpin, consistent with
prior co-expression structures!”2!1:26, For consistency, no exogenous CaM was introduced in
subsequent preparations. Meanwhile, this association imposed an asymmetric arrangement,
with one CaM-binding hairpin poorly resolved and the HC coiled-coil displaced from the
central axis, resulting in a reduced resolution in the cytoplasmic region (Figs. 1d and S4b).

Accordingly, our analysis focused primarily on the transmembrane regions.

The transmembrane domain was resolved at sufficient resolution to permit reliable
atomic modeling. The heteromeric KCNQ2/KCNQ3 complex adopts the canonical domain-
swapped architecture of voltage-gated potassium channels. Distinct side-chain signatures —
including Tyr284 in KCNQ?2 versus Thr323 in KCNQ?3 near the extracellular vestibule,
Tyr226 versus Cys255 on the S4-5 linker, and differences in extracellular loops (KCNQ2:

residues 255-263, 8 aa; KCNQ3: residues 284-302, 18 aa) — enabled unambiguous subunit
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assignment (Fig. S4c-h). These identifiers revealed a predominant asymmetric 3:1
stoichiometry of three KCNQ?2 subunits paired with one KCNQ3 (84%), along with a minor
staggered 2:2 assembly (16%) reconstructed at lower resolution (Figs. 1d,e and S4c).
Subsequent analyses focused on the high-quality asymmetric 3:1 complex. For clarity, the
three KCNQ?2 subunits in this assembly were designated KCNQ2;, KCNQ2y;, and KCNQ2m
in counterclockwise order from the unique KCNQ3 when viewed from the extracellular side,

and the heteromeric KCNQ2/KCNQ3 complex is hereafter referred to as the M-channel.

Structural differences between KCNQ2 and KCNQ3 subunits

To dissect the structural determinants underlying subunit heterogeneity, we sought to resolve
the cryo-EM structures of homotetrameric KCNQ2 and KCNQ3 channels using the same
engineered constructs. While poor sample quality limited high-resolution reconstruction of
KCNQ3, KCNQ?2 was determined at 2.3 A (Fig. S5 and Table S2). Comparison of the M-
channel with homomeric KCNQ2 revealed pronounced conformational differences
attributable to KCNQ3, most notably a counterclockwise rotation of the KCNQ3 VSD when

viewed extracellularly (Fig. 2a).

The selectivity filter (SF) of the M-channel preserved the canonical TIGY G motif that
coordinates a linear array of four K" ions, closely resembling that of homotetrameric
KCNQ2!'92022 However, sequence alignment across the KCNQ family revealed a notable
divergence: KCNQ?3 harbors a unique alanine immediately preceding the TIGY G motif,

whereas other subtypes, including KCNQ?2, contain a conserved threonine (Figs. 2b and S1).
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Electrophysiological analysis confirmed this site as a key determinant of subtype-specific
activity. The KCNQ3 A315T mutation produced robust currents that even exceeded those of
co-expressed KCNQ2 and KCNQ3, consistent with earlier reports!>>23, Conversely,
substitution of threonine with alanine at the equivalent position in KCNQ2 (T276A)
significantly diminished currents (Figs. 2¢c and S6a), a phenotype reminiscent of the
pathogenic T276I variant associated with Ohtahara syndrome (early infantile developmental

and epileptic encephalopathy, EIDEE)>*>,

Within the VSD, additional differences were observed. The S4 helix of KCNQ3
adopted a more activated ‘up’ conformation, and an elongated loop spanning Arg227-Phe231
replaced the helical turn in KCNQ2 (Fig. 2d,e). Previous studies have suggested that the M-
channel exhibits unique low-voltage activation, potentially arising from this activated
VSD?%37, To test this, we designed a chimeric channel combining the PD of KCNQ2 with the
VSD of KCNQ3. Expression of this chimera, either alone or co-expressed with wild-type
KCNQ3, induced a pronounced hyperpolarizing shift in activation, with half-activation
voltages (Vi2) of -35.32 £ 1.71 mV and -33.85 + 0.62 mV, respectively (Figs. 2f and S6b).
These results indicated that KCNQ3 contributes to heteromeric M-channel function primarily
by tuning voltage dependence via its VSD, rather than forming a functional homomeric

channel.

Together, these structural and functional analyses define how unique molecular

features of KCNQ3 shape the function of heteromeric M-channels. Beyond intrinsic subunit
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composition, M-channel activity is further modulated by pharmacological modulators. We
next examined two mechanistically distinct activators: the VSD-targeting ICA-110381 and

the PD-targeting XEN1101 (Azetukalner), the latter currently in phase III clinical trials.

ICA-110381 selectively targets the KCNQ2 VSD

ICA-110381, a small-molecule M-channel activator with anticonvulsant properties,
potentiated current amplitude and attenuated tail-current inactivation in a dose-dependent
manner (Fig. S7a,b). This effect was accompanied by an induced hyperpolarizing shift in
voltage-dependent activation, with Vi, moving from -24.71 + 0.54 mV to -49.27 £ 0.65 mV,
yielding an ECsp of 1.81 + 0.29 uM (Fig. 3a). Notably, ICA-110381 exhibited pronounced
subtype selectivity: at 10 uM, it shifted KCNQ?2 activation leftward by AVi, of -32.20 £2.19

mV, while KCNQ3 remained largely unaffected (Figs. 3b, S7b, and S7c).

To elucidate the structural basis of this selectivity, we determined cryo-EM structures
of ICA-110381-bound M-channels in multiple conformations at 2.8-3.0 A resolutions (Fig.
S8a-d). Additional densities were immediately identified within the cavities of KCNQ2
VSDs, but not KCNQ3, providing direct evidence of subtype-specific engagement (Fig. 3c-
). Model building revealed ICA-110381 resided in a hydrophobic cavity of the KCNQ2
VSD, coordinated by Ile134 and Phe137 on S2, Phel68, Ile171, Asp172, Vall75, and Leul76
on S3, and Leu206, Arg207, 11e239, and Arg210 on S4 (Fig. 3f, /eff). Following our recently
proposed nomenclature for drug-binding sites on voltage-gated ion channels, this site is

designated site VC, referring to the cavity of VSD',



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/5tdhp152. This version posted December 17, 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.

Lu et al

Sequence alignment further illuminated the molecular determinants of this specificity.
In KCNQ?2, residues Phe168 and Ile171 on S3, together with 11e209 on S4, shaped the
hydrophobic cavity that accommodates ICA-110381. In KCNQ3, the corresponding residues
— Leul98, Leu201, and Leu238 — altered side-chain geometry, disrupting steric
complementarity (Fig. 3f, right). Particularly, Phe168 in site VC forms a n—n stacking
interaction with the aromatic ring of ICA-110381, a stabilizing feature absent in KCNQ3 due
to the leucine substitution. These variations explain the structural incompatibility of KCNQ3

with ICA-110381.

Binding of ICA-110381 also triggered conformational rearrangements within KCNQ2
VSDs. In a representative extracellular view, the VSD underwent a counterclockwise
rotation, bringing S4 closer to the pore-forming S5 helix and strengthening interdomain
contacts. This arrangement was observed across all KCNQ2 VSDs, although the angle varied
slightly in KCNQ2; and KCNQ2y (Figs. 3g, upper and S8e¢). Concurrently, ICA-110381
stabilized S4 in an ‘up’ conformation relative to the apo state (Fig. 3g, lower and 3h). This
stabilization mirrors the mechanism proposed for ztz240, in which ligand binding traps the
VSD in an activated state, strengthens VSD-PD coupling, and promotes channel opening?>24,
Together, these results demonstrate that ICA-110381 activates M-channels by selectively
stabilizing the activated KCNQ2 VSDs, conferring subunit-specific modulation within

heteromeric assemblies.

10
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XEN1101 engages all four fenestrations of the PD

XEN1101 (Azetukalner) is a next-generation small-molecule opener of neuronal KCNQ
channels, currently in late-stage clinical development for focal epilepsy and other seizure
disorders*’*, As a derivative of retigabine, the first FDA-approved KCNQ channel
modulator, XEN1101 was rationally designed to circumvent the metabolic instability and
adverse effects of its predecessor®®. Functionally, XEN1101 induced a significant
hyperpolarizing shift in channel activation, moving the Vi, from -22.83 + 0.58 mV to -67.61

+ 4.44 mV, with an ECso 0of 0.66 + 0.13 uM (Figs. 4a and S9).

Following the same strategy applied to apo and ICA-110381-bound complexes, we
determined the high-resolution cryo-EM structures of the M-channel in complex with
XEN1101 (Fig. S10a,b). The densities were well-resolved, enabling unambiguous modelling
of both the channel and the bound ligands (Figs. 4b, S3 and S10c-e, and Table S2). Similar to
retigabine, XEN1101 occupied all four fenestrations of the PD through a conserved binding
pose, regardless of the specific KCNQ subunit composition?!22, Each pocket was enclosed by
the S5 and S6 helices of adjacent subunits and the S4—S5 linker of one contributing subunit

(Fig. 4c,d).

Detailed inspection of heteromeric KCNQ2-KCNQ3 interfaces revealed a highly
conserved binding pattern. At the interface between KCNQ2y1 and KCNQ3, the pocket was
composed of residues Leu299, 11e300, Ser303, and Phe304 on S6 of KCNQ2, together with

Leu250 and I1e254 on the S4-5 linker of KCNQ3, Trp265, Phe269, and Leu272 on its S5

11
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helix, and Phe344, Pro347, and Leu351 on its S6 helix (Fig. 4e, leff). This predominantly
hydrophobic cavity was well-suited for ligand accommodation. Within this pocket, the amide
group of XEN1101 engaged in two stabilizing hydrogen bonds — one with the backbone
carbonyl of Leu299 in KCNQ21 and another with the indole nitrogen of Trp265 in KCNQ3.
In addition, the aromatic core of XEN1101 formed n—n stacking with Trp265 of KCNQ3,
further stabilizing ligand binding. A similar binding pattern was observed at the second
heteromeric interface between KCNQ3 and KCNQ?2;, with only one difference: 1le254 in
KCNQ3 was replaced by Val225 in KCNQ?2j, slightly altering the hydrophobic contact with
the 3,3-dimethylbutanoyl tail of XEN1101 but leaving overall binding largely unaffected
(Fig. 4e, right). This conservation across interfaces explained the nearly equivalent

occupancy of XEN1101 at all four PD fenestrations.

Ligand binding was also accompanied by local conformational adjustments, most
notably in the indole-bearing tryptophan residues. Trp236 in KCNQ?2, or the corresponding
Trp265 in KCNQ3, underwent a pronounced rotation to enable n—x stacking with XEN1101.
A subtle outward displacement of the neighboring S6 helix further expanded the pocket,
optimizing ligand accommodation (Fig. 4f). Collectively, these structural adaptations

highlighted a conserved PD-binding mode of XEN1101 on heteromeric M-channels.

Cooperative gating induced by PD-targeting modulators
Beyond retigabine, the MOAs for several PD-targeting KCNQ activators, including

cannabidiol (CBD), HN37, Ebiol, and QO-83 (PDB: 8XO1), have been elucidated in

12
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homomeric channels?*?°, In addition to these exogenous agents, endogenous cofactors are
essential for channel activation, particularly CaM and PIP». PIP; binding is critical for
channel opening, and its depletion by phospholipase C rapidly suppresses M currents®’.
Although we did not capture the M-channel in an open state simultaneously bound to
XEN1101 and PIP», the heteromeric assemblies provided unique insights into their
synergistic action. Unlike the synchronous activation of homomeric channels, the heteromeric

M-channel exhibits a distinctive cooperative gating mode.

Despite the conserved occupancy of all four fenestrations by XEN1101, multiple
XEN1101-bound states were resolved at high resolutions of 2.5-2.7 A. Only the
reconstruction in which all four VSDs adopted the ‘up’ conformation was obtained at lower
resolution, owing to limited particle numbers (Table S2). Notably, all structures maintained
the predominant 3:1 stoichiometry of KCNQ2 to KCNQ3 (Fig. S10b), as confirmed by the
abovementioned signature residues and subtype-specific features of the S4 helices.
Conformational changes induced by XEN1101 occurred exclusively in KCNQ2 subunits,

rather than reflecting altered channel composition (Fig. 5a).

Viewed from the extracellular side, the three KCNQ2 VSDs rotated sequentially in a
counterclockwise order: KCNQ?2; rotated first, followed by the neighboring KCNQ2y;, and
then KCNQ2p1. These intermediate states, designated State 1-4, represent progressive stages
of VSD transition (Fig. 5a and Movie S1). Despite their closed PDs, the VSD rearrangements

closely resembled those observed in homomeric KCNQ2 bound to HN37 and PIP;, where the

13



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/5tdhp152. This version posted December 17, 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.

Lu et al

pore is open (Fig. 5a, right). These observations suggest that the heteromeric M-channel

activates through a stepwise, cooperative process.

Closer inspection of the PD-VSD interfaces revealed that ligand occupancy critically
modulates coupling. In apo M-channels, two unidentified sterol-like densities were
consistently observed at the interface between the KCNQ2 VSD and pore, but were absent
from the KCNQ3 VSD-PD interface. These densities, designated ligand-a (intracellular side)
and ligand-b (extracellular side), appeared to tether the VSD to the PD (Fig. 5b). Upon
XEN1101 binding, ligand-b densities were displaced by steric exclusion, with the site
occupied by XEN1101 and nearby residues including Trp288r, Ile115;1, and Glul17; (Fig.
5¢). As VSD rotation progressed, the density of ligand-a disappeared, and S4 adopted an
activated ‘up’ conformation similar to that of KCNQ3, with S1 moving outward from the PD
(Fig. 5b,d). This reorganization created a lipid-accessible cavity formed by S1, S4, and S6 of
one subunit and S5 and the S4-5 linker of the neighbor, providing an ideal pocket for PIP»
accommodation (Fig. 5b). In the open KCNQ2 structure, PIP; stabilized this interface
through hydrogen bonds with Arg87 on S1, Arg214 on S4, Lys327 on S6, and Lys230 on S5
of the adjacent subunit, reinforcing VSD-PD coupling and promoting outward movement of
the S6 helices to open the pore (Fig. 5¢)*.

Together, these structural snapshots demonstrated a cooperative mechanism for M-
channel activation. Binding of exogenous PD-targeting activators perturbed lipid interactions

at the VSD-PD interface, initiating sequential VSD rotations and creating a permissive pocket

14
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for PIP, engagement. PIP; then reinforced VSD-PD coupling and drove splaying of the S6
helices, culminating in pore opening. In contrast to the synchronous transitions of homomeric
channels, heteromeric M-channels underwent sequential conformational changes across
KCNQ?2 subunits, providing mechanistic insights into cooperative gating (Fig. 5f). While the
precise temporal order of PIP, engagement remained unresolved, the present structures
provided critical intermediates and mechanistic evidence for cooperative opening in

heteromeric M-channels.

Discussion

This study aimed to address the central question in the KCNQ field: how the molecular
architecture of heteromeric M-channels underlies their physiological dominance and
therapeutic relevance. High-resolution cryo-EM structures of KCNQ2/3 assemblies,
combined with functional analyses, revealed a predominant asymmetric 3:1 stoichiometry of
KCNQ2 to KCNQ3, alongside a minor but stable staggered 2:2 population. Strikingly, this
compositional heterogeneity (78%-84% 3:1 stoichiometry across conditions) was consistently
observed across apo, I[CA-110381-bound, and XEN1101-bound datasets, and the selective
engagement of KCNQ2-targeting modulator ICA-110381 directly validated both assemblies.
Theoretically, if the two distinct subunits were incorporated randomly, the stoichiometries
would follow a binomial distribution. However, the absence of other stoichiometries,
including the neighboring 2:2 form, argues against stochastic incorporation and instead
implies a regulated assembly process driven by intrinsic subunit features. While the

asymmetric 3:1 form accounted for the majority of particles, the staggered 2:2 assembly

15
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remained functionally competent, as evidenced by the selective binding of ICA-110381 to
diagonally opposed KCNQ2 VSDs. The coexistence of these two defined architectures
suggests that neuronal excitability is supported by a balance of different assemblies, with

modulators engaging them in distinct ways.

Our findings further delineate subunit-specific contributions to M-channel function.
KCNQ?3 uniquely harbors an alanine preceding the selectivity filter that alters conductance in
homomeric channels, while its pre-activated voltage sensors lower the activation threshold of
heteromers. KCNQ?2, in contrast, provides a unique pharmacological scaffold, with ICA-
110381 engaging exclusively hydrophobic pockets in KCNQ2 VSDs. Co-expression of
KCNQ2 and KCNQ3 yielded robust currents larger than either homomer alone, indicating the
physiological necessity of heteromeric assembly. This division of labor between KCNQ2 and
KCNQ3 explains why heteromeric M-channels outperform homomers in regulating neuronal

excitability and highlights the emergent properties arising from heteromerization.

The structures also provide a mechanistic interpretation of disease mutations.
Mapping pathogenic variants onto heteromeric M-channels revealed a striking convergence
of DEE- and BFNS-associated mutations on residues within the P-loop and voltage sensors,
particularly the signature SF motif and gating-charge residues essential for ion permeation
and gating transitions (Fig. S11 and Table S3). Perturbations at these sites likely destabilize
pore architecture or impair voltage sensing, leading to reduced M-current and neuronal

hyperexcitability. Mutations within the VSD-PD interface, including those directly involved

16



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/5tdhp152. This version posted December 17, 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.

Lu et al

in PIP; recruitment such as R214W in KCNQ?2, may instead abolish PIP;-mediated coupling
(Fig. S11). These observations not only clarify how diverse mutations converge on common
structural hotspots but also suggest opportunities for genotype-tailored therapies, in which

modulators could be selected to compensate for specific structural defects.

Our results also expand the pharmacological landscape of M-channel modulation.
ICA-110381 engages a unique hydrophobic pocket within KCNQ2 VSDs, stabilizing the
activated conformation and establishing a paradigm for subtype-selective modulation. By
contrast, XEN1101 exploits a cooperative gating mechanism, progressing through multiple
conformational intermediates. Binding of XEN1101 within PD fenestrations displaces sterol-
like lipids, triggers sequential VSD rotations, and reorganizes the PD-VSD interface to favor
PIP; recruitment. PIP», in turn, reinforces interdomain coupling through conserved basic
residues, driving outward splaying of the S6 helices and promoting pore opening. This lipid-
drug cooperativity likely represents a general mechanism for pharmacological regulation in
heteromeric ion channels, where endogenous lipids tune the efficacy of exogenous

modulators.

In summary, our study establishes the structural basis of heteromeric M-channel
assembly, cooperative gating, and pharmacological modulation. By integrating stoichiometric
heterogeneity, subunit-specific contributions, and disease-mutation mapping, we provide a
mechanistic framework bridging molecular architecture to neuronal excitability and epilepsy.

Beyond fundamental insights, the structural elucidation of KCNQ2-specific sites lays the
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groundwork for rational design of subunit-selective modulators, paving the way for precision

therapies for KCNQ-related channelopathies.
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Methods
Cell culture and transient expression of human KCNQ subunits in HEK293F cells
HEK293F suspension cells (gift of Sino Biological Inc.) were maintained in SMM 293T-11

medium (Sino Biological Inc.) at 37 °C under 5% CO, and 60% humidity.

Codon-optimized cDNAs encoding full-length human KCNQ?2 (Uniprot O43526) and
KCNQ?3 (Uniprot 043525) were synthesized (BGI Geneland Scientific, Shenzhen) and
cloned into the pCAG vector separately with a FLAG-tag and Twin-Strep-tag at the C-
terminus, respectively. To improve expression, engineered constructs were generated by
truncation based on previous work, yielding KCNQ2EM (Ala62-Ser672) and KCNQ3EM
(Ala89-Ser665), each comprising the SO-S6 transmembrane segments with flanking
intracellular helices®. All plasmids intended for transient expression were verified through

DNA sequencing.

Cells were transfected at a density of 1.5-2.0 x 10 cells per mL. For each one-liter cell
culture, a mixture of 1.5 mg expression plasmids of heteromeric KCNQ, including 0.75 mg
each of KCNQ2 and KCNQ3, were pre-incubated with 3 mg 40-kDa linear
polyethylenimines (Hieff Trans® PEI MW40000, YEASEN) in 50 mL fresh medium for 15-
30 minutes before adding to the culture. Recombinant co-expression of KCNQ2/3 complexes

was achieved under these conditions.

Protein purification of human KCNQ2/KCNQ3 complexes
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At approximately 48 h after transfection, 12 L of transfected HEK293F cells were harvested
by centrifugation at 3,600 g for 10 min and resuspended in the lysis buffer containing 25 mM
HEPES (pH 7.4), 150 mM KCI, protease inhibitor cocktails (SelleckChem), and 1 mM
phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldrich). The suspension was homogenized
and then supplemented with n-dodecyl-p-D-maltopyranoside (DDM, Anatrace) to a final
concentration of 1% (w/v) and cholesteryl hemisuccinate Tris salt (CHS, Anatrace) to 0.1%
(w/v). After incubation at 4 °C for 2 h, the mixture was centrifuged at 32,000 g for 45 min,
and the supernatant was applied to the anti-Flag M2 affinity gel (Sigma) for affinity
purification. The resin was rinsed twice with 5 column volume (CV) buffer A, which contains
25 mM HEPES (pH 7.4), 150 mM KClI, 0.06% (w/v) DDM, and 0.006% (w/v) CHS, as well
as protease inhibitor cocktails, and rinsed three times with 2 CV buffer B, which contains a
different detergent by 0.06% (w/v) GDN. Target proteins were eluted with 6 CV buffer B
supplemented with 0.4 mg/mL FLAG peptide. The eluent was then applied to Strep-Tactin
Sepharose (IBA) and allowed to flow through by gravity. The target proteins were eluted with
buffer B supplemented with 2.5 mM desthiobiotin (IBA). The eluent was then concentrated
using 100-kDa molecular weight cut-off Amicon filter units (Millipore) and subjected to size-
exclusion chromatography (Superose 6 Increase 10/300 GL column, GE Healthcare) pre-
equilibrated with running buffer containing 25 mM HEPES (pH 7.4), 150 mM KCI, and

0.02% GDN. Peak fractions were pooled and concentrated to 4-6 mg mL".

For preparation of ligand-bound complexes, XEN1101 and ICA-110381 stocks in DMSO

(MCE) were diluted with gel filtration buffer and mixed with purified protein at a final
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concentration of 1 mM. All the mixtures were incubated at 4 °C for 30 min before cryo-grid

preparation.

Cryo-EM sample preparation and data acquisition

Ni-Ti grids (M01-Au300-R1.2/1.3, Nano Dimension Ltd.) were glow-discharged before use.
Freshly purified M-channel complexes, with or without ligands, were applied to grids in a
Vitrobot Mark IV chamber operated at 8 °C and 100% humidity. After blotting for 3.5

seconds, grids were plunge-frozen into liquid ethane and cooled by liquid nitrogen.

Data were collected on a 300 kV Titan Krios G4 cryogenic electron microscope (Thermo
Fisher), equipped with a Gatan K3 direct electron detector and a GIF Quantum energy filter.
Micrographs were captured using Falcon IVi (Thermo Fisher) in EC mode at a nominal
magnification of 130,000x, corresponding to a calibrated pixel size of 0.936 A. Data were
acquired at a preset defocus range of -1.2 um to -1.6 um. Each EER-format movie stack was
exposed within a 0.79-pm spot size and accumulated a total electron dose of approximately
50 ¢ /A% in EPU (Thermo Fisher). Subsequently, the movie stacks underwent alignment,

summation, and dose-weighting using cryoSPARC live®.

Cryo-EM data processing
A total of 5,578/6,443/5,745/6,852 cryo-EM micrographs were collected for
KCNQ2/KCNQ3-apo/ICA-110381/XEN1101 and KCNQ2 homomer, respectively. During

cryoSPARC live preprocessing, patched CTF estimation was implemented. For the
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KCNQ2/KCNQ3-apo dataset, 787,548 particles were picked using a pre-trained general
Topaz model®’, and subsequent 2D classification was performed with extracted bin-2
particles. Particles from good 2D Class averages with clear secondary structure features are
used for ab initio reconstruction. The resulting 280,040 particles from the best 3D
reconstruction were selected for another round of 2D Classification. The best particles after
2D classification were used to train a new Topaz model, which re-picked 1,560,372 particles
from the collected micrographs. The new set of bin-2 particles undergoes multiple rounds of
2D classification and continuous heterogeneous refinement. Subsequently, 1,184,540
particles were re-extracted into bin-1 and underwent three additional rounds of heterogeneous
refinement, yielding a 2.4 A NU-refinement reconstruction in a mixed conformation. To
resolve the conformational heterogeneity, we conducted 3D variability analysis and
reference-free 3D classification on the selected 789,952 particles. The resulting representative
classes were used as references for further heterogeneous refinement, followed by NU-local
refinement. This workflow successfully separated the particles into distinct classes
corresponding to different VSD conformations. A similar workflow was applied to the

KCNQ2/KCNQ3-ICA-110381/XEN1101 datasets.

Model building and refinement

The initial models for KCNQ in different complexes were adapted from the apo-state homo-
tetrameric KCNQ?2 structure (PDB: 7CR3) and underwent manual inspection and adjustments
in COOT®!, with the 3D structures of the ligands (XEN1101 and ICA110381) being docked

and refined based on the density. Refinement against the corresponding map was carried out
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using the Real-space Refinement option in PHENIX®2. Further structure optimization was
performed with ISOLDE®, followed by a final round of Real-space Refinement in

PHENIX®. Detailed validation results for the model refinement are provided in Table S2.

Whole cell electrophysiology

HEK293T cells were plated onto glass coverslips and transiently co-transfected with 1 g
expression plasmid (0.5 pg each plasmid of KCNQ2 and KCNQ3 for co-transfection) and 0.1
ng eGFP, using Lipofectamine 3000 (Invitrogen). Whole-cell patch-clamp recording for GFP-
positive cells was performed at room temperature after 18 h of transfection.

The whole-cell potassium currents were recorded using an EPC10-USB amplifier with
Patchmaster software v2*73.5 (HEKA Elektronic), sampled at 10 kHz and filtered at 2.9 kHz
(low-pass Bessel). The external solution contained (in mM) 140 NaCl, 5 KCI, 1 MgCl,, 2
CaCly, 10 Glucose, and 10 HEPES (pH 7.4). The internal solution contained (in mM) 145
KCl, 10 HEPES, 5 EGTA, and 2 Mg-ATP (pH 7.4). Borosilicate pipette electrodes (Sutter

Instrument) with a resistance of 2-4 M(Q were used.

To obtain the voltage-dependent activation curves, cells were stepped from a -80 mV holding
potential to voltages ranging from -90 mV to +70 mV for 1500 ms in 10 mV increments. Tail
currents were then recorded at -120 mV for 500 ms (Fig. S2a). Tail peak currents were
measured to reflect conductance (G) at different applied voltage steps. Conductance
activation curves were fitted to a Boltzmann equation: G/Gmax = 1/{1 + exp[(V112 -

V)/slope]}, where Gmax 1s the maximal conductance, Vi, is the half-activation potential, Vi
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is the membrane potential, and slope is the slope factor.

For assessing the effects of ICA-110381 and XEN1101, cells were stepped from a -100 mV
holding potential to voltages ranging from -110 mV to +50 mV for 1500 ms in 10 mV
increments. Tail currents were then recorded at -120 mV for 500 ms. During the experiments,
the bath solution was continuously perfused by a gravity-perfusion system (ALA Scientific
Instruments), and the compound solutions were perfused for several minutes to achieve
steady effect. Concentration-response curves were fitted using the equation Y = Bottom+
(Top - Bottom) / (1 + 10"((LogECs0-X) * Hill Slope)), where Y represents the shifts of Vi, of
the Boltzmann relationship for the voltage-dependent activation induced by different
compound concentrations, ECso is the concentration of the compound that activated 50% of
the max change in V12 and X denoted the log of concentration, and Hill Slope indicated the
slope factor. The effect of ICA-110381 on KCNQ2, KCNQ3, and KCNQ2/3 was quantified

by the shifts in V12 at 10 uM, respectively.

To evaluate the conductivity of different modified proteins, current density was calculated by
measuring tail peal currents in response to +50 mV voltage steps, followed by normalization

to cell capacitance (pA/pF).

Data were analyzed using Fitmaster (HEKA Elektronik), Origin (OriginLab), and GraphPad
Prism (GraphPad Software). All data points are presented as mean + SEM, with n indicating

the number of experimental cells. Statistical significance was assessed using unpaired t-tests,
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one-way ANOVA analysis, and extra sum-of-squares F tests.

Data availability
The data that support this study are available from the corresponding authors upon reasonable
request. The cryo-EM maps and corresponding atomic coordinates have been deposited in the

Electron Microscopy Data Bank (EMDB) and the Protein Data Bank (PDB).
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Fig. 1 | Overall architecture of human M-channels with two distinct stoichiometries. a,
Representative whole-cell currents recorded from HEK293T cells expressing heteromeric
KCNQ2/KCNQ3 channels (left), KCNQ?2 (upper right), or KCNQ3 (lower right). Co-
expression generated larger currents than either subunit alone. Currents were elicited from -
90 mV and stepped to +70 mV for 1500 ms. Truncated constructs used for structural
determination are denoted as EM. b, Quantification of current densities: 132.27 £27.18
pA/pF for KCNQ2+KCNQ3, 42.17 £+ 13.65 pA/pF for KCNQ2, and 9.44 + 1.20 pA/pF for
KCNQ3 (n =8, 4, 4; mean + SEM). ¢, Voltage-dependent activation of heteromeric
KCNQ2/KCNQ3 channels. Truncated constructs (KCNQ2EM+KCNQ3FM, Vi, =-12.84 +

1.26 mV, n = 7) exhibited activation properties comparable to full-length channels
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(KCNQ2WVT+KCNQ3WT, Vi, =-18.19 £ 1.16 mV, n = 10). Please refer to Methods for
experimental details. d-e, Cryo-EM structures of human M-channels resolved in two
stoichiometries. The predominant assembly (84%) adopts an asymmetric 3:1 stoichiometry of
KCNQ2 to KCNQ3 (d), while a minor population (16%) forms a staggered 2:2 stoichiometry
(e). Shown here are side and extracellular views of cryo-EM density maps and atomic
models, with KCNQ3 colored in yellow and KCNQ?2 in blue. For clarity, KCNQ?2 subunits in
the asymmetric assembly are labeled KCNQ2;, KCNQ2j, and KCNQ2, ordered
counterclockwise from KCNQ3 in the extracellular view. All structural figures were prepared

in ChimeraX®*.
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Fig. 2 | KCNQ3 confers low-voltage activation to human M-channels. a, Structural
comparison of the transmembrane regions of the heteromeric M-channel (3:1) and
homotetrameric KCNQ2. Shown here are superimposed structures of the M channel (domain
colored) and KCNQ2 (gray), with transmembrane helices depicted as cylinders. The KCNQ3
subunit exhibits a pronounced counterclockwise rotation of the entire VSD when viewed
from the extracellular side. b, Close-up view of the selectivity filter (SF) with superimposed
EM densities, with bound K* ions indicated in purple. KCNQ3 harbors a unique Ala residue
immediately preceding SF, distinct from KCNQ2. ¢, Functional analysis of the critical Ala
residue in KCNQ3. Values of current density are 4.39 + 1.85 pA/pF for KCNQ2T276!, 9,78 +
1.93 pA/pF for KCNQ2T276A 175.41 + 37.98 pA/pF for KCNQ34315T, 6.54 + 1.59 pA/pF for
KCNQ2™7A+KCNQ3 (n =5, 5, 5, 6; mean = SEM). The sequence alignment shown above

highlights the unique Ala position in KCNQ3. d, Distinct VSD conformation in KCNQ3.

Superimposed VSDs show that the S4 helix of KCNQ3 adopts an ‘up’ conformation
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compared to that of KCNQ2. e, Comparison of VSD structures in KCNQ2 and KCNQ3.
Gating charge (GC) residues on S4 and conserved acidic/polar residues (Anl, An2) on S2 are
shown as sticks. /nset: EM density of the S4 helix in KCNQ3, revealing an elongated loop
spanning Arg227-Phe231, rather than the helical turn present in KCNQ?2. f,
Electrophysiological characterization of the KCNQ3 VSD confirming its contribution to the
low-threshold activation of M-channels. Vi, values are -33.85 = 0.67 mV for Q3VSD-
Q2PD+KCNQ3, -12.84 = 1.26 mV for KCNQ2+KCNQ3, -35.32 + 1.71 mV for Q3VSD-

Q2PD alone, and -12.16 + 2.49 mV for KCNQ2 alone (n =5, 6, 5, 5; mean = SEM).
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Fig. 3 | ICA-110381 selectively activates the M-channels via KCNQ2 VSDs. a,
Electrophysiological analysis of ICA-110381 effects on the M-channels. Left: Normalized
activation curves recorded in the presence of increasing ICA-110381 concentrations. Right:
Dose-dependent response of ICA-110381-induced activation shifts, with the ECso value of
1.81 £ 0.29 uM. b, Effects of 10 uM ICA-110381 on channel activation. AV, values are -
28.76 £3.92 mV for KCNQ2/3, -32.20 + 2.19 mV for KCNQ?2, and -4.71 = 0.86 mV for

KCNQ3 (n=17, 5, 5; mean + SEM). ¢, Chemical structure and corresponding EM density of
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ICA-110381. d, Selective binding of ICA-110381 to KCNQ2 VSDs. Shown here are the
extracellular views of M-channels in complex with ICA-110381 at different stoichiometries.
Superimposed apo (gray) and activator-bound (domain-colored) structures highlight local
conformation changes, as indicated by red arrows. e, Electrostatic surface of the KCNQ2
VSD with ICA-110381 bound, shown as ball-and-sticks. f, Structural determinants of subtype
selectivity. Top: Structure-guided sequence comparison of binding residues, with KCNQ2- or
KCNQ3-specific positions highlighted in red. Botfom: Detailed coordination of ICA-110381
within the KCNQ2 VSD, with unique residues indicated. g, Conformational rearrangements
of the KCNQ2 VSD upon ICA-110381 binding. Shown here are the superimposed apo-
(gray) and ICA-110381-bound (light blue) structures, with the local shifts indicated by red
arrows. h, ICA-110381 stabilizes an ‘up’ VSD. Gating charge (GC) residues on S4 and
conserved acidic/polar residues (Anl, An2) on S2 are shown as sticks, with displacement

directions highlighted by red arrows.
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Fig. 4 | PD-targeting activation of the M-channel by XEN1101. a, Electrophysiological
analysis of XEN1101 effects on heteromeric M-channels. Left: Normalized voltage-
dependent activation curves at increasing XEN1101 concentrations. Right: Dose-dependent
response of XEN1101-induced activation shifts, with the ECso value of 0.66 + 0.13 uM. b,
Chemical structure and corresponding EM density of XEN1101. ¢, Electrostatic surface of
the M-channel transmembrane region in complex with XEN1101. /nset: XEN1101 binds to

the fenestration formed by the adjacent PDs from different subunits. d, Binding of four
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XENI1101 molecules to distinct fenestrations. Shown here are the side and extracellular views
of XEN1101-bound M-channel. Despite two molecules of XEN1101 binding to the KCNQ2-
KCNQ?2 interface, the other two bind to the heterotypic sites contributed by KCNQ3 (labeled
#1 and #2). e, Conservation of the XEN1101-binding pocket between KCNQ2 and KCNQ3.
Top: Structure-guided sequence alignment of binding residues with subtype-specific positions
highlighted in red. Bottom: Detailed coordination of XEN1101 at KCNQ3-containing
fenestrations, with unique residues indicated by red. f, Local conformation rearrangements
induced by XEN1101. Shown here are superimposed apo- (gray) and XEN1101-bound

(domain-colored) structures, with structural shifts indicated by red arrows.
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Fig. 5 | Cooperative gating of human M-channels by pore-targeting modulators and

PIP:.

a, KCNQ2 VSDs adopt multiple conformations in the presence of XEN1101. Four

distinct states were resolved from a single dataset: State-1 with three ‘down’ KCNQ2 VSDs,

State-2 with one ‘up’ KCNQ?2 VSD, State-3 with two ‘up’ KCNQ?2 VSDs, and State-4 with

all ‘up’ VSDs. Shown here are superimposed structures of each state (domain-colored)

aligned with the apo channel (gray). For comparison, the open KCNQ2 structure bound to

another pore-targeting opener, HN37, along with PIP», is shown on the right, with similar

VSD displacements indicated by red arrows. b, Ligand occupancy at the PD-VSD interface

across states. In the apo channel, the KCNQ2 VSD-PD interface engages two unknown
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ligands, designated as ligand-a (on the intracellular side) and ligand-b (on the extracellular
side). With XEN1101 bound, only ligand-a remains at interfaces containing ‘down’ VSDs,
while PDs adjacent to ‘up’ VSDs are engaged solely by XEN1101. In the presence of both
HN37 and PIP>, the PD-VSD interface is additionally occupied by a well-resolved PIP;
density. c-e, Structural transitions between states. The binding of XEN1101 introduces steric
clashes with the ligand-b density (¢). VSD rearrangements accompanying the ‘down-to-up’
transition mimic those observed in KCNQ3, as described in Fig. 2 (d). PIP; binding
reinforces coupling between the VSD and S6 helix, thereby promoting channel opening (e). f,
Schematic of cooperative gating. Sequential counterclockwise rotation of adjacent KCNQ2
VSDs, viewed from the extracellular side, progressively creates space for PIP; binding,

which, together with pore-targeting activators, drives channel opening.

40



