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Background and Purpose: KCNQ1-5 (Kv7.1–7.5) are members of a family of voltage-

gated potassium channels with prominent function in the nervous and cardiovascular

systems and in epithelia. KCNQ channels are activated by intracellular free zinc, but

the molecular mechanism of this effect is poorly understood and zinc binding sites

within KCNQ channels are elusive.

Experimental Approach: We used patch-clamp electrophysiology, site-directed

mutagenesis and computational biology to investigate the action of zinc on KCNQ1

and its complexes with KCNE1 or KCNE3 auxiliary subunits.

Key Results: Zinc ionophores, zinc pyrithione (ZnPy) and pyrrolidinedithiocarbamate

(PDTC), potently activated homotetrameric KCNQ1 channels. In contrast, hetero-

meric KCNQ1/KCNE1 and KCNQ1/KCNE3 channels were partially inhibited by

ZnPy. Focussing on this difference, we identified a putative zinc coordination site in

close proximity to the KCNQ1-KCNE interface and a binding site for the KCNQ

channel cofactor, phosphatidylinositol 4,5-bisphosphate (PIP2). The zinc coordina-

tion site in KCNQ1 contains histidines H126 and H240, and glutamic acid E170.

Additional aspartic acid D242 acts as an effector site in coupling zinc binding with

channel activation. The site is partially conserved with other KCNQ subunits,

although the role of D242 appears to be unique for KCNQ1.

Conclusions and Implications: Our findings reveal a new structural modality for

ligand-induced activation of an important potassium channel, which can be harnessed

for development of KCNQ-targeting pharmaceutics.
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1 | INTRODUCTION

The KCNQ (Kv7) family of voltage-gated K+ channels encompasses

five members (KCNQ1–5; Kv7.1–Kv7.5) with robust and well-studied

functions in neurons, muscle cells, epithelia and several other cell and

tissue types (Abbott, 2020; Barrese et al., 2018; Gamper &

Shapiro, 2015; Jones et al., 2021). The family is unevenly split into

predominantly neuronal KCNQ2–5, also called ‘M-type’ channels

(Brown & Adams, 1980; Brown & Passmore, 2009) and predominantly

non-neuronal KCNQ1 (previously known as KvLQT1), which is mostly

expressed in the cardiovascular system and epithelia (Hamilton &

Devor, 2012; Schreiber & Seebohm, 2021; Stott et al., 2014). While

KCNQ2–5 form various heteromeric combinations, KCNQ1 does not

seem to multimerise with any other KCNQ subunits but forms com-

plexes with KCNE β-subunits (Abbott, 2021). KCNQ1 is expressed in

the heart, airways, uterus, pancreas, gastrointestinal tract, kidneys and

inner ear (Barhanin et al., 1996; Sanguinetti et al., 1996). In the heart,

KCNQ1, in complex with KCNE1, forms a slow delayed-rectifier K+

current, IKs, crucial for repolarisation of the cardiac action potential

and setting the QT interval in the electrocardiogram (Barhanin

et al., 1996; Nicolas et al., 2008; Sanguinetti et al., 1996).

KCNQ/KCNE1 complexes are also found in the inner ear and in the

pancreatic acinar cells (Kottgen et al., 1999; Robbins, 2001; van der

Horst et al., 2020; Wang & Li, 2016). Accordingly, KCNQ1 mutations

often result in arrhythmias (long QT syndrome, LQTS), an inherited

form of deafness (Kapplinger et al., 2015; Mousavi Nik et al., 2015;

Oertli et al., 2021), as well as in impaired ß-cell function (Ullrich

et al., 2005) with possible links to type 2 diabetes (Unoki et al., 2008;

Zhang et al., 2020). In many epithelia and some other non-excitable

cells, KCNQ1 co-assemble with KCNE3, forming a constitutively open

channel (Abbott, 2021; Sun & MacKinnon, 2020) which contributes

to water and salt transport (Schroeder et al., 2000; Vallon

et al., 2005).

Being a key regulator of excitability and solute transport, KCNQ

channel abundance and activity is tightly controlled via endogenous

modulatory pathways, such as G protein coupled receptor signalling

pathways, phosphorylation and other post-translational modifications,

trafficking, transcriptional regulation, and so forth (reviewed in

Delmas & Brown, 2005; Gamper & Shapiro, 2015; Greene &

Hoshi, 2016; Jones et al., 2021). Likewise, an increasing number of

natural and synthetic compounds were identified as KCNQ modula-

tors, of which the majority are activators (Borgini et al., 2021; Du

et al., 2018; Jones et al., 2021; Liu et al., 2021). The KCNQ channel

activators or ‘openers’ are of particular therapeutic value because of

their anti-excitatory action in the nervous system, supporting anticon-

vulsant and analgesic efficacy (Du et al., 2018; Jones et al., 2021; Liu

et al., 2021; Perucca & Taglialatela, 2025). Intracellular free zinc was

recently discovered as a potent activator of KCNQ channels (Gao

et al., 2017; Yang et al., 2023). Zinc was suggested to potentiate

channel activity by reducing or removing its dependency on the

phosphatidylinositol 4,5-bisphosphate (PIP2), an obligatory cofactor

necessary for KCNQ channel activity (Gao et al., 2017). Accordingly,

all KCNQ isoforms, except KCNQ3 (Kv7.3), which has a very high

PIP2 affinity, are activated by zinc ionophores (Gao et al., 2017; Xiong

et al., 2007; Yang et al., 2023).

Zinc is an essential trace metal, it is a necessary structural or cata-

lytic cofactor for many transcription factors, enzymes and receptors;

it is also increasingly recognised as a prominent intracellular and extra-

cellular signalling molecule (Kambe et al., 2014). Zinc signalling is an

important factor in the nervous (Blakemore & Trombley, 2017) and

cardiovascular systems (Dorward et al., 2023). In the nervous system,

zinc is stored in synaptic vesicles (particularly the glutamate-

containing ones) and released in an activity-dependent manner, modu-

lating a number of postsynaptic receptors (Takeda, 2014; Upmanyu

et al., 2022). In the cardiovascular system, oxidative stress and acidifi-

cation release zinc from its intracellular stores (Kambe et al., 2015),

and such zinc signals were shown to affect ryanodine receptor-

mediated calcium release and excitation–contraction coupling in the

heart (Dorward et al., 2023; Reilly-O'Donnell et al., 2017; Turan

et al., 1997). Thus, modulation of neuronal and cardiac KCNQ currents

by zinc can have great implications for both nervous and cardiovascu-

lar systems. In addition, functional expression of KCNQ1 in skeletal

muscle and epithelia may bestow further possibilities for physiological

modulation of these channels by zinc.

Mechanistically, zinc-mediated KCNQ channel augmentation is

mediated by reducing or even removing channel dependence on

PIP2 (Gao et al., 2017); however, the exact structural mechanism

and zinc binding site(s) in KCNQ channels remain elusive, despite

significant effort (Gao et al., 2017; Yang et al., 2023). Here we capi-

talised on a previous observation that binding of KCNE1 or KCNE3

subunits to KCNQ1 abolishes channel augmentation by a zinc iono-

phore (Gao et al., 2008). We hypothesised that the putative zinc

What is already known?

• KCNQ (Kv7) channels are important regulators of excit-

ability and epithelial transport.

• KCNQ channels are activated by intracellular zinc but its

binding site is unknown.

What does this study add?

• A partially conserved zinc coordination site in KCNQ

channels is identified.

• It is involved in voltage-sensing and PIP2 interaction.

What is the clinical significance?

• This insight may help the design of KCNQ channel activa-

tors for treatment of excitability disorders.
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binding site in KCNQ1 could be obscured by KCNE binding, thus,

narrowing the search area. Indeed, we identified what is likely to be

a zinc coordination site of KCNQ1; it interacts with both the

KCNE1/3- and PIP2-binding areas of KCNQ1, which might explain

previous observations. The site is partially conserved with KCNQ4,

KCNQ2 and, likely, other KCNQ subunits. These findings reveal new

regulation mode of an important potassium channel family.

2 | METHODS

2.1 | Cell culture and transfection

Chinese hamster ovary (CHO, KCB Cat#KCB83004YJ; RRID:

CVCL_0213) and human embryonic kidney 293 (HEK293, KCB

Cat#KCB200744YJ; RRID: CVCL_0063) cells were obtained from

Kunming Institute of Zoology, Chinese Academy of Sciences. Cells

were grown in T25 flasks in Dulbecco's modified Eagle's medium

(DMEM) with 10% fetal bovine serum and 0.1% penicillin/

streptomycin in a humidified incubator at 37�C (5% CO2) and

passaged about every 2 days. CHO cells were transfected with the

following cDNA constructs: human KCNQ2 (GeneBank accession

no. Y15065), human KCNQ4 (GeneBank accession no. AF105202),

human KCNQ1 (GeneBank accession no. NM000218), human KCNE1

(GeneBank accession no. NM000219) and human KCNE3 (GeneBank

accession no. NM005472). cDNAs were subcloned into pCDNA3.1

(Youbio, Hunan, China). Point mutations in KCNQ1, KCNQ2 and

KCNQ4 were produced by Youbio (Hunan, China). CHO cells were

used for most studies; HEK293 cells were used in studies where dou-

ble mutant cDNA constructs of KCNQ1, KCNQ2 and KCNQ4 were

used. Both CHO and HEK293 cells were transfected with Lipo 8000

Transfection Reagent (Beyotime, China), according to the manufac-

turer's instructions; the experiments were performed 48 h after

transfection. As a marker for successfully transfected cells, cDNA-

encoding GFP was cotransfected together with the other genes of

interest.

2.2 | Patch-clamp recording

The perforated patch configuration of the patch-clamp technique was

used to voltage clamp and dialyse cells. Recordings were performed at

room temperature (22–25�C) using amphotericin B (0.5 mg ml�1) as a

pore-forming agent. Pipettes were pulled from borosilicate glass capil-

laries using a Flaming/Brown micropipette puller P-97 and had resis-

tances of 3 to 5 MΩ. Currents were amplified by the EPC10 USB

amplifier (HEKA, Stuttgart, Germany) and recorded using the Patch-

master software (v2x90.4, 2018; HEKA, Studgart, Germany). Capaci-

tance current artefacts were cancelled, and series resistance was

compensated by 80%. To evaluate the amplitude of KCNQ1 and

KCNQ1/KCNE1(3) currents (and those from relevant mutants), CHO

cells were held at �80 mV, and 2000 ms depolarising steps to 30 mV,

followed by a 500 ms pulse back to �50 mV, were applied every

2.7 s. The effects of the compounds on ion channel activity was

evaluated by analysing steady-state currents at +30 mV. The effect of

Zinc pyrithione (ZnPy) on KCNQ1(H126A/E170A) was estimated by

assessing its effect on the HMR1556-sensitive fraction of the current.

To evaluate the amplitude of currents conducted by KCNQ2, KCNQ4

and the relevant mutants, CHO cells were held at 0 mV and 1000 ms

hyperpolarising steps to �60 mV, followed by a 500 ms pulse back to

0 mV, were applied every 1.7 s. The effects of the compounds on ion

channel activity was evaluated by analysing steady-state currents at

0 mV. The activation curves were obtained by a series of voltage

steps. To record the KCNQ1, KCNQ1(D242A), KCNQ1(D242A)/

KCNE1 currents, CHO cells were held at �80 mV and stimulated by a

series of 3000 ms depolarising steps from �70 to 50 mV in 10 mV

increments. A testing step to �60 mV was applied to obtain tail cur-

rents. To record KCNQ1/KCNE1 currents, CHO cells were held at

�80 mV and stimulated by a series of 3000 ms depolarising steps

from �60 to 120 mV in 10 mV increments, and a � 60 mV testing

step was used to obtain tail currents. Ion channel activity was evalu-

ated by analysing steady-state currents at the end of each voltage

pulse. G was calculated as the ratio of steady-state current amplitude

to driving force (G = I/(V � Vrev). The data were fitted by the

Boltzmann Sigmoidal equation: G = Gmin + (Gmax � Gmin)/(1 + exp

[V � V1/2]/S)), where Gmax is the maximum conductance, Gmin is the

minimum conductance, V1/2 is the voltage for reaching 50% of maxi-

mum conductance, and S is the slope factor.

2.3 | Solutions and reagents

The external solution for patch-clamp recording from the CHO cells

contained (in mM) 160 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2 and 10 HEPES

(pH adjusted to 7.4 with NaOH). The pipette solution for perforated

patch contained (in mM) 90 K-acetate, 20 KCl, 1 CaCl2, 3 MgCl2,

10 HEPES, 3 ethylene glycol tetraacetic acid (EGTA), and 0.5 mg ml�1

amphotericin B (pH adjusted to 7.4 with KOH). The intracellular solu-

tion for experiments was prepared daily and filtered with 0.22 μm

sterile microfilters. Reagents were obtained as follows: Zinc pyrithione

(ZnPy), N,N,N0,N0-tetrakis-(2-Pyridylmethyl) ethylenediamine (TPEN),

XE991, Retigabine (RTG), amphotericin B, ZnCl2 and Pyrrolidine

dithiocarbamate (PDTC) (Sigma-Aldrich, Darmstadt, Germany);

(2R)-N-[4-(4-Methoxyphenyl)-2-thiazolyl]-1-[(4-methylphenyl)sulfonyl]-

2-piperidinecarboxamide (ML277) and N-[(3R,4S)-3,4-Dihydro-3-

hydroxy-2,2-dimethyl-6-(4,4,4-trifluorobutoxy)-2H-1-benzopyran-4-yl]-

N-methylmetanesulfonamide (HMR1556) (MedChemExpress,

Monmouth Junction, USA); and DMEM and fetal bovine serum (Gibco,

Waltham, USA).

2.4 | Structural modelling

The cryo-EM structures of KCNQ1 (PDB ID: 6v01) (Sun &

MacKinnon, 2020), KCNQ2 (PDB ID: 8j01) (Ma et al., 2023) and

KCNQ4 (PDB ID: 7byl) (Li et al., 2021) were used for structural
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F IGURE 1 Legend on next page.
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analysis. Zinc was manually inserted into the putative binding sites for

visualisation purposes. Open-source PyMOL software was used to

perform structural display, electrostatic analysis and histidine distribu-

tion analysis.

The Gaussian Network Model (GNM) was used to analyse the

cross-correlation of residues between KCNE3 and KCNQ1. In brief,

the Gaussian network model is based on considering the α-carbon

atom of each residue of a protein as a node; the nodes are connected

to each other by springs to form an elastic network. The global motion

of the protein is captured by the simplified spring network, while the

residue interrelationship diagram visualises the synergistic or antisy-

nergistic motion patterns between residues. By analysing these pat-

terns, functional conformational changes of a protein of interest can

be inferred, providing clues for protein dynamics.

2.5 | Statistical analysis

The data and statistical analysis were conducted in accordance with

the guidelines for experimental design and analysis in pharmacology

as recommended by the British Journal of Pharmacology (Curtis

et al., 2025). Electrophysiological recordings in transfected CHO and

HEK293 cells were obtained from cells residing in separate cell culture

dish or well, and independently transfected, hence, data obtained

from each such dish/well represent an independent experiment. Sta-

tistical analysis was conducted exclusively for studies in which each

group contained a minimum of five independent observations. The

data were analysed and plotted with SPSS and GraphPad Prism 9.5

(GraphPad Software). All data are presented as mean ± SEM. Differ-

ences between groups were assessed by Student's t-test (paired or

unpaired, as appropriate) or non-parametric Mann–Whitney tests (for

the data that did not meet the normality and homogeneity of variance

tests). One-way or repeated-measures analysis of variance (ANOVA),

followed by Bonferroni's post hoc test, Dunnett's test, or Tukey's test,

was performed for multiple group comparison, depending on the spe-

cific requirements of the analysis. Post hoc tests were only performed

if the F-value was significant (P < 0.05) and there was no significant

heterogeneity of variance. The differences were considered significant

at P < 0.05.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2023/2024 (Alexander,

Christopoulos et al., 2023; Alexander, Fabbro et al., 2023; Alexander,

Mathie et al., 2023).

3 | RESULTS

3.1 | Binding of KCNE1 or KCNE3 subunits to
KCNQ1 abolishes zinc-mediated channel activation

We first investigated the effect of auxiliary subunits KCNE1 and

KCNE3 on the ability of zinc ionophores to activate KCNQ1. Consis-

tent with previous findings (Gao et al., 2017; Z. Gao et al., 2008;

Xiong et al., 2007), KCNQ1 homomers transiently overexpressed in

CHO cells were potently activated by ZnPy (10 μM; Figure 1a,d,e) and

PDTC (20 μM; Figure S1a,d,e). These compounds are zinc ionophores,

molecules that promote intracellular zinc accumulation (Scavo &

Oliveri, 2022). Thus, ZnPy increased steady-state current amplitude at

a saturating voltage of +30 mV by 2.81 ± 0.42 fold (n = 12, P < 0.01)

and PDTC similarly produced an increase by 2.67 ± 0.53 fold (n = 7,

P < 0.05). The augmentation was completely reverted by a zinc chela-

tor, TPEN (20 μM), applied still in the presence of ionophore, confirm-

ing that the active component is zinc, not the ionophore. Co-

expression of KCNQ1 with either KCNE1 (Figures 1b,d,e and S1b,d,e)

or KCNE3 (Figures 1c,d,e and S1c,d,e) not only abolished zinc

ionophore-induced augmentation but resulted in a significant inhibi-

tion of the heteromeric channels instead; this effect was also reversed

by TPEN (Figure 1d,e). These results elucidated that in the presence

of KCNE subunits, the primary activating effect of zinc is abolished

and a secondary inhibitory action (perhaps a pore block) is revealed.

Indeed, consistent with previous finding (Gao et al., 2017), application

of extracellular ZnCl2 (50 μM) in the absence of an ionophore induced

small but measurable inhibition of both the KCNQ1homo-tetramer

and the KCNQ1/KCNE1 complex (Figure S2).

F IGURE 1 Auxiliary KCNE1 and KCNE3 subunits abolish zinc-mediated activation of KCNQ1. (a) Perforated patch-clamp recording from a
Chinese hamster ovary (CHO) cell transfected with KCNQ1; shown is the time course for the effects of the Zn2+ ionophore, zinc pyrithione
(ZnPy; 10 μM) and the Zn2+ chelator, N,N,N0,N0-tetrakis-(2-Pyridylmethyl) ethylenediamine (TPEN, 20 μM), as labelled. Example current traces
and the voltage protocol are shown in the inset underneath. Vertical grey bars indicate periods of drug application. (b) CHO cells were co-
transfected with KCNQ1 and KCNE1; recording conditions and labelling are similar to that used in Figure 1a. (c) CHO cells were co-transfected

with KCNQ1 and KCNE3; recording conditions and labelling are similar to that used in Figure 1a,b. (d and e) Summary of the experiments shown in
Figure 1a–c. Normalised current amplitudes (relative to basal amplitude, Icontrol) are summarised in Figure 1d, and mean current amplitudes are
summarised in Figure 1e; number of experiments is indicated within the bars. Asterisks depict significant difference between the groups indicated
by connector lines; *P < 0.05, **p < 0.01; ***P < 0.001 (repeated-measures ANOVA with Bonferroni post hoc test). (f) Summary of the effects of
the ZnPy and TPEN on the activation time constant (τ) at +30 mV voltages; τs were obtained by fitting the activation traces with an exponential
function. Example current traces shown above the bar charts are scaled up to maximal amplitude. Asterisks depict significant difference from
control; *P < 0.05 (repeated-measures ANOVA with Bonferroni post hoc test).
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In addition to a marked increase in KCNQ1 current amplitude,

ZnPy treatment also slowed channel activation kinetics at saturating

voltages (Figure 1f and Table 1). This effect was also reverted by

TPEN. In the presence of KCNE1 or KCNE3, the KCNQ1/KCNE1

became much slower (Figures 1 and S1; Table 1), as expected

(Abbott, 2021). Interestingly, ZnPy still produced further slowing of

the KCNQ1/KCNE1 and KCNQ1/KCNE3 heteromeric currents

(Figure 1f and Table 1), suggesting that this effect could be associated

with the secondary action of zinc.

The currents generated by KCNQ1/KCNE3 complexes were

generally described as voltage-independent or ‘instantaneous’
(Bendahhou et al., 2005; Schroeder et al., 2000). In our recordings,

KCNQ1/KCNE3, while having an instantaneous component, also had

a slow-kinetic voltage-dependent current component (e.g. Figures 1c

and 3c). The reasons could be either a presence of KCNQ1 homo-

tetramers or some endogenous factors present in the expression

system. Nevertheless, clear abolition of zinc-mediated potentiation of

macroscopic current by KCNE3 does suggest that the majority

of channels in these recordings were indeed KCNQ1/KCNE3

multimers.

3.2 | Elucidating zinc binding site of KCNQ1

Zinc binding sites in proteins are often complex and contain histidine

or cysteine residues, as well as aspartic or glutamic acids (Alberts

et al., 1998; Vallee & Falchuk, 1993). Previously, in search for zinc

binding site responsible for activation of KCNQ4 channel, we per-

formed alanine substitutions of all intracellularly facing histidines (one

by one), as well as all intracellular cysteines conserved between

KCNQ2–4 (Gao et al., 2017). None of these substitutions abolished

channel activation by zinc. Additionally, a KCNQ4 channel with a

histidine-less C terminus, H(330, 334, 569, 669)A, and a

triple-cysteine substitution at positions C(156–158)A of the S2–S3

linker were also still fully sensitive to zinc activation (Gao et al., 2017).

These earlier experiments revealed that zinc binding site in the KCNQ

channels is likely to be complex.

In search for additional hints, we reasoned that because binding

of the KCNE subunits abolishes zinc-mediated KCNQ1 current aug-

mentation, zinc binding site on KCNQ1 could reside within the

KCNQ1/KCNE interface. We analysed the available KCNQ1/

KCNE3/Calmodulin structure (6v01; Sun & MacKinnon, 2020) and

focussed on the groove occupied by the KCNE3 (Figure 2a,b). We

analysed the distribution of histidines in the KCNQ1 structure

(Figure 2a, left panel) and noticed a site containing two histidines in

close proximity (H126, H240) and the acidic residue, E170. Addition-

ally, D242 of the S4–S5 linker is located nearby, and it is coupled

with H240. The pocket features a mixture of histidines and nega-

tively charged residues (glutamic and aspartic acids) often seen in

zinc coordination sites of proteins (Alberts et al., 1998; Vallee &

Falchuk, 1993). This site nears the region of the voltage-sensing

domain (VSD) and partly interacts with KCNE3 (Figure 2a,b). Impor-

tantly, this pocket may also interact with PIP2 (Figure 2b), making it

an interesting candidate site for mediating the channel ‘opener’
effect of zinc, which is affected by both KCNE (Figures 1 and S1)

and PIP2 (Gao et al., 2017). Analysis of the KCNQ1/KCNE3 structure

shows that the H126, E170, and H240 side chains can coordinate

Zn2+ positioned at this site (Figure 2a, centre and right panels). We

further hypothesised that Zn2+ binding transmits the conformational

signal from the S4–S5 linker to the pore domain (PD; S5–S6) to

cause gating changes.

To explore this site, we first made a series of D242 substitutions.

Substitution by hydrophobic alanine (D242A) completely abolished

ZnPy-mediated KCNQ1 current augmentation, revealing (as in the

case of KCNQ1/KCNE1 or KCNQ1/KCNE3 heteromers) a partially

inhibitory effect instead (Figure 2c,d and Table 1). D242A substitution

had a strong effect on KCNQ1 voltage-dependence and the biophysi-

cal outcomes of KCNQ1/KCNE1 interactions: the mutation shifted

KCNQ1 voltage dependence by some �30 mV and strongly reduced

positive shift induced by KCNE1 binding (Figure S3 and Table 1).

These findings indicate that D242 is important for KCNQ1 voltage

dependence and KCNQ1/KCNE1 interaction.

In contrast, charge-preserving substitution D242E resulted in a

channel that is still activated by ZnPy (Figure 2e and Table 1), while

inverting the charge with lysine (D242K) produced a channel which

was largely insensitive to ZnPy (Figure 2f and Table 1). From these ini-

tial experiments, it appeared that D242 is indeed a key residue in

zinc-mediated KCNQ1 augmentation, but is it a bona fide zinc

binding site?

Strikingly, when a KCNQ1(D242A) mutant was co-assembled

with either KCNE1 (Figure 3a,b,e) or KCNE3 (Figure 3c,d,f), such het-

eromeric channels fully regained their ability to be activated by intra-

cellular zinc: ZnPy activated these channels by twofold or threefold

and TPEN removed the activation. Instead of slowing the activation,

which was seen with the wild-type (WT) KCNQ1, ZnPy treatment

accelerated activation kinetics of the D242A mutant (Figure 3g and

Table 1).

Keeping in mind that neither KCNQ1(D242A) homomeric chan-

nels nor WT KCNQ1/KCNE1(3) channels can be activated by zinc;

this surprise finding suggested the following possible explanations:

(i) insertion of KCNE1 or KCNE3 into WT KCNQ1 interferes with

coupling of zinc binding to channel activation in WT KCNQ1;

(ii) D242 may not participate in zinc binding directly but rather be

involved in coupling of zinc binding to channel activation. (iii) The

addition of a KCNE subunit somehow circumvents the loss of

coupling between the ‘true’ zinc binding site and channel activation.

(iv) When zinc activation is prevented, a secondary effect – partial

inhibition is revealed.

In the next series of experiments, we mutated H126, H240 and

E170 of KCNQ1, either alone or in combination. Neither of the single

mutations (H126A, H240A and E170A) abolished zinc-mediated aug-

mentation completely (Figure 4a–f; and Table 1). However, the ZnPy-

induced fold-change of current amplitude was significantly reduced in

H126A and E170A mutants, as compared to the WT KCNQ1

(Figure 4f and Table 1). Thus, ZnPy increased the WT KCNQ1 current

by 2.81 ± 0.42 fold (n = 12), while for H126A and E170A mutants,
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F IGURE 2 D242 is important for zinc-mediated activation of KCNQ1. (a) Histidine distribution map in the structure of KCNQ1 (left) and the
putative zinc coordination site without (middle) or with (right) the presence of KCNE3 (shown in purple). (b) KCNQ1 electrostatic surface
potential. Inset on the left depicts the PIP2-binding pocket and inset on the right depicts the putative zinc-binding site. Modelling in Figure 2a,b is
based on PDB ID: 6v01. (c–f) Perforated patch-clamp recordings from CHO cells transfected with KCNQ1 (WT) (c), KCNQ1(D242A) (d), KCNQ1
(D242E) (e), or KCNQ1(D242K) (f) showing the time courses for the effects of ZnPy (10 μM) and TPEN (20 μM), as indicated with vertical grey
bars. Recording conditions and labelling are similar to that used in Figure 1a. (g) Summary of the experiments shown in Figure 2c–f. Normalised
current amplitudes (relative to IControl) are shown; number of experiments is indicated within the bars. Asterisks depict significant difference
between the groups indicated by connector lines; **P < 0.01 and ***P < 0.001 (paired Student's t-test or Wilcoxon signed-rank test for data that
did not meet the normality and homogeneity of variance tests).
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F IGURE 3 KCNE1 or KCNE3 binding to KCNQ1 restores zinc sensitivity to the KCNQ1(D242A) mutant. (a–d) Perforated patch-clamp
recording from CHO cells co-transfected with KCNQ1(WT)/KCNE1 (a), KCNQ1(D242A)/KCNE1 (b), KCNQ1(WT)/KCNE3 (c) and KCNQ1(D242A)/
KCNE3 (d); shown are the time courses of the effects of ZnPy (10 μM) and TPEN (20 μM). Recording conditions and labelling are similar to that
used for Figure 1a. (e and f ) Summary of experiments shown in Figure 3a–d. Normalised current amplitudes (relative to Icontrol) are shown;
number of experiments is indicated within the bars. Asterisks depict significant difference between the groups indicated by connector lines;
*P < 0.05 and ***P < 0.001 (repeated-measures ANOVA with Bonferroni post hoc test). (g) Summary of the effects on the activation time
constant (τ) at +30 mV voltages; τs were obtained by fitting the traces with an exponential function. Example current traces shown above the bar
charts are scaled up to maximal amplitude. Asterisks depict a significant difference from control; *P < 0.05 and **P < 0.01 (paired Student's t-test
or Mann–Whitney test for the data that did not meet the normality and homogeneity of variance tests).
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F IGURE 4 Legend on next page.
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these values were 1.54 ± 0.14 fold (n = 10; P < 0.05) and 1.73 ± 0.07

fold (n = 8; P < 0.05), respectively. The ZnPy effect on H240A was

somewhat reduced (2.18 ± 0.39 fold; n = 8) but not significantly dif-

ferent (P = 0.28) from that of the WT KCNQ1 (Figure 4f).

The double mutant, KCNQ1(H126A/E170A), produced very small

currents in CHO cells but expressed better in HEK293 cells, where a

significant current fraction sensitive to a selective KCNQ1/IKs inhibi-

tor, HMR1556 (1 μM) (Thomas et al., 2003), was recorded (Figure 5a,

d). This mutant was only mildly activated by ZnPy, showing a 1.52

± 0.10 fold increase of the HMR1556-sensitive current fraction

(n = 12; cf. 2.81 ± 0.42 fold increase seen in WT KCNQ1, P < 0.001;

Figure 5a–c). Importantly, unlike in the case of D242A, co-assembly

of KCNQ1(H126A/E170A) with KCNE1 did not restore activation by

ZnPy (Figure 5d–f).

The triple mutant, KCNQ1(H126A/E170A/H240A), produced

very small outward currents, which however were readily activated by

the selective KCNQ1 channel opener, ML277 (1 μM) (Mattmann

et al., 2012), and inhibited by HMR1556 (1 μM) (Figure S4a), suggest-

ing that this mutant can still assemble as a functional channel.

Remarkably, the triple mutant was entirely insensitive to ZnPy

(Figure S4a–c).

In combination, these results suggest that H126A, E170A and

H240A are important for zinc binding and coordination, and for

KCNQ1 channel activation. This zinc coordination site can retain par-

tial functionality even when either one of these residues is lost, but

removal of two or three of the key residues results in nearly complete

loss of zinc binding.

Application of the Gaussian Network Model (GNM) analysis of

the KCNQ1 and KCNQ1/KCNE3 structures suggested that KCNE3

enhances the interaction between VSD and PD, as observed in the

cross-correlation matrix plot (Figure S5). Based on this, and our func-

tional and mutagenesis data, we hypothesise that D242 serves as a

critical amino acid bridging the zinc-binding site and the pore domain

of KCNQ1. Upon mutation to alanine, this bridging effect is lost, lead-

ing to the loss of the zinc-mediated activation. The addition of KCNE3

establishes a new connection with the VSD and PD, which helps

restore the linkage between the zinc binding site (i.e. H240) and the

pore-forming region (S5–S6). In contrast to the D242A mutation, zinc

sensitivity of H126A/E170A or H126A/E170A/H240A mutants is not

restored by KCNE1, suggesting that this may indeed be the true zinc

coordination site of KCNQ1, while D242 serves as a bridge coupling

zinc binding to pore opening. Hence, KCNE subunits may restore cou-

pling of the zinc coordination site to the pore domain, which is lost in

D242A mutant.

3.3 | Is zinc binding conserved amongst the KCNQ
channel family?

We next asked if the zinc coordination site of KCNQ1 is conserved

amongst other KCNQ channels. First, we mutated aspartic acids at

the positions homologous to D242 of KCNQ1 in KCNQ2 and

KCNQ4 channels (Figure S6a). Unlike KCNQ1(D242A), KCNQ2

(D212A) and KCNQ4(D218A) both displayed robust zinc-induced

activation (Figure 6). ZnPy-induced fold-increase of current amplitude

was even greater in KCNQ2(D212A), as compared to the WT

KCNQ2 (Figure 6a,b,f). Such enhanced efficacy of zinc was previously

seen in mutants with reduced PIP2 affinity (Gao et al., 2017), which

could be the case here as well, but we did not investigate this matter

further. What was obvious is that the aspartic acid at the position

homologous to D242 in KCNQ1 is not critical for zinc sensitivity of

KCNQ2 and KCNQ4. This deviation may arise from the shorter S4–

S5 linkers of KCNQ2 and KCNQ4, as compared to KCNQ1

(Figure 6e).

Next, we made two double mutants: KCNQ2(H96A/E140A) and

KCNQ4 (H102A/E146A), at the positions equivalent to H126

and E170 of KCNQ1 (Figure S6a). Both mutants retained only mini-

mal activation by ZnPy (Figure 7a–f). Thus, the current of WT

KCNQ2 was activated by ZnPy by 1.41 ± 0.04 fold; n = 14; while for

KCNQ2(H96A/E140A), the current was only increased by 1.09

± 0.06 fold; n = 6, a significantly smaller increase (P < 0.001). Simi-

larly, the current of WT KCNQ4 was activated by ZnPy by 3.15

± 0.42 fold; n = 10; while for KCNQ4 (H102A/E146A), the current

was increased by 1.28 ± 0.08 fold; n = 11, a significantly smaller

effect (P < 0.01).

Finally, a triple KCNQ4 mutant with residues homologous to

H126A, E170A and H240A of KCNQ1 was generated. This mutant

produced very small currents but was still activated by the KCNQ-

selective opener, RTG (20 μM), and inhibited by the KCNQ-

selective inhibitor, XE991 (10 μM; Figure S6b–e), indicating that the

mutant is still capable of assembly into a functional KCNQ channel.

Notably, this mutant was completely insensitive to ZnPy

(Figure S6b,c).

Together, our data suggest that the zinc binding site in KCNQ

channels is partially conserved; residues homologous to KCNQ1

positions H126A, E170A and H240A are the core Zn2+ coordination

residues (Figure 8a,b). There are some differences though; thus,

D242 of the S4–S5 linker is uniquely important for coupling zinc

binding to the channel gating in KCNQ1 but not in other KCNQ

channels, perhaps because of the structural difference between the

F IGURE 4 Elucidation of the zinc coordination site in KCNQ1. (a–d) Perforated patch-clamp recordings from CHO cells transfected with
KCNQ1(WT) (a), KCNQ1(H126A) (b), KCNQ1(H240A) (c), KCNQ1(E170A) (d); time courses of the effects of ZnPy (10 μM) and TPEN (20 μM) are
shown. Recording conditions and labelling are similar to that used for Figure 1a. (e and f) Summary of experiments shown in Figure 4a–d, number
of experiments is indicated within the bars. Mean current amplitudes are summarised in Figure 4e, and normalised current amplitudes (relative to
basal amplitude, Icontrol) are summarised in Figure 4f. Asterisks depict significant difference between the groups indicated by connector lines;
*P < 0.05, **P < 0.01 and ***P < 0.001 (repeated-measures ANOVA with Bonferroni post hoc test).
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F IGURE 5 Elucidation of the zinc coordination site in KCNQ1 – further insights. (a–f) Perforated patch-clamp recording from HEK293 cells
transfected with KCNQ1(H126A/E170A) (a–c) or KCNQ1(H126A/E170A)/KCNE1 (d–f). Figure 5a,d shows the time courses of the effects of ZnPy
(10 μM), TPEN (20 μM) (Figure 5a only) and HMR1556 (1 μM). Figure 5b,c,e,f shows summaries of experiments shown in Figure 5a,d;
HMR1556-sensitive current fractions were analysed. Number of experiments is indicated within the bars. Mean current amplitudes are
summarised in Figure 5b,e, and normalised current amplitudes (relative to basal amplitude, Icontrol) are summarised in Figure 5c,f. Asterisks depict
significant difference between the groups indicated by connector lines; *P < 0.05 and ***P < 0.001 (repeated-measures ANOVA with Bonferroni
post hoc test or paired Student's t-test); ns, non-significant. (g) Structural depiction of the putative zinc coordination site within the KCNQ1/
KCNE3 structure (PDB ID: 6v01). PD, pore domain; ns, non-significant; VSD, Voltage-sensing domain.
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KCNQ1 and other KCNQ subunits in this region (Figure 6e).

Furthermore, the PIP2 binding site in KCNQ2/4 is on the left side

of the VSD, while in KCNQ1 is on the right side (Figure 8c). These

differences may explain distinct electrophysiological outcomes of

isoform-specific substitutions at the position homologous to D242

in KCNQ1.

F IGURE 6 Zinc sensitivity of KCNQ2 and KCNQ4 is not affected by the mutations equivalent to D242A in KCNQ1. (a–d) Perforated patch-
clamp recordings from CHO cells transfected with KCNQ2 (WT) (a), KCNQ2(D212A) (b), KCNQ4 (WT) (c) or KCNQ4(D218A) (d) showing the time
courses for the effects of ZnPy (10 μM), TPEN (20 μM) and a KCNQ channel inhibitor, XE991 (10 μM), as indicated with vertical grey bars.
(e) Alignment of the KCNQ1 (PDB ID: 7XNI), KCNQ2 (PDB ID: 7CR3) and KCNQ4 (PDB ID: 7BYL) structures revealed a longer S4–S5 linker in
KCNQ1, as compared to KCNQ2 and KCNQ4. (f and g) Summary of the experiments shown in Figure 6a–d, number of experiments is indicated
within the bars. Normalised current amplitudes (relative to basal amplitude, Icontrol) are summarised in Figure 6f,g. Asterisks depict a significant
difference between the groups indicated by connector lines; *P < 0.05, **P < 0.01 and ***P < 0.001 (repeated-measures ANOVA with Bonferroni
post hoc test).

ZHANG ET AL. 13

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.70177 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [04/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 | DISCUSSION

4.1 | Zinc binding site of the KCNQ1 channel
complex

In this study, we elucidated the zinc coordination site in KCNQ1,

which is responsible for channel activation by intracellular Zn2+. It is

likely that this site is partially conserved across the KCNQ channel

family (although with some significant differences; see succeeding

text). We propose that in KCNQ1 the zinc binding site is located near

the centre of the physical space for VSD and formed by H126 of the

C-terminal end of S1, E170 at the cytosol-facing end of S2 and H240

of the S4–S5 linker. H126, E170 and H240 are directly involved in

Zn2+ ion binding while D242 couples H240, via the rest of the S4–S5

linker, to the PD (S5–S6) (Figures 2a and 5g). Zn2+ binding to the

H126-E170-H240 pocket produces a conformational signal, which

facilitates channel opening. Mandala and MacKinnon recently

reported structures of KCNQ1 in different conformations of the

voltage-sensor region, revealing the molecular mechanism by which

PIP2 affects the voltage sensitivity of KCNQ1 (Mandala &

F IGURE 7 Elucidation of the zinc coordination site in KCNQ2 and KCNQ4. (a) Perforated patch-clamp recording from HEK293 cells
transfected with KCNQ2(H96A/E140A). Time course of the effects of ZnPy (10 μM), TPEN (20 μM) and XE991 (10 mM) is shown. (b and c)
Summaries of experiments shown in Figure 7a; number of experiments is indicated within the bars. Mean current amplitudes are summarised in
Figure 7b, and normalised current amplitudes (relative to basal amplitude, Icontrol) are summarised in Figure 7c. (d) Perforated patch-clamp
recording from HEK293 cells transfected with KCNQ4(H102A/E146A). Time course of the effects of ZnPy (10 μM), TPEN (20 μM) and XE991
(10 μM) is shown. (e and f) Summaries of experiments shown in Figure 7d; number of experiments is indicated within the bars. Mean current
amplitudes are summarised in Figure 7e, and normalised current amplitudes (relative to basal amplitude, Icontrol) are summarised in Figure 7f.
Asterisks depict significant difference between the groups indicated by connector lines; *P < 0.05 and ***P < 0.001 (repeated-measures ANOVA
with Bonferroni post hoc test or paired Student's t-test). ns, non-significant.
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MacKinnon, 2023). This work identified H240 as a residue in the S4

helix that is positioned near the gating charge transfer centre and,

thus, critical to voltage sensitivity. Our data suggest that H240 is

involved in zinc coordination and, likely, the functional effect of zinc

on channel gating. This indicates that H240 plays a dual regulatory

role in voltage sensing and ligand regulation.

We further propose that incorporation of KCNE1 or KCNE3 into

the WT KCNQ1 channel complex disturbs or blocks Zn2+ binding

and/or current augmentation. Zinc-mediated partial current inhibition

in this complex is likely to be mediated by a pore block.

Proximity between Zn2+-binding and PIP2-binding sites

(Figures 2b and 8c) may explain previous observation that intracellular

zinc elevation dramatically reduces or abolishes channel requirement

for PIP2 (Gao et al., 2017): we hypothesise that binding of Zn2+ to

H126-E170-H240 pocket may stabilise the open state of the channel

in a way similar to that by PIP2.

4.2 | Putative role of D242

The most intriguing and difficult to reconcile result reported here was

that mutation of D242 to a positively charged or hydrophobic resi-

dues abolished ZnPy-mediated activation of homomeric KCNQ1

channel (Figure 2), yet, when KCNQ1(D242A) was co-assembled with

KCNE1 or KCNE3, the sensitivity to intracellular zinc was fully

restored (Figure 3). Together with the observations that substitution

of homologous aspartic acid in either KCNQ2 or KCNQ4 had no

effect on the ability of zinc to activate these channels (Figure 6), these

data suggest that (i) D242 is unlikely to participate in Zn2+ coordina-

tion directly but rather couples zinc binding to channel activation;

(ii) this coupling role of D242 is unique to KCNQ1; and (iii) we further

hypothesise that in the KCNQ1(D242A) mutant, insertion of KCNE1

or KCNE3 no longer sufficiently blocks Zn2+ binding to the core site

(H126, E170 and H240), and such binding is able to produce a

sufficient conformational change required to stabilise mutant channel

open state, even in the absence of D242. The fact that D242A substi-

tution strongly reduces the effect of KCNE1 binding on KCNQ1 volt-

age dependence (Figure S3) indirectly supports this idea.

We acknowledge that alternative explanations could exist, for

instance, D242 and H126-E170-H240 may form separate (but

coupled) Zn2+ binding sites. In such a scenario, Zn2+ occupancy at

both sites would be required for the activation of WT KCNQ1 while

incorporation of a KCNE subunit into the channel complex renders

binding of Zn2+ to D242 redundant. But in any event, the role of

D242 appears to be unique to KCNQ1 and does not play a significant

role in Zn2+ modulation of other KCNQs tested here.

A previous study, investigating the effect of ZnPy on KCNQ1

channels, found that substitution of S6 residues, S338 and L342 with

alanines abolished or inverted ZnPy-mediated activation of KCNQ1

(Z. Gao et al., 2008). These mutants were still sensitive to modulation

by KCNE1/3. Likewise, several residues in KCNQ2 (L249, L275 and

R306) were suggested to affect ZnPy sensitivity (Xiong et al., 2007).

We hypothesise, that like D242, these mutations affect coupling of

zinc binding to channel activation, rather than zinc binding itself.

However, further research is needed to establish this.

4.3 | The zinc binding site in KCNQ2 and KCNQ4

Substitution of residues homologous to H126A, E170A and H240A of

KCNQ1 in KCNQ4 and KCNQ2 resulted in channels that are no lon-

ger activated by zinc, suggesting that the core Zn2+ binding site in

other KCNQ channels is relatively conserved. Yet, there is a number

of significant differences: (i) as mentioned, aspartic acid at positions

homologous to D242 of KCNQ1 is not important for the zinc effect in

KCNQ2 and KCNQ4, probably reflecting structural differences in the

S4–S5 linkers of KCNQ1 and the rest of the family (this linker in

KCNQ1 is longer; Figure 6e). (ii) The position homologous to H240 in

F IGURE 8 Structural comparison of the putative zinc binding site regions of KCNQ1, KCNQ2 and KCNQ4. (a and b) Zinc coordination sites
of KCNQ2 (PDB ID: 7CR3) and KCNQ4 (PDB ID: 7BYL), respectively. (c) Differential position of PIP2 relative to the VSD in KCNQ1, as compared
to KCNQ2 and KCNQ4.

ZHANG ET AL. 15

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.70177 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [04/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KCNQ1 is occupied by arginine in all other KCNQ subunits, and this

amino acid is less frequently associated with zinc coordination in pro-

teins. However, a zinc-activated variant of human carbonic anhydrase

I does contain arginine as a key zinc coordination residue (Ferraroni

et al., 2002). (iii) Unlike KCNQ1, the rest of the family does not usually

co-assemble with KCNE subunits (although such interactions were

reported in the expression system; Tinel et al., 2000). (iv) According to

the structural data available, the position of PIP2 relative to zinc bind-

ing site in KCNQ1 (Sun & MacKinnon, 2020) is somewhat distinct, as

compared to KCNQ2 (Ma et al., 2023) and KCNQ4 (Li et al., 2021),

as depicted in Figure 8c. Hence, while all KCNQ channels can be acti-

vated by zinc (even KCNQ3, if its intrinsically high PIP2 affinity is arti-

ficially reduced; Gao et al., 2017), the role of KCNE subunits and

D242 in modulating zinc effects seems to be unique to KCNQ1.

4.4 | Structural divergence of the redox and zinc-
mediated regulation of KCNQ channels

Interestingly, KCNQ channels are also activated by intracellular oxidi-

sers, such as hydrogen peroxide (Abdullaeva et al., 2022; Gamper

et al., 2006; Nuñez et al., 2023). A triplet of cysteines at the intracellu-

lar S2–S3 linker (Gamper et al., 2006; Ooi et al., 2013) and calmodulin

(Nuñez et al., 2023) are required for this effect. As zinc often binds to

cysteines (Vallee & Falchuk, 1993) and can be involved in redox mod-

ulation (Gamper & Ooi, 2015; Nelson et al., 2007), it was logical to

expect that these two activation mechanisms would converge. For

instance, Cav3.2 T-type Ca2+ channels are inhibited by both oxidising

agents and zinc, and this modulation is structurally coupled via the

high-affinity metal-binding ‘Asp-Gly-His’ motif formed by the extra-

cellular IS1–IS2 and IS3–IS4 loops of domain I (Kang et al., 2010) and

a group of extracellular cysteines present in the IS1–IS2 (Huang

et al., 2016, 2020). Yet, in KCNQ channels, a redox-sensitive module

is apparently distinct from the zinc-coordination site as removal of all

cysteines in the S2–S3 linker in KCNQ4 completely abolished redox

sensitivity but had no effect on the ability of intracellular zinc to acti-

vate the channel (Gamper et al., 2006; Gao et al., 2017; Nuñez

et al., 2023; Ooi et al., 2013). Although structurally distinct, the acti-

vating effects of zinc and oxidisers could converge elsewhere, for

instance, by reducing channel PIP2 requirement; however, further

research is needed to investigate this matter.

4.5 | Clinical relevance

KCNQ channels are effective regulators of neuronal and muscle cell

excitability and are a validated drug target for treatment of excitability

disorders. (Du et al., 2018; Jones et al., 2021; Liu et al., 2021;

Perucca & Taglialatela, 2025). Importantly, first-generation Kv7 channel

activators, retigabine and flupirtine, have been successfully used clini-

cally as an anticonvulsant (retigabine) and an analgesic (flupirtine)

(Bock & Link, 2019; Clark et al., 2015). Even though the use of both

drugs is currently restricted because of a range of side effects, their

undisputed clinical efficacy triggered an industry-wide search for better

analogues. Our data highlighted a structural mechanism, whereby intra-

cellular zinc can stabilise KCNQ channel opening and reduce its require-

ment of PIP2. The latter aspect can help develop KCNQ activators,

which could protect channel activity against physiological inhibition by

neurotransmitters and neuromodulators that deplete PIP2 via the phos-

pholipase C pathways, such as acetylcholine, angiotensin II and

bradykinin (Delmas & Brown, 2005; Hernandez et al., 2008). Such an

approach can pave way to activity-dependent KCNQ modulators,

which would protect against neuronal hyperactivity with weaker effects

in less active neural tissue, limiting side effects.

4.6 | Limitations

Some of the mutants generated in this study exhibited very small cur-

rent amplitudes. Although these currents remained responsive to their

respective activators and inhibitors, their low magnitude, combined

with the contribution of endogenous ion channels in CHO and

HEK293 cells, made the analysis of zinc sensitivity of these mutants

less precise.

4.7 | Conclusions

In sum, we report a partially conserved zinc coordination site of

KCNQ channels assembled at the cytosolic interface of the channel

complex and responsible for potent activating effect of intracellular

Zn2+. Given high therapeutic value of KCNQ channel openers for

treatment of excitability disorders (Gamper & Shapiro, 2015; Jones

et al., 2021; Liu et al., 2021; Perucca & Taglialatela, 2025), this struc-

tural insight may help future drug design.
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