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Abstract 31 

The heteromeric KCNQ2/3 channel constitutes the molecular correlate of the neuronal M-current, 32 

a potassium conductance essential for stabilizing resting membrane potential and controlling 33 

neuronal excitability. Despite its physiological and therapeutic importance, the structural basis for 34 

its unique functional properties—distinct from homomeric KCNQ2 or KCNQ3—has remained 35 

enigmatic, and its definitive subunit stoichiometry has been a subject of long-standing debate. Here, 36 

leveraging a fusion protein strategy and multiple stoichiometry-sensitive pharmacological tools, 37 

we determined cryo-electron microscopy structures of the human KCNQ2/3 channel in both apo 38 

and drug-bound states, which unveil an asymmetric assembly with a predominant 1:3 39 

(KCNQ2:KCNQ3) stoichiometry. This architectural principle underlies the M-channel's unique 40 

gating and pharmacology. Structural and functional analyses reveal that a reconfigured voltage-41 

sensing domain and a pre-positioned C-terminal domain collectively lower the energy barrier for 42 

left-shifted voltage-dependent activation and enhanced PIP2 sensitivity. Furthermore, we elucidate 43 

the binding mechanism of the next-generation anticonvulsant XEN1101, demonstrating that its 44 

high selectivity for KCNQ2/3 arises from an optimized complementarity to the KCNQ3-45 

dominated binding pocket within the heteromer. Our work resolves fundamental questions 46 

regarding the native architecture of the neuronal M-channel and establishes a structural foundation 47 

for the rational design of targeted therapies for epilepsy and related neurological disorders. 48 

 49 
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Introduction 51 

Voltage-gated potassium channels of the KCNQ (Kv7) family (KCNQ1–5) play pivotal roles in 52 

regulating neuronal excitability, cardiac rhythm, and sensory signaling 1-6. Among them, the 53 

KCNQ2/3 heteromer forms the molecular correlate of the neuronal M-current—a slowly activating, 54 

non-inactivating potassium current that stabilizes membrane potential and prevents 55 

hyperexcitability 7-10. Disruption of this current, through mutations in KCNQ2 or KCNQ3, causes 56 

epileptic encephalopathies, and altered channel function has also been implicated in neuropathic 57 

pain and auditory disorders 11-24. Despite its critical physiological importance, the molecular 58 

mechanism underlying M-current generation remains incompletely understood. 59 

The M-current was first identified in sympathetic neurons more than four decades ago as a 60 

persistent, voltage-dependent potassium conductance that limits repetitive firing 25. Molecular 61 

cloning later revealed KCNQ2 and KCNQ3 as its principal subunits, and co-expression of these 62 

channels reconstituted M-like currents in heterologous systems 7. Homomeric KCNQ2 and 63 

KCNQ3 channels display markedly different gating behaviors, membrane trafficking efficiencies, 64 

and PIP₂ sensitivities, yet their heteromeric combination yields a robust and finely tuned current 65 
26-30. These findings imply that M-current properties arise from emergent structural features unique 66 

to the heteromeric complex—features that cannot be predicted from either subunit alone. However, 67 

despite extensive biochemical and electrophysiological studies, the exact subunit stoichiometry 68 

and assembly architecture of the KCNQ2/3 complex have long remained controversial. Early 69 

biochemical analyses suggested random co-assembly, whereas functional studies proposed 2:2 or 70 

1:3 stoichiometries of KCNQ2:KCNQ3 31-33. The lack of direct structural information has thus 71 

hindered a mechanistic understanding of how subunit diversity gives rise to the distinctive gating 72 

and stability of the M-current. 73 

Pharmacological targeting of KCNQ2/3 has proven clinically valuable yet challenging 34,35. The 74 

first-generation opener retigabine (or ezogabine) enhanced M-currents and reduced seizures by 75 

stabilizing the open state but lacked subtype and stoichiometric selectivity, leading to adverse 76 

effects and market withdrawal 36-40. The next-generation modulator XEN1101 shows improved 77 

potency, subtype selectivity, and tolerability 41, yet the structural basis of its selectivity remains 78 

unknown. Understanding how KCNQ2 and KCNQ3 assemble and interact is therefore critical for 79 
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elucidating the structural basis of neuronal excitability and for designing heteromer-selective 80 

modulators that maximize efficacy while minimizing side effects. 81 

Over the past decade, cryo-electron microscopy (cryo-EM) has revolutionized our understanding 82 

of the KCNQ channel family 42. Structures of cardiac KCNQ1 in complex with KCNE subunits 83 

revealed how auxiliary proteins modulate voltage sensing and gating 43-45, while high-resolution 84 

reconstructions of neuronal KCNQ2, KCNQ4, and KCNQ5 homomers provided detailed insights 85 

into gating, functional modulation, and drug binding 46-51. The KCNQ channel family adopts the 86 

canonical tetrameric KV channel structure in domain-swapped arrangement 42-53. Each subunit 87 

contains six transmembrane segments (S1–S6) with S1–S4 forming the voltage-sensing domain 88 

(VSD) and the S5–S6 folding to the pore domain (PD). The C-terminal domain (CTD) contains 89 

three helices (HA, HB, and HC) that interact with the calcium-modulated protein calmodulin 90 

(CaM). During channel opening, HA/HB together with CaM undergo a ~180° rotation, 91 

transitioning the CTD from an "attached" (with VSD) to a "detached" conformation 43-51,53. Within 92 

the transmembrane region, a conserved pocket at the interface of two adjacent PDs serves as the 93 

binding site for multiple activators 26,46-51,53. These studies have established a mechanistic 94 

framework for KCNQ channel activation and pharmacology. However, all available structures to 95 

date represent homomeric assemblies, leaving the molecular architecture, subunit stoichiometry, 96 

and drug-binding pocket organization of the native KCNQ2/3 heteromer unresolved. 97 

Here, we present the cryo-EM structures of the human KCNQ2/3 heteromer in both the apo state 98 

and in complex with the next-generation anticonvulsant XEN1101. Together with 99 

electrophysiological and pharmacological analyses, these structures reveal varying 100 

KCNQ2:KCNQ3 stoichiometries with a 1:3 assembly as the predominant form. This asymmetric 101 

assembly defines the molecular interfaces that shape gating and ligand recognition, and uncover 102 

how heteromerization creates a distinct pharmacological landscape. These findings resolve long-103 

standing questions regarding KCNQ2/3 architecture and provide a structural foundation for the 104 

rational design of heteromer-selective modulators, paving the way toward safer and more effective 105 

therapies for epilepsy and other neurological disorders. 106 
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Results 108 

Structure determination of the KCNQ2/3 heteromer channel 109 

Functional M-channel requires the co-assembly of both KCNQ2 and KCNQ3 subunits 7,26-29. To 110 

investigate the structural and functional properties of KCNQ2/3 heteromeric channels, we 111 

characterized their electrophysiological profiles in Chinese hamster ovary (CHO) cells. In line 112 

with previous findings 7,24,26-29, transfection of KCNQ2 alone yielded moderate, slowly activating 113 

potassium currents, while expression of KCNQ3 alone produced negligible currents (Fig. 1A). In 114 

contrast, co-expression of KCNQ2 and KCNQ3 at a 1:1 mass ratio resulted in a substantial increase 115 

in current amplitude, far exceeding that of KCNQ2 alone (Fig. 1A). This synergistic current 116 

increase indicates that heteromerization is essential for efficient channel trafficking and robust 117 

functional expression at the plasma membrane. 118 

Given the high sequence identity (~70%) between the transmembrane regions of KCNQ2 and 119 

KCNQ3, unambiguous subunit assignment in cryo-EM maps was initially challenging. To isolate 120 

the heteromeric population, we co-expressed full-length human KCNQ2 and KCNQ3 with 121 

orthogonal affinity tags (Flag–KCNQ2 and Strep–KCNQ3), allowing tandem affinity purification 122 

to selectively enrich the KCNQ2/3 heteromer while excluding homomeric assemblies (Fig. S1A–123 

C). The purified KCNQ2/3 complex yielded a cryo-EM reconstruction at an overall resolution of 124 

3.6 Å (Fig. S1D, E). However, the lower local resolution in the transmembrane region and the high 125 

sequence similarity between KCNQ2 and KCNQ3 still precluded confident subunit assignment 126 

based solely on side-chain features. 127 

To overcome this, we engineered a BRIL-fusion construct (KCNQ2–BRIL) by inserting 128 

apocytochrome b562RIL (BRIL) 54 into the S1-S2 linker of KCNQ2 (Fig. 1B), providing a distinct 129 

structural marker for unambiguous subunit identification. Crucially, the KCNQ2–BRIL/KCNQ3 130 

channel produced robust current dynamics indistinguishable from wild-type KCNQ2/3 (Fig. 1C), 131 

validating that the fusion did not perturb channel function. Subsequent size-exclusion 132 

chromatography (SEC) yielded a single, symmetrical peak, and SDS-PAGE analysis of peak 133 

fractions confirmed co-elution of KCNQ2-BRIL and KCNQ3, verifying a stable heteromeric 134 

assembly (Fig. 1D, E). 135 

From ~1,000,000 selected particles, we obtained multiple classes of KCNQ2/3 assemblies without 136 

imposing symmetry (Fig. S2A, B). Strikingly, 2D classification revealed four distinct 137 
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stoichiometries, corresponding to complexes containing 1, 2 (adjacent), 2 (diagonal), or 3 BRIL 138 

densities (Fig. 1F), consistent with variable KCNQ2 subunit(s) incorporation within the tetramer. 139 

Among these, the KCNQ2/3/3/3 (1:3) emerged as the predominant population, suggesting that this 140 

asymmetric stoichiometry represents the major physiological form of native M-channels. 141 

To functionally test this hypothesis, we generated tandem-linked constructs enforcing defined 142 

subunit stoichiometries: KCNQ2/3/3/3 (1:3), KCNQ2/2/3/3 (2:2, adjacent), KCNQ2/3/2/3 (2:2, 143 

diagonal), and KCNQ2/2/2/3 (3:1). Whole-cell patch-clamp recordings demonstrated that all four 144 

tandem constructs generated robust currents (Fig. 1G). Importantly, the KCNQ2/3/3/3 tandem 145 

construct most closely recapitulated the biophysical properties of native KCNQ2/3 currents (Fig. 146 

1G), providing functional evidence that the asymmetric 1:3 stoichiometry is the principal assembly 147 

state of the M-channel.  148 

The KCNQ2/3 heteromer channel predominantly adopts a KCNQ2/3/3/3 stoichiometry 149 

Refinement of the KCNQ2/3/3/3 class yielded a 3.0 Å map (KCNQ2/3/3/3APO), in which the BRIL 150 

density enabled unambiguous subunit assignment and revealed an asymmetric 1:3 151 

KCNQ2:KCNQ3 organization (Fig. 2A, S2C, D). A second reconstruction obtained in the 152 

presence of PIP₂ and the positive modulator XEN1101 (KCNQ2/3/3/3PIP2, 3.2 Å) revealed an 153 

identical stoichiometry, with clear density for four PIP2 and four XEN1101 molecules bound at 154 

equivalent inter-subunit interfaces (Fig. 2B, S3A-D). 155 

To further validate this stoichiometry in a physiological context, we leveraged the known dramatic 156 

difference in tetraethylammonium (TEA) sensitivity between KCNQ2 and KCNQ3 7,9,55,56. Of note, 157 

we introduced the A315T mutation to address the absence of current in WT KCNQ3, thereby 158 

restoring normal current size in KCNQ3-A315T (pseudo-WT KCNQ3, or KCNQ3*) 57. This 159 

different TEA sensitivity arises from a TEA binding residue tyrosine (Y284) following the 160 

signature sequence of the selectivity filter “TIGYG” in KCNQ2 (IC₅₀ = 0.18 ± 0.04 mM), versus a 161 

threonine substitution (T323) at the equivalent position in KCNQ3* (IC₅₀ > 100 mM) (Fig. 2C, D). 162 

The resulting ~1000-fold difference provides a robust pharmacological fingerprint for determining 163 

the major stoichiometry of heteromeric KCNQ2/KCNQ3 channels. We therefore measured the 164 

TEA sensitivity of wild-type heteromeric KCNQ2/KCNQ3 channels alongside tandem-linked 165 

constructs of defined stoichiometries KCNQ2/3/3/3, KCNQ2/2/3/3, KCNQ2/3/2/3, and 166 

KCNQ2/2/2/3. Remarkably, the wild-type heteromer KCNQ2/KCNQ3 channels exhibited a TEA 167 
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sensitivity (IC50 = 31.4 ± 3.6 mM) that was significantly different from the 2:2 (KCNQ2/2/3/3, 168 

IC50 = 3.0 ± 0.5 mM, p < 0.0001, and KCNQ2/3/2/3, IC50 =2.5 ± 0.4 mM, p < 0.0001) and 3:1 169 

(KCNQ2/2/2/3, IC50 = 0.7 ± 0.1 mM, p < 0.0001) constructs but indistinguishable from the 1:3 170 

(KCNQ2/3/3/3, IC50 = 24.5 ± 5.1 mM, p = 0.28) tandem construct (Fig. 2E, F). This result provides 171 

independent functional evidence that native KCNQ2/3 heteromeric channels predominantly 172 

assemble with a 1:3 stoichiometry. 173 

Overall architecture of the KCNQ2/3/3/3 channel 174 

Our structural data reveal that while the KCNQ2/3 heteromer maintains the canonical domain-175 

swapped architecture (Fig. 3A), key structural distinctions from the KCNQ2 homomer underlie its 176 

unique functional properties. 177 

When viewed from the extracellular side, the VSDs of KCNQ2 and KCNQ3 subunits within the 178 

heteromer exhibit distinct counterclockwise rotations—approximately 8° and 12° respectively—179 

resulting in an overall lateral expansion of the VSD (from 84.3 Å in KCNQ2 homomer to 88.5 Å 180 

in KCNQ2/3) (Fig. 3A). This rearrangement may subtly reshape the interdomain coupling between 181 

S4–S5 linkers and the pore domain, as well as the VSD-CTD interaction, thereby influencing the 182 

gating process and PIP2 modulation. 183 

Notably, despite differences in their overall arrangement, the VSDs of all KCNQ2 and KCNQ3 184 

subunits in both structures adopt a similar activated-state conformation, with conserved charge 185 

interactions comparable to the KCNQ2 homomer 26 (Fig. 3B). Specifically, E1 (E130 in KCNQ2, 186 

and E160 in KCNQ3) and F0 (F137 in KCNQ2, and F167 in KCNQ3) on the S2 helix engage with 187 

the gating charges R4 and H5 on the S4 helix, respectively (Fig. 3B). This similar VSD 188 

conformation between homomeric KCNQ2 and heteromeric KCNQ2/3 suggests that the observed 189 

functional differences arise primarily from the impact of heteromeric assembly on the energetics 190 

of conformational changes, rather than from a fundamental difference in the intrinsic state of the 191 

VSDs. 192 

Pore analysis using HOLE revealed that the apo KCNQ2/3 channel adopts a closed conformation, 193 

with the inner gate residues S314 (KCNQ2) and S353 (KCNQ3) occluding the ion conduction 194 

pathway. In contrast, in the PIP₂-bound structure, the gate widens beyond ~3 Å, consistent with an 195 

open state (Fig. 3C–E). Detailed molecular dynamics (MD) simulations could be done to further 196 

confirm that the KCNQ2/3/3/3PIP2 structure adopts an open conformation. Notably, the inherent 197 
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1:3 asymmetric stoichiometry imparts a structural asymmetry to the pore in both closed and open 198 

states (Fig. 3C), which may fine-tune the channel gating and pharmacology. 199 

The most striking structural difference lies in the CTD. Prior studies have demonstrated that the 200 

opening of KCNQ2 homomer channel involves an approximately 180° rotation of its HA-HB 201 

helices together with CaM 26. Interestingly, compared to the closed-state KCNQ2 homomer (PDB: 202 

7CR3) 26, the HA-HB helices of the single KCNQ2 subunit and the three KCNQ3 subunits in the 203 

heteromer KCNQ2/3/3/3APO exhibit a ~30° pre-rotation in the apo state (Fig. 3F). During channel 204 

activation, all these HA-HB helices undergo a ~150° clockwise rotation to end up with a similar 205 

open conformation (Fig. 3F). This ~150° rotation is significantly smaller than the ~180° rotation 206 

observed in KCNQ2 homomers, indicating that the CTD in the heteromer is in a "pre-strained" 207 

state prior to activation. We propose that this pre-positioning effect, induced by the 208 

heteromerization with KCNQ3, lowers the activation energy barrier for the entire tetrameric 209 

channel, thereby providing a structural mechanism for the clearly leftward-shifted G-V curve 210 

observed for KCNQ2/3 heteromeric currents compared to KCNQ2 homomers (Fig. 3G). 211 

Conserved and distinct intersubunit interactions in the heteromeric assembly 212 

The high conformational similarity between KCNQ2 and KCNQ3 subunits enables the formation 213 

of a stable heterotetramer. Our structural analysis confirms that the heteromer retains key 214 

intersubunit interactions observed in homomers, such as a conserved hydrogen bond network near 215 

the selectivity filter formed by W309 and T313 in KCNQ3 and Y280 in KCNQ2, as well as an 216 

electrostatic interaction between R330 in KCNQ3 and D266 in the adjacent KCNQ2 subunit (Fig. 217 

S4A–F). 218 

Despite this overall similarity, the heteromeric interfaces also exhibit unique characteristics. A 219 

prominent difference lies in the hydrophobic interactions at the interface between the S5 helix of 220 

one subunit and the VSD region of its neighbor. Notably, at the KCNQ3-KCNQ2 interface, I273 221 

and F269 from KCNQ3 interact with L107, M208, and F104 from KCNQ2. In contrast, at the 222 

reciprocal KCNQ2-KCNQ3 interface, F104 in KCNQ2 is replaced by L134 in KCNQ3 (Fig. S4G, 223 

H). This substitution of a key residue may subtly alter the interfacial hydrophobic network, 224 

potentially serving as a structural basis for the "calibrated" voltage-dependent activation of the 225 

heteromer. Overall, while retaining canonical homomeric interactions, the KCNQ2/3 heteromer 226 
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incorporates specific interfacial differences, resulting in a uniquely assembled complex with 227 

optimized energetic properties. 228 

The binding pocket of XEN1101 in the KCNQ2/3 heteromer channel 229 

XEN1101 is a next-generation KCNQ2/3 channel opener with enhanced potassium efflux and 230 

suppresses neuronal hyperexcitability in epilepsy 41,58. Compared with ezogabine, it exhibits 231 

superior subtype selectivity (KCNQ2/3 > KCNQ4) and pharmacokinetics, minimizing urological 232 

side effects 59. Consistent with its design, we found 300 nM XEN1101 potently increased 233 

KCNQ2/3 currents and leftward shifted the voltage-dependence of activation curve (Fig. 4A, B). 234 

In the cryo-EM density, four XEN1101 molecules were clearly resolved at inter-subunit interfaces 235 

within the pore domain (Fig. 4C). Each ligand resides in a conserved hydrophobic pocket formed 236 

by two adjacent subunits. The compound establishes hydrogen bonds with W265, S342, and the 237 

backbone of L338 in KCNQ3 (corresponding to W236, S303, and L299 in KCNQ2) and π–π 238 

stacking with W265, complemented by extensive hydrophobic interactions with F269, P347, and 239 

I254 (Fig. 4D). 240 

Mutational analysis corroborated these observations: 1) W236A(KCNQ2) and W265A(KCNQ3*) 241 

abolished XEN1101-induced activation (Fig. 4E–F); 2) F240A(KCNQ2), L299A(KCNQ2), 242 

I254A(KCNQ3*), F269A(KCNQ3*), L338A(KCNQ3*), S342A(KCNQ3*), F343A(KCNQ3*), 243 

and P347A(KCNQ3*) strongly reduced its efficacy (Fig. 4F); 3) V225A(KCNQ2), 244 

F304A(KCNQ2), and P308A(KCNQ2) showed non-detectable currents (Fig. S5), precluding 245 

further testing. These mutational results demonstrate the binding site of XEN1101 observed in 246 

KCNQ2/3/3/3PIP2.  247 

The fact that both KCNQ2(W236A) and KCNQ3*(W265A) mutations abolish XEN1101 248 

sensitivity provides another pharmacological tool to functionally validate the 1:3 KCNQ2:KCNQ3 249 

stoichiometry. We reasoned that the drug response of the heteromeric KCNQ2/3 channel would 250 

depend on its subunit composition. We thus co-expressed KCNQ2(W236A) with wild-type 251 

KCNQ3, and wild-type KCNQ2 with KCNQ3(W265A) (Fig. 4G). While the wild-type 252 

KCNQ2+KCNQ3 channel responded robustly to 100 nM and 300 nM XEN1101, the 253 

KCNQ2+KCNQ3(W265A) combination showed a significantly greater reduction in XEN1101 254 

response than the KCNQ2(W236A)+KCNQ3 channel (Fig. 4G, H). This asymmetric effect also 255 
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indicates that KCNQ3 subunits dominate the heteromeric complex, providing another functional 256 

evidence consistent with the 1:3 stoichiometry. 257 

Our structural data also highlighted the molecular basis for XEN1101’s subtype selectivity among 258 

KCNQ channels 58,59. Sequence alignment revealed that some key hydrophobic amino acids in the 259 

pocket are not conserved within the KCNQ family. For example, L272 in KCNQ2 (corresponding 260 

to L311 in KCNQ3) is T278 in KCNQ4. This substitution of amino acid residues may disrupt the 261 

hydrophobic cavity at the upper part of the binding pocket, thereby affecting the binding of 262 

XEN1101 in KCNQ4 (Fig. S6A–E). 263 

PIP2 modulation in the KCNQ2/3 heteromer channel 264 

Phosphatidylinositol 4,5-bisphosphate (PIP₂), a phosphoinositide lipid in the inner leaflet of the 265 

plasma membrane, serves as an essential cofactor for KCNQ channel activation 60-65. In the 266 

KCNQ2/3/3/3PIP2 structure, a well-defined density corresponding to PIP₂ was observed at the 267 

canonical interface between the VSD and PD. The inositol 1,4,5-trisphosphate head group engages 268 

a conserved set of basic residues from both subunits, R214, R87, R89, and K327 in KCNQ2, and 269 

K259 in KCNQ3, forming a conserved PIP2-site configuration (Fig. 5A, B). This arrangement 270 

mirrors, yet subtly diverges from, the canonical PIP₂-binding motif previously described in 271 

homomeric KCNQ channels, suggesting a reorganization of the lipid–protein interface upon 272 

heteromerization. 273 

To assess the functional relevance of this PIP₂-binding pocket, we systematically substituted the 274 

key basic residues with alanine. As predicted, most substitutions—including R89A, K214A, 275 

K230A, and K327A in KCNQ2, and R243A, K259A, and K366A in KCNQ3—produced right-276 

shifted voltage-dependence of activation (Fig. 5D, E), consistent with weakened PIP₂ interaction 277 

and impaired stabilization of the open state 46,51,53. Notably, R87A in KCNQ2 resulted in a 278 

moderate left-shift of the G–V curve, and R117A and R119A in KCNQ3 produced minimal gating 279 

changes, indicating a less direct contribution of these residues to PIP₂ modulation (Fig. 5D, E).  280 

Further structural comparison between KCNQ2PIP2 46 and KCNQ2/3/3/3PIP2 reveals that 281 

heteromerization enhances PIP₂ sensitivity by tightening the PIP₂-binding pocket (Fig. 5B, C). 282 

Although the PIP₂-binding pocket is largely conserved between two structures, we found that the 283 

pocket volume of the KCNQ2 homomeric structure is dramatically larger than those of the 284 

heteromer structure. This is evidenced by the R89-K366 distance, which is 11.2 Å in KCNQ2PIP2, 285 
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while shortened to 8.8 Å in the KCNQ2/KCNQ3 subunit pocket (R119-K366) and to 7.3 Å in the 286 

KCNQ3/KCNQ3 subunit pocket (R119-K366) of the KCNQ2/3/3/3PIP2 structure (Fig. 5B, C). This 287 

shortened distance likely strengthens the PIP₂-binding in M-channels. Furthermore, the 288 

asymmetric nature of the PIP2-binding may fine-tune the subunit-specific activation, diversifying 289 

PIP2-mediated modulation of M-channels in neuron cells. 290 

Together, these findings establish a structural and functional basis for how PIP₂ modulates the 291 

KCNQ2/3 heteromer through cooperative, yet non-equivalent, subunit interactions (Fig. 5F). The 292 

dominance of KCNQ3 in the heteromeric interface likely underlies the unique gating behavior and 293 

pharmacological sensitivity that distinguish the neuronal M-current from its homomeric 294 

counterparts (Fig. 5F). 295 

Discussion 296 

The heterotetrameric KCNQ2/3 channel constitutes the molecular embodiment of the neuronal M-297 

current, a cornerstone of neuronal excitability control. For decades, the fundamental architecture 298 

of this physiologically critical complex has remained a subject of debate. Our study resolves this 299 

long-standing question by revealing that the native KCNQ2/3 channel predominantly assembles 300 

in an asymmetric 1:3 (KCNQ2:KCNQ3) stoichiometry. This structural elucidation, combined with 301 

our functional data, allows us to move beyond mere description and propose a unified mechanism 302 

by which this specific stoichiometry gives rise to the defining properties of the M-current. 303 

Our structural data provide a clear rationale for the prevalence of the 1:3 assembly. This 304 

configuration appears to be an optimal compromise, leveraging the distinct strengths of each 305 

subunit while mitigating their individual limitations. The single KCNQ2 subunit acts as a crucial 306 

linchpin, facilitating efficient tetramerization and membrane trafficking—a function that 307 

homomeric KCNQ3 fails to perform. Conversely, the trio of KCNQ3 subunits dominates the 308 

functional core of the channel. Structural analysis reveals that interfaces involving KCNQ2 exhibit 309 

distinct interaction networks, and we posit that incorporating additional KCNQ2 subunits would 310 

introduce less favorable interfacial energetics, making the 1:3 form the most stable and thus 311 

predominant assembly. 312 

Our structural observation of the 1:3 KCNQ2/KCNQ3 assembly likely represents the 313 

stoichiometry of mature neuronal M-channels. This conclusion is supported by following evidence: 314 

1) Developmental expression profile in the human brain (hippocampus, temporal lobe, cerebellum, 315 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/cwcehs25. This version posted December 22, 2025. The copyright holder for this preprint (which was not certified
by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0



12 
 

etc.) shows that KCNQ2 expression is high at birth and decreases over time, while KCNQ3 316 

expression gradually increases 66. Consistent with this, KCNQ2 deletion in mouse leads to 317 

perinatal lethality, whereas KCNQ3 knockout mice are viable into adulthood 67-69; 2) Data from 318 

rat superior cervical ganglion neurons confirm this pattern: while the KCNQ2 level remains high 319 

and stable, KCNQ3 expression increases during maturation 33. Accordingly, TEA sensitivity 320 

experiments show a corresponding shift in M-channel composition from KCNQ2-dominant in 321 

young neurons to a greater KCNQ3 contribution in mature ones 9,33. These complex spatiotemporal 322 

expression patterns underscore the sophistication of M-channel assembly. Further structural 323 

studies in native neurons are essential for advancing precision medicine therapies. 324 

A cardinal feature of the M-current is its activation at subthreshold membrane potentials 70, a 325 

property directly explained by our structures. We find that the asymmetric assembly creates a 326 

uniquely reconfigured voltage-sensing apparatus. The heteromeric VSD is laterally expanded, and 327 

the C-terminal domain (CTD) of the solitary KCNQ2 subunit is pre-positioned in a ~30° rotated 328 

state in the closed conformation. We hypothesize that this pre-activation of the KCNQ2 CTD 329 

serves as a molecular trigger, effectively lowering the allosteric energy barrier for channel opening. 330 

This mechanism, where the pre-strained KCNQ2 subunit primes the entire tetramer for activation, 331 

allows the channel to open in response to smaller depolarizations, thereby "calibrating" the voltage 332 

dependence to perfectly suit its role in stabilizing the resting potential. 333 

Beyond gating, the 1:3 stoichiometry fundamentally defines the channel's pharmacological 334 

identity. The clinical need for subtype-selective KCNQ modulators is underscored by the history 335 

of retigabine. Our structural and mutagenesis data demonstrate that XEN1101 selectivity is an 336 

emergent property of the heteromer. With three of its four identical drug-binding pockets primarily 337 

constituted by KCNQ3, the channel's pharmacological profile is intrinsically set to be "KCNQ3-338 

like". This KCNQ3-dominated chemical environment is optimally complementary to XEN1101, 339 

while divergent residues in other homologs like KCNQ4 create suboptimal binding sites. Thus, 340 

the heteromer does not merely combine subunits; it creates a novel pharmacological entity that is 341 

selectively targeted by next-generation therapeutics. 342 

In conclusion, we propose that neurons utilize the 1:3 KCNQ2:KCNQ3 stoichiometry not as a 343 

simple compromise, but as a sophisticated structural strategy to create de novo a potassium channel 344 

with optimized properties. This asymmetric assembly integrates the trafficking proficiency of 345 

KCNQ2 with the gating and pharmacological landscape shaped by KCNQ3, all while introducing 346 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/cwcehs25. This version posted December 22, 2025. The copyright holder for this preprint (which was not certified
by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0



13 
 

unique functional advantages through reconfigured domain coupling and pre-activation. Our work 347 

thus provides a comprehensive structural framework that deciphers the molecular logic of the M-348 

current. It settles fundamental debates and opens a new chapter for the rational design of precision 349 

medicines targeting KCNQ2/3-related epilepsies and other disorders of neuronal hyperexcitability. 350 

  351 
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Methods 384 

Constructs and mutagenesis 385 

The full-length human KCNQ2 construct, containing a C-terminal triple FLAG tag 386 

(DYKDHDGDYKDHDIDYKDDDDK), and the full-length human KCNQ3 construct, featuring 387 

an N-terminal Twin-Strep-Tag II (WSHPQFEKGGGSGGGSGGSAWSHPQFEK), were obtained 388 

by PCR and then subcloned into the pEGBacMam expression vector using EcoRI and NotI 389 

restriction sites. Overlap extension and high-fidelity PCR were used to generate point mutations 390 

in the KCNQ2 or KCNQ3 channels. Additionally, four multimeric fusion proteins were 391 

constructed using the Hieff Clone® Universal One Step Cloning Kit (YEASEN): 392 

KCNQ2/3/3/3(1:3), KCNQ2/2/3/3(2:2, adjacent), KCNQ2/3/2/3(2:2, diagonal), and 393 

KCNQ2/2/2/3(3:1). Each full-length subunit was amplified by PCR to obtain the corresponding 394 

DNA fragments, which included a flexible linker between subunits to ensure proper folding and 395 

interaction 43. These four fragments were then mixed with the pEGBacMam expression vector and 396 

subjected to one-step cloning according to the manufacturer’s instructions. Briefly, the linearized 397 

vector and the four subunit fragments were combined with the reaction buffer and enzyme mixture, 398 

incubated at 50°C for 30 min, and transformed into competent E.coli cells. All mutations and 399 

constructs were confirmed by DNA sequencing. 400 

Protein expression and purification 401 

Overlap extension and high-fidelity PCR were used, which was confirmed by DNA sequencing. 402 

The truncated KCNQ2 construct (residues 64–674), containing an N-terminal triple FLAG tag 403 

(DYKDHDGDYKDHDIDYKDDDDK), and the truncated KCNQ3 construct (residues 93 to 649), 404 

featuring an N-terminal Twin-Strep-Tag II (WSHPQFEKGGGSGGGSGGSAWSHPQFEK), were 405 

used for cloning the KCNQ2/3 heteromers construct into the pEGBacMam expression vector with 406 

a C-terminal Maltose Binding Protein. To enable unambiguous particle alignment, we aimed to 407 

introduce features that would increase particle size and provide an asymmetric shape, facilitating 408 

the differentiation of distinct subunits in KCNQ2/3 heteromers for 3D reconstruction. We therefore 409 

introduced the BRIL domain (cytochrome b562 RIL) 71,72 fused in place of extracellular loop 1 of 410 

KCNQ2. The human CaM gene was cloned into the pEGBacMam expression vector without any 411 

tags. Recombinant human KCNQ2/3 heteromer expressed in mammalian HEK293 F cells using 412 

transient transfection. When the cell concentration reached 2.0–3.0 × 10⁶ cells per milliliter, the 413 
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cells were cotransfected with three types of plasmids corresponding to KCNQ2, KCNQ3, and CaM 414 

at a mass ratio of 5:5:1. For a 1-liter HEK293 F cell culture, approximately 1 mg of the 415 

aforementioned mixed plasmids was first pre-blended with linear polyethyleneimines (PEIs, from 416 

MKbio) in 50 ml of fresh medium, and this plasmid-PEI mixture was allowed to stand for 15 to 417 

30 minutes. Subsequently, the mixture was added to the cell culture, which was then incubated for 418 

15 minutes. Following 24 hours of incubation at 37°C, 10 mM sodium butyrate was introduced 419 

and maintained at 30°C. The cells were collected after 48 hours, and kept at -80°C for future use. 420 

Cell pellets were resuspended in hypotonic buffer (20 mM Tris-HCl pH 8.0, 20 mM KCl, 0.5 mM 421 

MgCl₂, 2 mM DTT) with Selleck's protease inhibitor, gently agitated for 40 min. Crude membranes 422 

were collected by ultracentrifugation at 105,400×g for 45 min, then resuspended and solubilized 423 

in buffer (20 mM Tris-HCl pH 8.0, 150 mM KCl, 2 mM DTT, 0.5% LMNG:CHS 10:1) at 4°C for 424 

2-2.5 h. After centrifugation, the supernatant was incubated with GenScript Anti‐DYKDDDDK 425 

G1 Affinity Resin at 4°C for 2 h. The resin was washed with buffers containing different detergents 426 

(sequentially 0.1% LMNG+0.01% CHS+0.1% GDN, 0.1% GDN, 0.05% GDN) for 10 column 427 

volumes each. The proteins were then eluted with wash buffer plus 300 to 400 µg/mL FLAG 428 

peptide. The eluent from the anti-FLAG column was subsequently applied to the Strep-Tactin resin 429 

(IBA) and incubated at 4°C for 1 hour. The resin was thoroughly washed with the same buffer, 430 

then the target was eluted with the buffer plus 5 mM D-Desthiobiotin (Macklin). The protein eluent 431 

was purified via GE's Superose 6 Column equilibrated with 20 mM Tris-HCl pH 8.0, 150 mM 432 

KCl, 2 mM DTT, 0.03% GDN. Peak fractions were pooled, concentrated to 4-5 mg/mL with 100-433 

kDa concentrator for cryo-EM. For KCNQ2/3 bound to XEN1101, the purified protein was 434 

incubated with 0.2 mM XEN1101 and 1 mM Echelon's diC8-PIP₂. 435 

Cryo-EM sample preparation and data acquisition 436 

To prepare the grids, 2.5–3.0 μL of the concentrated protein complex was applied to glow-437 

discharged holey carbon grids (Quantifoil Au R1.2/1.3, 300 mesh) at 4°C under 100% humidity. 438 

The grids were blotted for 3.5 seconds and plunge-frozen in liquid ethane using a Vitrobot Mark 439 

IV (FEI). Micrographs were captured with a Titan Krios microscope (FEI) running at 300 kV. A 440 

detailed summary of the data collection is provided in Supplementary Table S1. 441 

Cryo-EM data processing  442 

Images of all datasets were imported into cryoSPARC v4.1.1 73,74. Cryo-EM movies were motion-443 

corrected using MotionCor2 75.  Contrast transfer functions (CTFs) were calculated using the patch 444 
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CTF estimation module. The initial particles were picked by Blob picker.  The picked particles 445 

were extracted and classified with 2D classification and the best 2D classes were selected as the 446 

template. Then the particles were picked by template picker and extracted with a box size of 400 447 

pixels (binned by 2) and classified with 2D classification. The sorted particles were subjected to 448 

heterogenous refinement using initial models generated by ab-initio reconstruction. The final 449 

particle sets were re-extracted with original box size and further applied for final nonuniform 450 

refinement and local refinement. 451 

Model building and refinement for cryo-EM structures 452 

All maps were sharpened using the B-factor automatically calculated in CryoSPARC. For the 453 

KCNQ2/3 heteromer, an AlphaFold model of the human KCNQ3 from AlphaFold Protein 454 

Structure Database 76 (UniProt accession code: O43525) and the structure of the human KCNQ2 455 

apo state (Protein Data Bank (PDB) code: 7CR3) 26 were used to generate initial templates for 456 

model building. For the KCNQ2/3-XEN1101-PIP2, our model of the KCNQ2/3 heteromer in this 457 

study (PDB code: 9X5J). All models were manually adjusted in Coot 0.9.8.1 77,78. The models 458 

were further refined by several rounds of real-space refinement in Phenix and were validated using 459 

MolProbity tool in Phenix 79. The final refinement statistics are provided in Table 1. All structure 460 

figures were prepared in UCSF ChimeraX 80. 461 

Cell culture and transfection 462 

Chinese hamster ovary (CHO) cells were grown in F-12 (Gibco) supplemented with 10% fetal 463 

bovine serum (FBS). To transiently express the channel for electrophysiological studies, cells were 464 

seeded into 24-well plates and then transfected with 800 ng of the cDNA using the Lipofectamine 465 

2000 reagent (Invitrogen) according to the manufacturer’s guideline. A GFP cDNA (500 ng) was 466 

co-transfected to aid identification of transfected cells by fluorescence microscopy. For 467 

electrophysiological recordings, the cells were plated onto glass coverslips coated with poly-D-468 

lysine and cultured in wells of sterile 24-well tissue culture plates in a humidified incubator at 469 

37 °C, 5% CO2, until use. 470 

Electrophysiological recording 471 

Standard whole-cell voltage-clamp recording was conducted at room temperature with EPC10 472 

amplifier with the Patchmaster software (HEKA, Lambrecht, Germany). Pipettes were pulled from 473 

borosilicate glass capillaries (World Precision Instruments) with tip resistances of 3–7 MΩ when 474 

filled with the intracellular solution. The intracellular solution contained (in mM): 145 KCl, 5 475 
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NaCl, 2.5 MgCl2, 5 EGTA, 10 HEPES (pH 7.3 adjusted by KOH); and the bath solution contained 476 

(in mM): 145 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, and 11 glucose (pH 7.3 adjusted by 477 

NaOH). The data were filtered at 2 kHz and digitized using Clampfit 10.3 software. Series 478 

resistance compensation was used and set to 80%.  479 

Electrophysiology Data analysis  480 

Data were analyzed with Clampfit (Axon Instruments), Sigmaplot (SPSS), and Prism (Graphpad). 481 

G–V curves were fitted with Boltzmann equations in the form of 1/(1+ exp(−z*F*(V−V1/2)/RT)), 482 

where V is the voltage, z is the equivalent valence, V1/2 is the half-maximal voltage, F is the 483 

Faraday constant, R is the gas constant, and T is the absolute temperature. V1/2 were estimated by 484 

fitting G–V relations of each channel with a single Boltzmann equation. 485 

Statistical analysis 486 

Averaged data were presented as mean ± standard error of mean (SEM) with n specifying the 487 

number of independent experiments. Statistical analyses (t-test, paired t-test, one-way ANOVA 488 

and post-hoc mean comparison Tukey test or Dunnett test) were performed with Sigmaplot (SPSS) 489 

and R software (4.1.2 version, multcomp package). Statistical significance was set as “*” P < 0.05, 490 

“**” P < 0.01, and “***” P < 0.001. 491 

  492 
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 687 
Figure 1. Functional M channels contain KCNQ2 and KCNQ3 in different stoichiometry. (A) 688 

Representative activation currents and current densities of KCNQ2, KCNQ3 and KCNQ2 + 689 

KCNQ3 (1:1 mass ratio transfection). Current densities at +40 mV were 90.2 ± 13.2 pA/pF for 690 

KCNQ2(n = 23), 13.7 ± 3.9 pA/pF for KCNQ3 (n = 8), and 422.1 ± 46.9 pA/pF for 691 

KCNQ2+KCNQ3 (n = 16). (B) Schematic diagram of KCNQ2 cloning construct. (C) 692 

Representative activation currents of KCNQ2-BRIL + KCNQ3(1:1 mass ratio transfection). (D) 693 

KCNQ2/3 heteromer size exclusion chromatography (SEC) trace obtained using an FPLC 694 

equipped with Superose 6 Increase 10/300 column. (E)  Corresponding SDS-PAGE Coomassie-695 

stained gel of the collected sample off the column. (F) Density maps of KCNQ2/3 with different 696 

subunit composition ratios. The BRIL density is shown in orange. (G) Representative activation 697 

currents of KCNQ2/3/3/3, KCNQ2/2/3/3, KCNQ2/3/2/3 and KCNQ2/2/2/3. 698 

699 
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 700 

Figure 2. The primary KCNQ2/3 heteromer channel adopts a KCNQ2/3/3/3 stoichiometry. 701 

(A) Top and side views of KCNQ2/3 density maps in the apo condition and side views of structure 702 

models. Color code: KCNQ2 (dark green), KCNQ3 (deep blue), and CaM (yellow). (B) Top and 703 

side views of KCNQ2/3-XEN1101-PIP2 density maps in the open condition and side views of 704 

structure models. Color code: KCNQ2 (light green), KCNQ3 (light blue), and CaM (yellow). (C-705 

D) Sequence alignment to show the principle of different TEA sensitivity between KCNQ2 and 706 

KCNQ3. The TEA binding residue Y284 in KCNQ2 is substituted with T323 in KCNQ3. 707 

Representative currents of KCNQ2 and KCNQ3* (KCNQ3-A315T), before and after adding TEA 708 

(with concentrations 0.01 mM, 0.1 mM, 1 mM, 10 mM, and 100 mM). (E) Representative 709 

activation currents KCNQ2/3/3/3, KCNQ2/2/3/3, KCNQ2/3/2/3, and KCNQ2/2/2/3 before and 710 

after adding TEA (from 0.01 mM to 100 mM). (F) Representative activation currents of KCNQ2 711 

+ KCNQ3 (1:1 mass ratio), before and after adding TEA (from 0.01 mM to 100 mM), and a cartoon 712 

scheme to show that KCNQ2/3/3/3 (harboring Y/T/T/T at TEA binding sites) most closely 713 

recapitulated the TEA block of native KCNQ2/3 channels. (G) TEA blocking dose response of 714 

KCNQ2 + KCNQ3 (red) and KCNQ2/3/3/3 (pink). Dose response of KCNQ2, KCNQ3 and other 715 

heteromers are also shown. IC50 = 31.4 ± 3.6  mM for KCNQ2 + KCNQ3 (n = 11); IC50 = 24.5 ± 716 

5.1 mM for KCNQ2/3/3/3 (n = 11); IC50 = 0.2 ± 0.1 mM for KCNQ2  (n = 9); IC50 = 0.7 ± 0.1 mM 717 
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for KCNQ2/2/2/3 (n = 9); IC50 = 3.0 ± 0.5 mM for KCNQ2/2/3/3 (n = 8); IC50 = 2.5 ± 0.4  mM for 718 

KCNQ2/3/2/3 (n = 11); IC50 > 100 mM for KCNQ3* (n = 5). 719 
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 721 
Figure 3. Heteromerization-induced structural changes on KCNQ2/3/3/3. (A) Horizontal 722 

expansion of the voltage-sensing domain (VSD) of KCNQ2/3 and KCNQ2. Structures were 723 

aligned to the filter.  (B) Structural comparison of VSD states between KCNQ2-KCNQ3apo and 724 

KCNQ2-KCNQ3PIP2. Only S2 and S4 were shown for clarity. (C) Example pore radius analysis of 725 

KCNQ2-KCNQ3apo and KCNQ2-KCNQ3PIP2 with front and back subunits excluded for clarity. (D) 726 

Pore radius analysis of KCNQ2-KCNQ3apo (blue) and KCNQ2-KCNQ3PIP2 (green). (E) Structural 727 

comparison of the activation gate between KCNQ2-KCNQ3apo and KCNQ2-KCNQ3PIP2. (F) Left, 728 

structural comparison to show that the CTD of KCNQ2-KCNQ3apo is in a “pre-positioned” state, 729 
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compared to KCNQ2apo (cyan, 7CR3)26. Middle, structural comparison to show that the CTD of 730 

KCNQ2-KCNQ3PIP2 is in a similar state to KCNQ2PIP2 (pink, 8IJK)49. Right, structural comparison 731 

to show that, due to the “pre-positioned” state of CTD, the HA-HB helices of KCNQ2-KCNQ3 732 

heteromeric channel undergo a significantly smaller (~150° vs ~180° in KCNQ2 homomer) 733 

rotation during channel opening. (G) G–V relations of KCNQ2 + KCNQ3 (1:1 mass ratio 734 

transfection), KCNQ3* (gray) and KCNQ2 (black). V1/2 = -25.7 ± 1.9 mV for KCNQ2 (n = 10); 735 

V1/2 = -33.1 ± 1.9 mV for KCNQ2 (n = 15); and V1/2 = -40.7 ± 2.2 mV for KCNQ3* (n = 7). 736 
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 738 

Figure 4. XEN1101 activation of KCNQ2/3/3/3. (A) Representative activation currents of 739 

KCNQ2+KCNQ3 (1:1 mass ratio transfection), before and after adding 300 nM XEN1101. (B) 740 

G–V relation of KCNQ2 + KCNQ3, before and after adding 300 nM XEN1101. (C) Top view of 741 

XEN1101 binding site in KCNQ2/3-XEN1101-PIP2. (D) Local magnified image of the XEN1101 742 

binding site in KCNQ2/3-XEN1101-PIP2. (E) Representative activation currents of 743 

KCNQ2(W236A) and KCNQ3*(W265A) before and after adding 100 nM XEN1101.  These 744 

channel currents were recorded at 40 mV. (F) Dose response of the voltage changes in 745 

the V1/2 (ΔV1/2) caused by XEN1101 in KCNQ2, KCNQ3* and XEN1101 binding sites. 746 

EC50 = 57.4 ±  7.1 nM for KCNQ2 (n = 9); EC50 = 92.0 ±  7.6 nM for KCNQ3* (n = 6); EC50 =  747 

204.2 ±  7.5 nM for I254A (KCNQ3*) (n = 8); EC50 =  232.9 ± 20.7 nM for F269A (KCNQ3*) 748 

(n = 4); EC50 =  234.6 ± 12.0 nM for S342A (KCNQ3*) (n = 5); EC50 =  207.5 ± 21.7 nM for S343A 749 

(KCNQ3*) (n = 5); EC50 =  255.2 ± 14.9 nM for S347A (KCNQ3*) (n = 4); EC50 = 136.7 ±  2.2 nM 750 

for F240A (KCNQ2) (n = 9). (G) Cartoon schemes to show the KCNQ2 and KCNQ3 assembly of 751 

KCNQ2(W236A)+KCNQ3 (harboring A/W/W/W at XEN1101 binding site) and 752 
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KCNQ2+KCNQ3(W265A) (harboring W/A/A/A at XEN1101 binding site). The KCNQ2/3/3/3 753 

assemblies in both schemes were highlighted in black squares. (H) Comparison of the voltage 754 

changes in the V1/2 (ΔV1/2) caused by 100 nM and 300 nM XEN1101 in KCNQ2 + KCNQ3 (1:1 755 

mass ratio transfection, black), KCNQ2(W236A) + KCNQ3 (1:1 mass ratio transfection, gray) and 756 

KCNQ2 + KCNQ3(W265A) (1:1 mass ratio transfection, red). 757 
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 759 

Figure 5. PIP2 modulation of KCNQ2/3/3/3. (A) Top view of PIP2 binding site in KCNQ2/3-760 

XEN1101-PIP2. (B) Local magnified image of the PIP2 binding site in KCNQ2/3-XEN1101-PIP2. 761 

(C) Local magnified image of the PIP2 binding site in KCNQ2 (8W4U)46. (D) KCNQ2 (K327A) 762 

currents and G–V relations of alanine mutagenesis scanning of PIP2 binding residues in KCNQ2: 763 

V1/2 = -25.7 ± 1.9 mV for KCNQ2 (n = 10); V1/2 = -34.2 ± 2.0 mV for R87A  (n = 10); V1/2 = -764 

24.0 ± 1.9 mV for R89A (n = 12); V1/2 = -14.5 ± 3.0 mV for K214A (n = 5); V1/2 = -17.3 ± 4.2 mV 765 

for R230A (n = 4); V1/2 = -11.1 ± 2.9 mV for K327A (n = 5); (E) KCNQ3 (K366A) currents and 766 

G–V relations of alanine mutagenesis scanning of PIP2 binding residues in KCNQ3*: V1/2 = -767 

40.7 ± 2.2 mV for KCNQ3* (n = 7); V1/2 = -39.0 ± 1.3 mV for R117A (n = 5); V1/2 = -768 

38.2 ± 1.6 mV for R119A (n = 5); V1/2 = -28.2 ± 1.4 mV for R243A (n = 5); V1/2 = -11.1 ± 2.9 mV 769 

for R259A (n = 5); V1/2 = -26.7 ± 1.4 mV for K366A (n = 5). (F) Putative M channel 770 

KCNQ2/KCNQ3 stoichiometry in neuron cells 771 
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773 

Figure S1. Purification and data processing of full-length KCNQ2/3 heteromers. (A) 774 

Schematic diagram of tandem affinity purification steps: first purify the protein with Flag tag, and 775 

then purify the protein with Strep tag. Flag-KCNQ2 (green); Strep-KCNQ3 (blue). (B) KCNQ2/3 776 

heteromer size exclusion chromatography (SEC) trace obtained using an FPLC equipped with 777 

Superose 6 Increase 10/300 column. (C) Corresponding SDS-PAGE Coomassie-stained gel of the 778 

collected sample off the column. (D) Cryo-EM raw images of KCNQ2/3 heteromer and typical 779 

particles of KCNQ2/3 heteromer. (E) Summary of the image processing procedures of KCNQ2/3 780 

heteromer. 781 
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783 

Figure S2. Cryo-EM and data processing of KCNQ2/3/3/3APO. (A) Cryo-EM raw images of 784 

KCNQ2/3/3/3 and typical particles of KCNQ2/3/3/3. (B) Summary of the image processing 785 

procedures of KCNQ2/3/3/3. (C) Fourier shell correlation (FSC) curves of the final reconstruction 786 

from cryoSPARC for KCNQ2/3/3/3. (D) Local resolution estimation map using cryoSPARC for 787 

KCNQ2/3/3/3. 788 
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790 

Figure S3. Cryo-EM and data processing of KCNQ2/3-XEN1101-PIP2. (A) Cryo-EM raw 791 

images of KCNQ2/3-XEN1101-PIP2 and typical particles of KCNQ2/3-XEN1101-PIP2. (B) 792 

Summary of the image processing procedures of KCNQ2/3-XEN1101-PIP2. (C) Fourier shell 793 

correlation (FSC) curves of the final reconstruction from cryoSPARC for KCNQ2/3-XEN1101-794 

PIP2. (D) Local resolution estimation map using cryoSPARC for KCNQ2/3-XEN1101-PIP2. 795 
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797 

Figure S4. Intersubunit interactions. (A) Atomic surface representations of the KCNQ2/3/3/3 798 

viewed from the side (left) and top (right). (B) Atomic surface representations of the KCNQ2 799 

homomer viewed from the side (left) and top (right). Dotted boxes indicate intersubunit junctions 800 

expanded in C-H. Close-up views of the pore of the KCNQ2/3/3/3 (C) and KCNQ2 homomer (D). 801 

Close-up views of S6 and pore of the KCNQ2/3/3/3 (E) and KCNQ2 homomer (F). Close-up 802 

views of the VSD of the KCNQ2/3/3/3 (G) and KCNQ2 homomer (H). 803 

 804 

  805 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/cwcehs25. This version posted December 22, 2025. The copyright holder for this preprint (which was not certified
by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0



36 
 

 806 
Figure S5. Non-detectable currents mutation in KCNQ2. (A) Representative activation 807 

currents of V225A (KCNQ2). (B) Representative activation currents of F304A (KCNQ2). (C) 808 

Representative activation currents of P308A (KCNQ2).  809 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/cwcehs25. This version posted December 22, 2025. The copyright holder for this preprint (which was not certified
by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0



37 
 

810 

Figure S6. The XEN1101 binding site in KCNQs. (A) Local magnified image of the XEN1101 811 

binding site in KCNQ1 (7XNI) 53. (B) Local magnified image of the XEN1101 binding site in 812 

KCNQ2 (7CR0) 26. (C) Local magnified image of the XEN1101 binding site in KCNQ4 (7BYL) 813 
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51. (D) Local magnified image of the XEN1101 binding site in KCNQ5 (9J38) 48. (E) Sequence 814 

alignment results of all amino acids that may interact with XEN1101 in the binding pocket of 815 

KCNQ1-5. Green marks indicate similar amino acids, red marks indicate non-conserved amino 816 

acids, and identical amino acids are not marked. 817 
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Table S1. Cryo-EM data collection, refinement and validation statistics. 820 

Structure 
 
EMDB accession code 
PDB accession code 

KCNQ2/3apo  
 
EMDB-66589 
9X5J 

KCNQ2/3-XEN1101-PIP2  
 
EMDB-66607 
9X65 

Data collection and processing   
Magnification    130,000 130,000 
Voltage (kV) 300 300 
Electron exposure (e–/Å2) 50.44 50.52 
Defocus range (μm) -1.0 ~ -2.0 -1.0 ~ -2.0 
Pixel size (Å) 0.891 0.891 
Symmetry imposed C1 C1 
Initial particle images (#) 7,366,139 5,233,817 
Final particle images (#) 217,315 131,114 
Map resolution (Å) 
    FSC threshold 

3.05 
0.143 

3.19 
0.143 

   
Refinement   
Initial model used (PDB code) AlphaFold-KCNQ3, 7CR3 9X5J (this paper) 
Model resolution (Å) 
    FSC threshold 

3.60 
0.143 

3.05 
0.143 

 
Model composition 
    Non-hydrogen atoms        
    Protein residues                
    Ligands 

 
 
15,300 
1900 
4 

 
 
15,192 
1864 
11 

 
B factors (Å2) 

Protein 
Ligand 

 
 
44.06 
32.44 

 
 
51.80 
13.57 

r.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.004 
0.586 

 
0.004 
0.597 

 
Validation 
MolProbity score 
Clashscore 
Poor rotamers (%) 

 
 
1.71 
12.44 
0.12 

 
 
1.64 
12.93 
0.13 

Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
97.47 
2.53 
0.00 

 
97.92 
2.08 
0.00 
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