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Sensing its own permeant ion: KCNQ1 channel
inhibition by external K+

Rene Barro-Soria1

Ion channels, including voltage-gated potassium Kv channels,
are essential membrane proteins responsible for regulating and
maintaining cellular homeostasis. These channels play central
roles in controlling key physiological processes, such as excita-
bility and rhythmicity throughout the nervous and cardiovas-
cular systems, as well as electrolyte transport through epithelia.
As such, ion channels have evolved an exquisite degree of con-
trol allowing them to fine tune the cellular response to different
stimuli, including alterations in temperature, chemicals, physi-
cal forces, and voltage (Hille, 2001). One family of Kv channels,
the Kv7 family, has increasingly received attention due to their
central role in physiological and pathophysiological conditions.
Failure to regulate Kv7 potassium channel gating, either by in-
herited or acquired defects, results in a wide variety of debili-
tating and/or life-threatening disorders, including epilepsy,
chronic pain, autism, cancer, secretory diarrhea, and cardiac
arrythmias (reviewed in Liin et al., 2015 and Jespersen et al.,
2005). Therefore, understanding the gating mechanisms of Kv7
channels and how this gating is regulated by different physio-
logical and pharmacological activators and inhibitors is of ut-
most importance. However, a detailed understanding of the
mechanistic basis underlying Kv7 channel inhibition, including
those by the permeant ion, K+, has not yet been achieved. In this
issue of the Journal of General Physiology, Abrahamyan et al.
(2023) used systematic alanine scanning mutagenesis, whole
cell and single channel electrophysiology, and molecular dy-
namic (MD) simulation approaches to systematically investigate
the molecular mechanism and structural components of Kv7.1
inhibition by external K+ and unraveled the role of the selec-
tivity filter (SF; at the most extracellular K+ site, S0, in partic-
ular) in this process.

The voltage-gated Kv7 channel family comprises five mem-
bers, Kv7.1–Kv7.5, encoded by the KCNQ genes (1–5; Abbott and
Pitt, 2014; Jentsch, 2000; Jespersen et al., 2005). Different het-
erotetrameric combinations of Kv7.2, Kv7.3, and Kv7.5 form the
neuronal “M-current,” a major repolarizing potassium current
expressed throughout the peripheral and central nervous
systems which plays a crucial role in controlling neuronal

excitability (Brown and Adams, 1980; Halliwell and Adams,
1982; Schroeder et al., 2000; Wang et al., 1998). Kv7.4 chan-
nels, mainly expressed in the outer hair cells of the inner ear
and in the brainstem, play a prominent role in controlling po-
tassium homeostasis (Jentsch, 2000; Jentsch et al., 2000;
Kubisch et al., 1999). The Kv7.1 channel, also referred to as
KCNQ1 or KvLQT1, is probably the most extensively investigated
member of the Kv7 channel family and the only one that co-
assembles with accessory β subunits (KCNE1–5; Jespersen et al.,
2005). The capability of KCNQ1 to associate with other proteins
confers a high degree of gating flexibility allowing KCNQ1 to
play diverse physiological roles in a variety of excitable and
non-excitable tissues, including the heart, inner ear, pancreas,
thyroid gland, airways, and the gastrointestinal system (re-
viewed in Jespersen et al., 2005 and Liin et al., 2015). In car-
diomyocytes, KCNQ1 associates with the accessory subunit
KCNE1 to form the IKs potassium current, a slowly repolarizing
current that contributes to the regulation of the duration of
cardiac action potentials (Barhanin et al., 1996; Sanguinetti
et al., 1996). In the inner ear and the intestinal epithelia,
KCNQ1 associates with KCNE1, KCNE2, or KCNE3 to regulate K+

homeostasis needed for electrolyte and hormone transport (Liin
et al., 2015; Maljevic et al., 2010). Unsurprisingly, inherited or
acquired defects in KCNQ1 channel function are associated with
a range of disorders, including fatal cardiac arrhythmias and
deafness (Anantharam et al., 2003; Goldenberg et al., 2008;
Maljevic et al., 2010; Nerbonne and Kass, 2005). Therefore,
gaining deeper insights into the biophysical properties gov-
erning KCNQ1 channel gating, as well as understanding how
these membrane proteins are regulated by physiological and
pharmacological modulators is central to understand their
function in health and disease. This knowledge will put us a step
closer to the development of therapeutic strategies to alleviate
or treat disorders associated with KCNQ1 channel dysfunction.

Besides changes in membrane voltage, KCNQ1 gating is reg-
ulated by a wide range of intracellular signaling molecules and
pharmacological agents including phosphatidylinositol-4,5-
bisphosphate (PIP2), ATP, protein kinase A (PKA), ML277,

.............................................................................................................................................................................
1Department of Medicine, Miller School of Medicine, University of Miami, Miami, FL, USA.

Correspondence to Rene Barro-Soria: rbarro@med.miami.edu.

© 2023 Barro-Soria. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1085/jgp.202313337 1 of 4

J. Gen. Physiol. 2023 Vol. 155 No. 5 e202313337

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/155/5/e202313337/1449792/jgp_202313337.pdf by guest on 09 February 2026

https://orcid.org/0000-0003-4804-2739
mailto:rbarro@med.miami.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1085/jgp.202313337
http://crossmark.crossref.org/dialog/?doi=10.1085/jgp.202313337&domain=pdf


polyunsaturated fatty acids (PUFAs), and Ca2+ through cal-
modulin. A comprehensive review of the abovementioned
modulation of KCNQ1 is beyond the scope of this commentary
and can be found elsewhere (Liin et al., 2015; Jones et al., 2021).
Instead, this commentary focuses on the less-well understood
mechanisms by which extracellular potassium ions (K+

o) in-
hibit KCNQ1 channel conductance, investigated in a compre-
hensive study by Abrahamyan and co-workers (Abrahamyan
et al., 2023). It was previously shown that extracellular potas-
sium can inhibit KCNQ1 channels by a mechanism that differed
from the classical C-type inactivation seen in other Kv channels
(Larsen et al., 2011). That study showed that external potassium
exerted its effect through stabilization of the inactivated state
of the channel (Larsen et al., 2011), likely through a negatively
charged glutamate residue at position 290 (E290; Wang et al.,
2015), located in the turret of KCNQ1. E290 was proposed to
serve as a negative potential sink attracting potassium ions to
the vicinity of the external pore. However, the detailed mech-
anisms by which K+

o modulates KCNQ1 channel and the
structural components involved in such regulation were not
completely understood.

In the current article, Abrahamyan and coworkers
(Abrahamyan et al, 2023) tackle this question directly by com-
bining systematic alanine scanning mutagenesis with a method
to estimate the fractional fast inactivation in KCNQ1 channels
(Tristani-Firouzi and Sanguinetti, 1998). To address whether the
electronegative potential produced by the negatively charged
residues surrounding the extracellular surface of the pore acts
as the K+

o regulatory site, the authors first mutated to alanine all
these residues, which were identified based on the published
high-resolution structure of KCNQ1 (Sun andMacKinnon, 2017).
They found that the E290A/S291A/E295A triple mutant dis-
played a similar degree of K+-induced inhibition of the currents
as that seen in wt-KCNQ1 channel. Furthermore, substitution of
the E290 residue with different polar, non-polar, and charge-
reversed amino acids unequivocally confirmed that the nega-
tively charged extracellular amino acids, including the previously
reported E290 residue, play only a minimal role in the
K+

o-dependent inactivation process. These results motivated
the authors to extend their search to residues in the SF and the
pore gate as new putative regulatory site for external K+. They
compared mutations reported to have a marked reduction (e.g.,
F351A and L271A) or enhancement (e.g., I274A) of inactivation
with the inactivation of the wt-KCNQ1 channels. Extracellular
exposure to increasingly higher K+ concentrations inhibited the
ionic current of the F351A and L271A mutants similarly to that
seen in the wt-KCNQ1 channel. Single-channel recordings
showed that contrary to the stabilizing effect of K+

o on the SF
seen in most K-channels, K+

o produced a marked reduction in
the unitary conductance of the KCNQ1 channel. Further alanine
scanning mutagenesis along the S6 gate revealed varying de-
grees of K+

o-sensitivity, with some mutations right below the
SF, such as V310A, F339A, and F340A, producing a surprising
enhancement of current in response to K+ exposure. Surpris-
ingly, at the single-channel level, KCNQ1 bearing the F339A
mutant exhibited current amplitudes that were higher than
those seen with the wt-KCNQ1 channel, but similar under

conditions of low and high external potassium. The inconsis-
tency between the macroscopic current enhancement and un-
altered unitary current under high K+

o conditions in the F339A
mutant was attributed to allosteric changes in other channel
regions. While these data pointed toward an allosteric coupling
effect of the inner gate of the KCNQ1 channel toward the SF,
further studies will be needed to reconcile these intriguing
findings. Together, these results suggested that external po-
tassium directly inhibits KCNQ1 channel conductance by a
novel mechanism in which the SF and the inner gate play
synergistic modulatory roles in K+

o-dependent inhibition of
KCNQ1.

To gain further insights into the molecular underpinnings of
K-induced inhibition, long-timescale atomistic simulations of
the channel incorporated in a model membrane under voltage
and ion gradients were employed (Fig. 1). The simulations in low
external K+ concentrations in KCNQ1 showed that, like most
prototypic K-channels (Fig. 1 A), the K+ knock on of the K+ at the
most intracellular K+ site, S4, triggers the release of the K+ bound
at the most extracellular K+ site, S0, into the external side of the
pore (Fig. 1 B, left). However, unlike most channels, 40% of the
K+ permeation in KCNQ1 seems to follow another mechanism in
which the release of K+ from the S0 site into the external side of
the pore occurs spontaneously without involving knock on of K+

at S4 site in the inner side of the SF (Fig. 1 B, right). Simulations
in high external potassium, however, showed that K+ bindsmore
frequently and spends longer time at S0 site, thereby reducing
the outward permeation events because of a delay in the
(spontaneous) K+ release from S0 site to the external solution
(Fig. 1 D). This important finding helped explain why under high
external K+ conditions bothmacroscopic and unitary K+ currents
are inhibited. This mechanism differs from the stabilizing effect
of K+

o on the conductive conformation of the SF seen in most
potassium channels, as exemplified by the attenuation of C-type
inactivation by external potassium seen in many studies (Fig. 1,
A’, A’’, and C; Baukrowitz and Yellen, 1995; Cuello et al., 2010;
Lopez-Barneo et al., 1993). Interestingly, recent structural work
in a mutated Shaker channel suggested that C-type inactivation
entails the dilation of the ion selectivity filter (Fig. 1 A’’; Reddi
et al., 2022; Tan et al., 2022). High resolution structural work
under conditions of low and high external potassium will be
needed to investigate whether K+

o-mediated inhibition of
KCNQ1 channels would involve neither dilation nor constriction
of the external pore as predicted for a C-type inactivated filter.
In any case, the model proposed by Abrahamyan et al. (2023)
suggests that the ionic current inhibition in KCNQ1 channels
results from an increased occupancy of the filter S0 site by ex-
ternal potassium. This is an important finding with implications
toward our understanding of the modulation of KCNQ1 or other
related channels.

Since KCNQ1 channels are expressed in various tissues (re-
viewed in Jespersen et al., 2005; Abbott and Pitt, 2014) where
they control processes as diverse as action potentials in the heart
or electrolyte and hormone transport in epithelia, high extra-
cellular potassium might have significant physiological im-
plications. In higher organisms, the potassium concentration
found in interstitial spaces is tightly controlled within strict
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physiological ranges since small variations in extracellular po-
tassium levels can alter key physiological functions, including
electrolyte homeostasis, resting membrane potential, cell division,
or even drive cells into apoptosis (Bortner et al., 1997; DeCoursey
et al., 1984). In contrast to the heart, where interstitial K+ rarely
exceeds 4–5 mM, extracellular K+ concentrations in the intestinal
and tracheal epithelia increase several folds, reaching values as
high as 150 mM in the endolymph of the inner ear. Therefore, in
theory K+

o inhibition of the IKs (KCNQ1/KCNE1 complex) channels
could disrupt the endocochlear potential (Nin et al., 2008),
thereby compromising hearing and balance functions. Likewise,
in basolateral membranes of intestinal and tracheal epithelial cells
(Preston et al., 2010), where KCNQ1 co-assembles with KCNE3 to
form voltage-independent KCNQ1/KCNE3 potassium channels,
extracellular K+ inhibition might impact apical water and Cl− se-
cretion with pathophysiological consequences such as promoting
inflammatory bowel disease. Nevertheless, as highlighted by the
current study of Abrahamyan and co-workers (Abrahamyan et al,
2023), the degree of K+

o-dependent channel inhibition not only
depends on the type of β subunit with which KCNQ1 associates,

but also on the number of accessory subunits assembled. Thus,
while heteromeric KCNQ1/KCNE1 channels with saturating
KCNE1 content (4:4) are insensitive to external K+, KCNQ1/KCNE1
complexes at lower stoichiometric rates (and heteromeric KCNQ1/
KCNE3 channels irrespective of the amount of KCNE3 subunits)
would be more significantly impacted by external K+. The dy-
namic expression of varying KCNQ1/KCNE1 subunit assembly
might be physiologically relevant during development as trans-
epithelial potassium secretion from marginal cells of the stria
vascularis to the endolymph changes from relatively low to high
K+. Indeed, the mechanism of K+

o inhibition unraveled in the
current study might offer an interesting novel tool that could be
used to estimate stoichiometric ratios of KCNQ1/KCNEx subunit in
different tissues, as homomeric KCNQ1, KCNQ1/KCNE3, but not
KCNQ1/KCNE1 or KCNQ1/KCNE2 channels, would be sensitive to
external K+.
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Figure 1. K-channel inhibition by extracellular potassium. Cartoon depicting proposed model of K+o inhibition of prototypic K-channels (A, A’, A’’, and C)
and KCNQ1 channels (B and D). (B) In KCNQ1 channels, unlike for most K channels, under low [K+]o conditions, there is a 40% spontaneous release of K+ out of
the S0 site of the selectivity filter. (D) In KCNQ1 channels, (bottom) high [K+]o causes an increase in the frequency and duration of K+o occupancy in S0 site that
leads to a reduction of the spontaneous K+ permeation through S0 site. (A–A’’ and C) Cartoons depicting C-type inactivation like that shown in KcsA (A’),
Shaker Kv channels (A’’), and attenuation of C-type inactivation under high [K+]o (C).

Barro-Soria Journal of General Physiology 3 of 4

External potassium inhibits KCNQ1 channels https://doi.org/10.1085/jgp.202313337

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/155/5/e202313337/1449792/jgp_202313337.pdf by guest on 09 February 2026

https://doi.org/10.1085/jgp.202313337


The author thanks Drs. D. Dykxhoorn and HP Larsson for
helpful comments.

This work was supported by the National Institutes of Health
(grant R01NS110847) to Rene Barro-Soria.

The author declares no competing financial interests.

References
Abbott, G.W., and G.S. Pitt. 2014. Ion channels under the sun. FASEB J. 28:

1957–1962. https://doi.org/10.1096/fj.14-0501ufm
Abrahamyan, A., J. Eldstrom, H. Sahakyan, N. Karagulyan, L. Mkrtchyan, T.

Karapetyan, E. Sargsyan, M. Kneussel, K. Nazaryan, J.R. Schwarz, et al.
2023. Mechanism of external K+ sensitivity of KCNQ1 channels. J. Gen.
Physiol. 155:e202213205. https://doi.org/10.1085/jgp.202213205

Anantharam, A., S.M. Markowitz, and G.W. Abbott. 2003. Pharmacogenetic
considerations in diseases of cardiac ion channels. J. Pharmacol. Exp.
Ther. 307:831–838. https://doi.org/10.1124/jpet.103.054569

Barhanin, J., F. Lesage, E. Guillemare, M. Fink, M. Lazdunski, and G. Romey.
1996. KVLQT1 and lsK (minK) proteins associate to form the IKs cardiac
potassium current. Nature. 384:78–80. https://doi.org/10.1038/
384078a0

Baukrowitz, T., and G. Yellen. 1995. Modulation of K+ current by frequency
and external [K+]: A tale of two inactivation mechanisms. Neuron. 15:
951–960. https://doi.org/10.1016/0896-6273(95)90185-x

Bortner, C.D., F.M. Hughes Jr, and J.A. Cidlowski. 1997. A primary role for K+

and Na+ efflux in the activation of apoptosis. J. Biol. Chem. 272:
32436–32442. https://doi.org/10.1074/jbc.272.51.32436

Brown, D.A., and P.R. Adams. 1980. Muscarinic suppression of a novel
voltage-sensitive K+ current in a vertebrate neurone. Nature. 283:
673–676. https://doi.org/10.1038/283673a0

Cuello, L.G., V. Jogini, D.M. Cortes, and E. Perozo. 2010. Structural mecha-
nism of C-type inactivation in K+ channels. Nature. 466:203–208.
https://doi.org/10.1038/nature09153

DeCoursey, T.E., K.G. Chandy, S. Gupta, and M.D. Cahalan. 1984. Voltage-
gated K+ channels in human T lymphocytes: A role in mitogenesis?
Nature. 307:465–468. https://doi.org/10.1038/307465a0

Goldenberg, I., W. Zareba, and A.J. Moss. 2008. Long QT syndrome. Curr. Probl.
Cardiol. 33:629–694. https://doi.org/10.1016/j.cpcardiol.2008.07.002

Halliwell, J.V., and P.R. Adams. 1982. Voltage-clamp analysis of muscarinic
excitation in hippocampal neurons. Brain Res. 250:71–92. https://doi
.org/10.1016/0006-8993(82)90954-4

Hille, B. 2001. Ion Channels of Excitable Membranes. Third Edition. Sinauer
Associates, INC, Sunderland, MA.

Jentsch, T.J. 2000. Neuronal KCNQ potassium channels: Physiology and role
in disease. Nat. Rev. Neurosci. 1:21–30. https://doi.org/10.1038/35036198

Jentsch, T.J., B.C. Schroeder, C. Kubisch, T. Friedrich, and V. Stein. 2000. Patho-
physiology of KCNQ channels: Neonatal epilepsy and progressive deafness.
Epilepsia. 41:1068–1069. https://doi.org/10.1111/j.1528-1157.2000.tb00302.x

Jespersen, T., M. Grunnet, and S.P. Olesen. 2005. The KCNQ1 potassium
channel: From gene to physiological function. Physiology. 20:408–416.
https://doi.org/10.1152/physiol.00031.2005

Jones, F., N. Gamper, and H. Gao. 2021. Kv7 channels and excitability dis-
orders. Handb. Exp. Pharmacol. 267:185–230. https://doi.org/10.1007/
164_2021_457

Kubisch, C., B.C. Schroeder, T. Friedrich, B. Lutjohann, A. El Amraoui, S.
Marlin, and T.J. Jentsch. 1999. KCNQ4, a novel potassium channel

expressed in sensory outer hair cells, is mutated in dominant deafness.
Cell. 96:437–446. https://doi.org/10.1016/s0092-8674(00)80556-5

Larsen, A.P., A.B. Steffensen, M. Grunnet, and S.P. Olesen. 2011. Extracellular
potassium inhibits Kv7.1 potassium channels by stabilizing an in-
activated state. Biophys. J. 101:818–827. https://doi.org/10.1016/j.bpj.2011
.06.034

Liin, S.I., R. Barro-Soria, and H.P. Larsson. 2015. The KCNQ1 channel: Re-
markable flexibility in gating allows for functional versatility. J. Physiol.
593:2605–2615. https://doi.org/10.1113/jphysiol.2014.287607

Lopez-Barneo, J., T. Hoshi, S.H. Heinemann, and R.W. Aldrich. 1993. Effects of
external cations and mutations in the pore region on C-type inactiva-
tion of Shaker potassium channels. Recept Channels. 1:61–71.

Maljevic, S., T.V. Wuttke, G. Seebohm, and H. Lerche. 2010. KV7 channelo-
pathies. Pflugers Arch. 460:277–288. https://doi.org/10.1007/s00424-010
-0831-3

Nerbonne, J.M., and R.S. Kass. 2005. Molecular physiology of cardiac repo-
larization. Physiol. Rev. 85:1205–1253. https://doi.org/10.1152/physrev
.00002.2005

Nin, F., H. Hibino, K. Doi, T. Suzuki, Y. Hisa, and Y. Kurachi. 2008. The
endocochlear potential depends on two K+ diffusion potentials and an
electrical barrier in the stria vascularis of the inner ear. Proc. Natl. Acad.
Sci. USA. 105:1751–1756. https://doi.org/10.1073/pnas.0711463105

Preston, P., L. Wartosch, D. Günzel, M. Fromm, P. Kongsuphol, J. Ousingsa-
wat, K. Kunzelmann, J. Barhanin, R. Warth, and T.J. Jentsch. 2010.
Disruption of the K+ channel beta-subunit KCNE3 reveals an important
role in intestinal and tracheal Cl− transport. J. Biol. Chem. 285:7165–7175.
https://doi.org/10.1074/jbc.M109.047829

Reddi, R., K. Matulef, E.A. Riederer, M.R. Whorton, and F.I. Valiyaveetil.
2022. Structural basis for C-type inactivation in a Shaker family
voltage-gated K+ channel. Sci. Adv. 8:eabm8804. https://doi.org/10.1126/
sciadv.abm8804

Sanguinetti, M.C., M.E. Curran, A. Zou, J. Shen, P.S. Spector, D.L. Atkinson,
andM.T. Keating. 1996. Coassembly of KVLQT1 and minK (IsK) proteins
to form cardiac IKs potassium channel. Nature. 384:80–83. https://doi
.org/10.1038/384080a0

Schroeder, B.C., M. Hechenberger, F. Weinreich, C. Kubisch, and T.J. Jentsch.
2000. KCNQ5, a novel potassium channel broadly expressed in brain,
mediates M- type currents. J. Biol. Chem. 275:24089–24095. https://doi
.org/10.1074/jbc.M003245200

Sun, J., and R. MacKinnon. 2017. Cryo-EM structure of a KCNQ1/CaM com-
plex reveals insights into congenital long QT syndrome. Cell. 169:
1042–1050.e9. https://doi.org/10.1016/j.cell.2017.05.019

Tan, X.F., C. Bae, R. Stix, A.I. Fernández-Mariño, K. Huffer, T.H. Chang, J.
Jiang, J.D. Faraldo-Gómez, and K.J. Swartz. 2022. Structure of the
Shaker Kv channel andmechanism of slow C-type inactivation. Sci. Adv.
8:eabm7814. https://doi.org/10.1126/sciadv.abm7814

Tristani-Firouzi, M., and M.C. Sanguinetti. 1998. Voltage-dependent inacti-
vation of the human K+ channel KvLQT1 is eliminated by association
with minimal K+ channel (minK) subunits. J. Physiol. 510:37–45. https://
doi.org/10.1111/j.1469-7793.1998.037bz.x

Wang, H.S., Z. Pan, W. Shi, B.S. Brown, R.S. Wymore, I.S. Cohen, and D.
McKinnon. 1998. KCNQ2 and KCNQ3 potassium channel subunits:
Molecular correlates of the M-channel. Science. 282:1890–1893. https://
doi.org/10.1126/science.282.5395.1890

Wang, W., M.C. Flores, C.R. Sihn, H.J. Kim, Y. Zhang, K.J. Doyle, N. Chiam-
vimonvat, X.D. Zhang, and E.N. Yamoah. 2015. Identification of a key
residue in Kv7.1 potassium channel essential for sensing external po-
tassium ions. J. Gen. Physiol. 145:201–212. https://doi.org/10.1085/jgp
.201411280

Barro-Soria Journal of General Physiology 4 of 4

External potassium inhibits KCNQ1 channels https://doi.org/10.1085/jgp.202313337

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/155/5/e202313337/1449792/jgp_202313337.pdf by guest on 09 February 2026

https://doi.org/10.1096/fj.14-0501ufm
https://doi.org/10.1085/jgp.202213205
https://doi.org/10.1124/jpet.103.054569
https://doi.org/10.1038/384078a0
https://doi.org/10.1038/384078a0
https://doi.org/10.1016/0896-6273(95)90185-x
https://doi.org/10.1074/jbc.272.51.32436
https://doi.org/10.1038/283673a0
https://doi.org/10.1038/nature09153
https://doi.org/10.1038/307465a0
https://doi.org/10.1016/j.cpcardiol.2008.07.002
https://doi.org/10.1016/0006-8993(82)90954-4
https://doi.org/10.1016/0006-8993(82)90954-4
https://doi.org/10.1038/35036198
https://doi.org/10.1111/j.1528-1157.2000.tb00302.x
https://doi.org/10.1152/physiol.00031.2005
https://doi.org/10.1007/164_2021_457
https://doi.org/10.1007/164_2021_457
https://doi.org/10.1016/s0092-8674(00)80556-5
https://doi.org/10.1016/j.bpj.2011.06.034
https://doi.org/10.1016/j.bpj.2011.06.034
https://doi.org/10.1113/jphysiol.2014.287607
https://doi.org/10.1007/s00424-010-0831-3
https://doi.org/10.1007/s00424-010-0831-3
https://doi.org/10.1152/physrev.00002.2005
https://doi.org/10.1152/physrev.00002.2005
https://doi.org/10.1073/pnas.0711463105
https://doi.org/10.1074/jbc.M109.047829
https://doi.org/10.1126/sciadv.abm8804
https://doi.org/10.1126/sciadv.abm8804
https://doi.org/10.1038/384080a0
https://doi.org/10.1038/384080a0
https://doi.org/10.1074/jbc.M003245200
https://doi.org/10.1074/jbc.M003245200
https://doi.org/10.1016/j.cell.2017.05.019
https://doi.org/10.1126/sciadv.abm7814
https://doi.org/10.1111/j.1469-7793.1998.037bz.x
https://doi.org/10.1111/j.1469-7793.1998.037bz.x
https://doi.org/10.1126/science.282.5395.1890
https://doi.org/10.1126/science.282.5395.1890
https://doi.org/10.1085/jgp.201411280
https://doi.org/10.1085/jgp.201411280
https://doi.org/10.1085/jgp.202313337

	Sensing its own permeant ion: KCNQ1 channel inhibition by external K+
	Acknowledgments
	References


