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Significance

 Potassium channels play a 
central role in modulating cellular 
excitability, particularly of 
neuronal cells. Their unique 
structure determines their ability 
to let ions pass selectively 
through cell membranes. 
The impact of pathological or 
evolutionary variations in this 
selectivity filter remains difficult 
to predict. Here, we reveal that 
UNC-58, a member of the 
two-pore domain potassium 
(K2P) channel family of C. elegans , 
exhibits an unusual sodium 
permeability due to a unique 
cysteine residue in its selectivity 
filter. Our findings underscore 
the importance of functional 
studies to determine how 
sequence variation in potassium 
channel selectivity filters can 
shape the electrical profiles of 
excitable cells.
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Two- pore domain potassium (K2P) channels play a central role in modulating cellular 
excitability and neuronal function. The unique structure of the selectivity filter in K2P 
and other potassium channels determines their ability to allow the selective passage of 
potassium ions across cell membranes. The nematode C. elegans has one of the larg-
est K2P families, with 47 subunit- coding genes. This remarkable expansion has been 
accompanied by the evolution of atypical selectivity filter sequences that diverge from the 
canonical TxGYG motif. Whether and how this sequence variation may impact the func-
tion of K2P channels has not been investigated so far. Here, we show that the UNC- 58 
K2P channel is constitutively permeable to sodium ions and that a cysteine residue in its 
selectivity filter is responsible for this atypical behavior. Indeed, by performing in vivo 
electrophysiological recordings and Ca2+ imaging experiments, we demonstrate that 
UNC- 58 has a depolarizing effect in muscles and sensory neurons. Consistently, unc- 58 
gain- of- function mutants are hypercontracted, unlike the relaxed phenotype observed 
in hyperactive mutants of many neuromuscular K2P channels. Finally, by combining 
molecular dynamics simulations with functional studies in Xenopus laevis oocytes, we 
show that the atypical cysteine residue plays a key role in the unconventional sodium 
permeability of UNC- 58. As predicting the consequences of selectivity filter sequence 
variations in silico remains a major challenge, our study illustrates how functional exper-
iments are essential to determine the contribution of such unusual potassium channels 
to the electrical profile of excitable cells.

two- pore domain potassium channel | ion selectivity | C. elegans | electrophysiology |  
molecular dynamics

 Potassium channels are an essential class of transmembrane proteins that allow the selective 
passage of potassium cations (K+ ) across biological membranes. Under physiological con
ditions, the opening of these channels allows the outward flow of K+  that drives membrane 
repolarization and participates in the maintenance of a hyperpolarized resting membrane 
potential. The high selectivity of the channels for K+  over sodium (Na+ ) is therefore a 
crucial feature that determines their role in shaping cellular excitability.

 Comparison of K+  channel amino acid sequences, structure–function studies, and the 
determination of the atomic structure of the bacterial KcsA channel have elucidated the 
mechanisms through which potassium channels facilitate the rapid conduction of K+  ions 
while simultaneously preventing the passage of smaller cations, such as Na+  ( 1     – 4 ). The 
pore region of all K+  channels is constituted by the juxtaposition of four short amino acid 
segments, called P-loops, and four inner transmembrane helices (see for reviews ref.  5     – 8 ). 
To cross the channel from the intracellular side, K+  enters a cavity through the bundle 
formed by the four inner transmembrane helices. K+  ions remain hydrated in this vestibule. 
Potassium ions then proceed through the final section of the pore, i.e., the selectivity filter 
(SF), which is so constricted that a K+  ion must shed its hydration layer to gain entry. The 
sequence of the selectivity filter is highly conserved and consists, in most cases, of a stretch 
of five residues (TxGYG). These residues create four identical and equally spaced binding 
sites for K+ , called S1, S2, S3, and S4 (from the extracellular to the intracellular side). The 
S1, S2, and S3 sites are formed by the carbonyl oxygens from the backbone of the three 
residues xGY, while the S4 site is defined by the carbonyl of the threonine residue and 
the hydroxyl oxygen of its lateral chain. Each of these sites can stabilize a fully dehydrated 
K+  ion that is coordinated by four lower and four upper oxygen atoms. It is generally 
believed that K+  ions occupy either the S1 and S3, or the S2 and S4 sites, with water 
molecules filling the remaining positions. This arrangement averts repulsive electrostatic 
interactions between K+  ions. In the presence of an electrochemical driving force, water-K+  
pairs move together through the selectivity filter. In contrast, the free energy barriers are D
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higher for Na+  than K+  in the selectivity filter, which hinders 
sodium from efficiently passing through the pore ( 5     – 8 ).

 In contrast to the tetrameric structure of voltage-gated Kv  and 
inwardly rectifying Kir  potassium channels, two-pore domain 
potassium (K2P) channels are dimers of subunits, each featuring 
two distinct selectivity filter sequences (SF1 and SF2) ( Fig. 1 A  
and B  ) (for review, see ref.  9 ). SF1 and SF2 often differ in their 
amino acid composition. For instance, the tyrosine of the canon
ical TxGYG motif is generally replaced by a leucine or a pheny
lalanine in SF2. In addition, the linker between SF2 and the fourth 
transmembrane helix is often longer than the linker between SF1 
and the second transmembrane helix (or linkers of other K+  chan
nels). One might expect that these sequence variations would 
result in an asymmetric structure that would challenge the classical 
model of K+  selectivity filter organization. However, the elucida
tion of crystal structures for TWIK1 and TRAAK ( 10 ,  11 ) revealed 
a quasi-4-fold symmetry of the selectivity filter that preserves K+  
coordination. Thus, the structures of K2P channel selectivity filters 
underscore the strong evolutionary pressures that ensure selective 
conduction of K+  through these channels.        

 While K+  selectivity is generally a constant property of K+  chan
nels, dynamic changes in K+  versus Na+  selectivity have been 
described for K2P channels ( 12       – 16 ). For example, in heterologous 
systems and in primary cultures of human cardiomyocytes, 
TWIK1’s selectivity switches from K+  to Na+  when the external 
concentration of potassium is decreased ( 16 ). This behavior has 
been linked to the presence of a threonine residue preceding the 
GYG in the SF1 sequence of TWIK1 (TT GYG). Mutation of this 
threonine to an isoleucine, which is found in most K2P channels 
at this position, restores K+  selectivity when external K+  concen
tration is lowered. Conversely, substituting the isoleucine found 
at the corresponding position in TASK3 with a threonine converts 
the purely K+  permeable channel into a channel permeable to Na+  
when extracellular potassium levels are decreased. Interestingly, 
the same mutation does not alter the selectivity of the THIK1 
K2P channel in low extracellular potassium, suggesting that this 
threonine is important for dynamic selectivity but not always suf
ficient ( 16 ). These findings highlight the difficulty of predicting 
selectivity changes in a given channel.

 An interesting alternative to conventional structure/function 
approaches, which rely on point mutation engineering, is to cap
italize on the inherent sequence diversity provided by evolution. 
The genome of the model nematode Caenorhabditis elegans  con
tains 47 genes encoding K2P channel subunits, compared to 15 
genes in humans. In several instances, nematode channels exhibit 
intriguing changes in their selectivity filter sequences.

 The precise role of many nematode K2P channels has not been 
explored so far, but a few null and gain-of-function mutants have 
been characterized. Null mutations in nine K2P channels expressed 
in muscle or motor neurons lead to either no gross phenotype or 
to mild locomotor defects ( 17   – 19 ). In contrast, gain-of-function 
mutations often result in easily visible phenotypes. For instance, 
gain-of-function mutants of K2P channels expressed in skeletal 
muscles, such as SUP-9, TWK-18, or TWK-28 ( 17 ,  20   – 22 ), cause 
muscle relaxation and a flaccid paralysis. Increased activity of K2P 
channels expressed in neurons of the motor circuitry, such as 
TWK-2, TWK-7, or TWK-40 ( 19 ,  23 ), similarly results in dra
matic locomotor impairment and relaxed posture.

 These locomotor defects stem from a decrease in neuromuscular 
excitability, a logical consequence of K+  channel hyperactivation. 
Remarkably, gain-of-function mutants of the UNC-58 K2P chan
nel display a very different phenotype. These animals exhibit a 
rigid paralysis and a shortened body length, a phenotype consist
ent with hypercontracted body wall muscles ( 20 ,  24 ,  25 ). Based 

on these observations, it has been proposed that the ion selectivity 
of UNC-58 might be altered ( 24 ,  25 ).

 In this study, we have performed a detailed functional charac
terization of the C. elegans  UNC-58 channel. We show that unc-58  
is expressed in muscle and neuronal cells. Using electrophysiology 
and in vivo calcium imaging, we demonstrate that UNC-58 has 
an excitatory rather than inhibitory function. Consistently, molec
ular dynamics simulations and structure/function studies indicate 
that it constitutively conducts Na+  ions. Finally, we identify a 
residue in the SF1 selectivity filter sequence that is unique to 
UNC-58 and plays a critical role in the unusual permeability of 
this K2P channel. 

Results

The K2P Channel UNC- 58 Is Expressed in Muscle and Neurons. 
unc- 58 gain- of- function (gof) mutants exhibit a peculiar pheno
type. They are hypercontracted, do not produce any forward or 
backward movement, but constantly rotate around their antero- 
posterior axis (20) (Movie SM1). Gain- of- function mutations 
identified in forward genetic screens harbor single amino acid 
changes in the fourth transmembrane domain. For example, the 
canonical e665 mutation results in the substitution of a leucine 
at position 428 by a phenylalanine residue (L428F) (Fig. 1C). 
In contrast, null mutants of unc- 58 are only moderately uncoor
dinated (19, 26).

 These locomotor impairments suggested a role for the channel 
in the control of neuromuscular excitability. To determine the 
expression profile of unc-58 , we generated a transcriptional 
reporter strain in which an SL2::TagRFP-T cassette was inserted 
at the 3’ end of the unc-58  gene using CRISPR/Cas9  genome 
editing ( Fig. 1C  ). Using this fluorescent reporter, we found that 
 unc-58  was broadly expressed in muscle cells and neurons 
( Fig. 1D  ). We observed expression in striated body wall muscles 
and in almost all classes of ventral nerve cord motor neurons. 
We detected unc-58  expression in all GABAergic D-type neu
rons and in all cholinergic A and B-type motoneurons, except 
VA1 and DB1. We also detected weak expression in AS moto
neurons and in the VC4 neuron (SI Appendix, Fig. S1  and 
 Table S1 ). In addition, using well-characterized fluorescent 
neuronal markers, we could confirm unc-58  expression in over 
60 neurons using all types of neurotransmitters in the head and 
tail ganglia and belonging to different neuron classes 
(SI Appendix, Fig. S1  and Table S1 ). Finally, we could detect 
 unc-58  in the GLR glial cells.

 To visualize the subcellular localization of UNC-58, we engi
neered translational reporters by inserting the coding sequence of 
the fluorescent protein mNeonGreen into the first exon of two 
 unc-58  isoforms ( Fig. 1C  ). Both isoforms were observed in neu
rons and muscle cells and were clearly visible at the membrane of 
muscle cells and in neurons of the nerve cords ( Fig. 1E  ).

 To determine whether the locomotor defects of unc-58(gof )  
were due to its role in motor neurons and/or muscle cells, we 
performed tissue-specific degradation of UNC-58. We fused the 
ZF1 sequence ( 27 ) to UNC-58 and expressed the ZIF-1 SOCS- 
box adaptor protein under the control of specific promoters for 
muscle (myo-3prom  ) or A and B-class motor neurons (acr-2prom  ) 
( 28 ). Locomotion was clearly restored by depletion of UNC-58 
L428F from neurons and could be further improved by removal 
of UNC-58 from both muscles and neurons ( Fig. 1 F  and G   and 
 Movies SM2–SM4 ). Depleting UNC-58 exclusively in muscles 
did not improve the locomotion speed of the animals compared 
to unc-58(gof )  mutants. However, their posture was less straight, 
and they were less hypercontracted (SI Appendix, Fig. S2 ). These D
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Fig. 1.   The two- pore domain potassium (K2P) channel UNC- 58 is expressed in neurons and muscle cells in C. elegans. (A) Schematic transmembrane topology 
of a two- pore domain (K2P) potassium channel subunit. Transmembrane segments are numbered “1” through “4.” The two selectivity filter regions (SF1 and 
SF2) precede the second and fourth transmembrane helix. A pore helix (light gray rectangles) precedes each selectivity filter. Functional channels are formed 
by the dimerization of two K2P subunits. (B) Schematic representation of a prototypical potassium channel selectivity filter. Four evenly spaced ion binding sites 
(S1–S4) are formed by the carbonyl oxygens (red dots) of the TxGYG selectivity filter residues. Two ions are positioned in S2 and S4 (purple). (C) unc- 58 gene 
structure, position of transmembrane domains (TM1 through TM4, above exons), point mutations (e665, bln205, n495, e415) and deletion (bln223, red line) are 
shown, as well as the transcriptional (bln259) and translational N- terminal knock in alleles (bln323, bln324). Amino acid positions in reference to unc- 58 isoform b 
(transcript T06H11.1b.1). (D) unc- 58 transcriptional reporter. Left panel, anterior body wall muscles (BWM). Middle panel, ventral nerve cord (VNC) and cell bodies 
of ventral nerve cord motoneurons (MN). Right panel, ALM, commissures (C, arrowhead), and dorsal nerve cord (DNC). (Scale bar, 10 µm.) (E) unc- 58 translational 
reporter. Left panel, UNC- 58A isoform, mNeonGreen was fused in- frame upstream of exon 1a. Right panel, UNC- 58B isoform, mNeonGreen was fused in- frame 
upstream of exon 1b. Asterisk, neuronal cell bodies. Arrows indicate body wall muscle plasma membranes. (Scale bar, 10 µm.) (F) Displacement of worms over 
50 s on nematode growth media. Depletion of UNC- 58(gof) in neurons and muscle improves locomotion compared to depletion of UNC- 58(gof) in neurons 
alone. Inset, tenfold- magnified view of unc- 58(gof) tracks. (Scale bar, 50 µm.) (G) Average speed of unc- 58(gof) (n = 49), neuronally (n = 39), and neuronally and 
muscle- depleted (n = 41) unc- 58(gof) animals. Bar, mean; whiskers, SD. Each point represents the speed of an animal. One- way ANOVA, followed by Holm–Šídák’s 
multiple comparisons test, ***P < 0.001 and ****P < 0.0001.
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results suggest that the unc-58(gof )  phenotype has both muscle 
and motor neuron contributions.  

UNC- 58 Gain- of- Function Results in Hyperactivity of ALM 
Touch Neurons and Muscle Cell Depolarization. To assess the 
functional role of UNC- 58 channels in neurons, we focused on 
the mechanosensory neuron ALM. ALML and ALMR are two 
of the six gentle touch receptor neurons of C. elegans (29). Well- 
controlled mechanical stimulation was applied with a glass probe, 
while we monitored calcium activity using a genetically encoded 
fluorescent calcium indicator. To enable us to uncover increases 
in touch sensitivity, as well as decreases, we used a “short press,” a 
milder stimulation than the standard gentle touch protocol (30), 
such that wild- type worms responded only 62 % of the time. 
unc- 58 gain- of- function mutants showed increased response rates, 
responding 93 % of the time and higher average calcium responses 
(Fig.  2 A and B). Conversely, unc- 58 null mutants showed 
clearly reduced response rates (33%) (Fig. 2B). Both results were 
inconsistent with the expected hyperpolarizing function of a 
potassium- selective channel.

 We then tested the functional impact of unc-58(gof )  in striated 
muscle cells. We recorded the resting membrane potential of body 
wall muscles using the whole-cell configuration of the patch-clamp 
technique. Instead of the hyperpolarization that would be expected 
for a hyperactive K+ -selective K2P channel, we observed a signif
icant depolarization of the muscle membrane in the unc-58  
gain-of-function mutant ( Fig. 2C  ).  

UNC- 58 Is a K2P Channel Permeable to Sodium in Physiological 
Conditions. To directly investigate the ion selectivity of the 
UNC- 58 channel, we used heterologous expression in Xenopus 
laevis oocytes. Expression of wild- type channels did not produce 
any detectable current when compared to noninjected oocytes, 
which were similar to oocytes injected with water (Fig. 3A and 
SI Appendix, Fig. S3). However, when we recorded currents from 
oocytes expressing the UNC- 58 L428F gain- of- function mutant, 
we observed a negative inward current whose intensity increased 
from −10 mV to −100 mV (Fig.  3A). In addition, UNC- 58 
L428F expression resulted in a significant depolarization of the 
resting membrane potential [Erev= −15 (5) mV, median (IQR), 
n = 6] compared to noninjected oocytes [Erev= −30 (11) mV, 
median (IQR), n = 12, Kruskal–Wallis with Dunn’s post hoc 
test, P < 0.05], that is consistent with a depolarizing current 
(SI  Appendix, Table  S2). As expected from the phenotypes of 
unc- 58(gof ) mutant animals, the current flowing through UNC- 
58 L428F is not consistent with UNC- 58 being a K+ channel. 
Indeed, at this range of potentials one would expect a positive 
outward current above the K+ equilibrium potential, around −100 
mV in physiological solutions (31), and a shift of the resting 
membrane potential toward the K+ equilibrium potential. We 
attempted to inhibit currents flowing through UNC- 58 in order 
to isolate the fraction of the recorded current specific to UNC- 58. 
We used the putative UNC- 58 inhibitor endosulfan (24), but did 
not observe any effect of this drug on the current (SI Appendix, 
Fig. S4).

 The unusual current recorded through UNC-58 L428F chan
nels could be due to the effects of the gain-of-function mutation 
we introduced at position 428. We therefore attempted to obtain 
currents from UNC-58 channels harboring the wild-type leucine 
at this position. First, in an attempt to increase expression of the 
UNC-58 channel, we replaced the C-terminal cytoplasmic 
domain of the wild-type UNC-58 protein with the corresponding 
portion of TWK-18, a K+ -selective C. elegans  K2P channel that 
can be readily expressed in Xenopus  oocytes ( 21 ). Expression of 

chimeric UNC-58ctTWK-18  channels elicited clear inward currents 
in the range of −100 to −10 mV and led to a significant depolar
ization of the resting membrane potential [Erev = −8 (4) mV 
median (IQR), n = 15, Kruskal–Wallis with Dunn’s post hoc test, 

A

B

C

Fig. 2.   unc- 58 gain- of- function mutation increases neuronal and muscle 
excitability. (A) Average traces of Ca2+ responses of ALM neurons stimulated 
using a “short press” touch protocol in control (n = 37), gain- of- function unc- 
58(e665) (n = 29) and loss- of- function unc- 58(bln223) (n = 36) animals expressing 
the ratiometric calcium sensor YC3.60 in mechanosensory neurons. Orange 
bars indicate duration of physical stimulus. Black trace, mean CFP/YFP ratio 
change, ΔR (%). Gray trace, SD. (B) Touch response of ALM mechanosensory 
neurons is modulated by mutation of unc- 58. Left, proportion of ALM neurons 
responding to short press mechanical stimulus in wild- type (n = 37), gain- 
of- function mutant unc- 58(e665) (n = 29), and loss- of- function mutant unc- 
58(bln223) (n = 36). P = 0.00369 [wild type vs. unc- 58(e665)] and 0.0137 [wild 
type vs. unc- 58(bln223)], chi- squared test. Right, ratio change, ΔR (%) of calcium 
response only for responder cells. P = 0.0111 and P = 0.3443, respectively, 
Mann–Whitney test. Each data point represents the response of one ALM 
neuron. Nonresponders, empty circles. (C) Resting membrane potential of C. 
elegans body wall muscles from wild- type (n = 7) and gain- of- function mutant 
unc- 58(bln205) (n = 7). Line, median; box, IQR. Mann–Whitney test, **P < 0.005.
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 P  < 0.0001, when compared with noninjected oocytes] ( Fig. 3A   
and SI Appendix, Table S2 ). Next, we engineered a different 
gain-of-function mutation that targets a key residue in the second 
transmembrane domain, which we have shown to be a universal 
activating mutation for vertebrate and invertebrate K2P channels 
( 20 ). We expressed this UNC-58 F294N mutant in Xenopus  
oocytes and again observed a rightward shift of the mean reversal 
potential and over 10-fold larger inward currents ( Fig. 3B  ).

 To define the ionic nature of the inward current, we performed 
cation substitution experiments by replacing extracellular Na+  with 
the impermeable cation N-methyl-D-glucamine (NMDG). In 
the absence of extracellular Na+  (0 mM Na+  condition), we 
observed a dramatic reduction of the inward current accompanied 
by a marked leftward shift of the reversal potential toward hyper
polarized membrane potential values for all UNC-58 variants 
( Fig. 3 B–D  , and SI Appendix, Table S2 ). This clear shift of the 
reversal potential toward the equilibrium potential of potassium 

indicates that K+  ions likely flow through UNC-58 in these 
conditions.

 Taken together, these data provide compelling evidence that 
UNC-58 is a K2P channel that is constitutively permeable to Na+  
in physiological conditions.  

UNC- 58 Contains an Unusual Cysteine in the SF1 Selectivity Filter. 
To determine the molecular basis of the unconventional selectivity 
of UNC- 58, we aligned the two pore domains of UNC- 58 with the 
sequences of several other K2P channels (Fig. 4A and SI Appendix, 
Fig. S5). We noticed the presence of a cysteine, C266, within the 
SF1 selectivity filter (TCGYG). Remarkably, among more than 
60 K2P channel sequences from invertebrates and vertebrates, no 
other channel subunit harbors a cysteine residue at this position. 
Furthermore, we were unable to identify cysteine residues in 
the selectivity filter sequences of any other class of K+ channels, 
including voltage- gated and inwardly rectifying potassium channels.

A

C D

B

Fig. 3.   UNC- 58 is an unconventional sodium- permeable K2P channel. (A) Current–voltage relationships obtained from X. laevis oocytes after injection of cRNA 
encoding wild- type (UNC- 58, n = 12), gain- of- function mutant (UNC- 58 L428F, n = 6), chimeric UNC- 58 channels (UNC- 58ctTWK- 18, n = 15), and noninjected oocytes 
(n = 12). Recordings were performed 72 h after injection. (B) Current–voltage relationships from X. laevis oocytes expressing UNC- 58 F294N (n = 5) in physiological 
extracellular solution (96 mM Na+, solid cyan square) or after ionic substitution of extracellular sodium by NMDG (0 mM Na+, open cyan square). The inset 
shows NMDG condition at a reduced scale. Recordings were performed 24 h after injection. (C) Current–voltage relationships from X. laevis oocytes expressing 
UNC- 58 L428F (n = 7) in physiological solution (96 mM Na+, solid red square) or after ionic substitution of extracellular sodium by NMDG (0 mM Na+, open red 
square). Recordings were performed 48 h after injection. (D) Current–voltage relationships from X. laevis oocytes expressing the UNC- 58ctTWK- 18 chimera (n = 9) 
in physiological extracellular solution (96 mM Na+, solid blue square) or after ionic substitution of extracellular sodium by NMDG (0 mM Na+, open blue square). 
Recordings were performed 24 h after injection. Each point represents the mean ± SD. For clarity, only one side of the SD is shown in panel A. Curves were 
drawn for illustrative purposes only.
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 To test whether this cysteine in SF1 could explain the unusual 
selectivity of UNC-58, we performed molecular dynamics (MD) 
simulations. In the absence of a crystal structure for UNC-58, we 
used the model deposited in the AlphaFold database as a basis for 
the 3D structure ( 32 ). Based on this model, we observed that cysteine 
266 could be involved in ion coordination at the S2 selectivity filter 
site ( Fig. 4B  ). We first ran three replicates of 200 ns-long MD sim
ulations by placing either a K+  or a Na+  ion at the S2 position. To 
monitor ion coordination, we measured the distance of K+  or Na+  
to the oxygen of the carbonyl backbone of C266 (O-C266) through
out the MD simulation. The carbonyl-K+  distance exhibited a more 
than tenfold increase, whereas the carbonyl-Na+  distance increased 
less than twice ( Fig. 4 C  and D  ) at the end of the simulations. This 
suggests that potassium was not efficiently coordinated in the 
UNC-58 selectivity filter.

 We then calculated the occupancy of the ion placed initially at 
the S2 position, taking into account the time that the ion spends 
at a distance below the 3.5 Å threshold from O-C266 over the 
entire time of the MD simulations and expressed this occupancy 
in %. We found that O-C266 of both chains coordinated K+  with 
~13% of occupancy in UNC-58, and only at the beginning of 

the simulation ( Fig. 4C   and SI Appendix, Table S3 ). In contrast, 
Na+  ions were coordinated with ~46% of occupancy ( Fig. 4D   and 
 SI Appendix, Table S3 ).

 Next, we measured the dihedral angle of C266 between the 
carbonyl oxygen and the nitrogen of the backbone as an additional 
indicator of ion coordination (SI Appendix, Fig. S6 A  and B ). 
Compared to the beginning of the simulation, the dihedral angle 
changed by approximately 180° after 50 to 100 ns in the presence 
of K+  (SI Appendix, Fig. S6B  ). This change was observed in 2 out 
of 3 replicates for both subunits and for one subunit in the last 
replicate. The consequence of this flipping motion was that 
O-C266 was no longer facing the pore, and was instead pointing 
to the opposite side (SI Appendix, Fig. S6A  ). Consistently, we 
observed that K+  was not retained in the selectivity filter ( Fig. 4C  ). 
In the presence of Na+ , O-C266 flipped by 90° in only one subunit 
in each of the three replicates (SI Appendix, Fig. S6B  ). Na+  
remained in the selectivity filter in all instances ( Fig. 4D  ).

 These findings suggest that Na+  ions may be more effectively 
coordinated at the selectivity filter compared to K+  in the UNC-58 
channel, consistent with the observed Na+  permeability in elec
trophysiological experiments. Additionally, these results provide 

A

C D E F

B

Fig. 4.   Ion coordination at the selectivity filter of the UNC- 58 channel. (A) Alignment of SF1 and SF2 selectivity filter sequences from selected human and 
C.  elegans K2P channels. The SF1 and SF2 residues are labeled in red and blue, respectively. UNC- 58 is the only channel containing a cysteine residue (in bold 
and underlined) at the second position of the TxGYG SF1 motif. (B) Structural model of the UNC- 58 dimer, modeled with AlphaFold and used for molecular 
dynamics simulations. Individual subunits are labeled in orange and purple. Transmembrane helix M3 and SF2 have been omitted for clarity. The inset represents 
the SF1 region and shows opposing selectivity filter loops belonging two each subunit. K+ ions (green spheres) are coordinated at position S2 and S4 within the 
selectivity filter, while positions S1 and S3 are occupied by water molecules. (C–F) Upper panels indicate the distance between the S2 ion and the oxygen atom 
of the C266 carbonyl backbone during molecular dynamics (MD) simulations for wild- type (WT) UNC- 58 with K+ (C) or Na+ (D) and for the UNC- 58 C266I mutant 
with K+ (E) or Na+ (F). Oxygen atoms within a confinement radius of 3.5 Å around the ion (red dotted lines) are counted as coordinating. Lower panels show 
representative licorice structures at the beginning (0 ns) and at the end (200 ns) of MD simulation. The residues of the SF1 selectivity filter of chain A and B are 
shown in orange and purple, respectively. K+ and Na+ ions are shown as green and cyan spheres, respectively.
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evidence supporting the notion that C266 from the SF1 selectivity 
filter likely plays a central role in this alternative permeability.  

The Cysteine Residue in SF1 Contributes to the Sodium 
Permeability of UNC- 58. To assess the contribution of C266 to 
the unusual selectivity of UNC- 58 channels, we substituted the 
C266 residue with a more conventional isoleucine in our model. 
We then conducted molecular dynamics (MD) simulations on 
the resulting UNC- 58 C266I channel.

 Remarkably, the oxygen of the carbonyl backbone of C266I 
(O-C266I) coordinated K+  ion in the selectivity filter throughout 
the entire MD simulation with an occupancy of ~94 % ( Fig. 4E   
and SI Appendix, Table S3 ). Furthermore, the O-C266I/K+  dis
tance remained below the 3.5 Å threshold in the three MD rep
licates, and the C266I dihedral angle remained constant at ~155º 
throughout the simulation ( Fig. 4E   and SI Appendix, Fig. S4 C  
and D ). The mutant UNC-58 C266I also coordinated Na+  but 
in a more unstable manner, with an occupancy of ~57 % ( Fig. 4F   
and SI Appendix, Table S3 ). The O-C266I/Na+  distance increased 
during the simulation but remained close to that observed for the 
wild-type UNC-58 selectivity filter ( Fig. 4F  ). Finally, O-C266I 
flipped out in the presence of Na+  for one subunit, in two MD 
replicates, while it stayed stable in the remaining one (SI Appendix, 
Fig. S6D  ). In the three replicates, Na+  remained at the selectivity 
filter ( Fig. 4F  ). In conclusion, MD simulations predict that Na+  
is more stable than potassium in the selectivity filter of wild-type 
UNC-58 channels, while mutation of the SF1 C266 to a more 
conventional isoleucine residue can dramatically increase potas
sium coordination.

 To test the predictions of these molecular dynamics simulations, 
we engineered a C266I mutant in the context of the gain-of- 
function UNC-58 F294N and expressed this mutant channel in 
 Xenopus  oocytes. Functional characterization of the UNC-58 
C266I F294N double mutant showed that the mean reversal poten
tial of the current was significantly more negative for UNC-58 
C266I F294N [Erev = −20 (8) mV, median (IQR), n = 16]  
than for UNC-58 F294N [Erev = −2 (2) mV, median (IQR), n = 16]  
( Fig. 5 A  and B  ). This result was consistent with a decrease in 
sodium selectivity of UNC-58 C266I F294N. We also noticed a 
drastic change in the shape of the current–voltage relationship 
compared to the UNC-58 F294N single mutant, with the appear
ance of a strong inward rectification ( Fig. 5A  ). When extracellular 
Na+  was replaced by the impermeable cation choline, the current 
through UNC-58 C266I F294N was decreased ( Fig. 5C  ). For 
both UNC-58 F294N and UNC-58 C266I F294N, we observed 
a leftward shift of the reversal potential toward hyperpolarized 
membrane potentials, while Na+  substitution had no effect in 
water-injected oocytes (SI Appendix, Fig. S7 ). Notably, the shift 
was less pronounced in UNC-58 C266I F294N [−24 (9) mV, 
median (IQR)] than in UNC-58 F294N [−61 (5) mV, median 
(IQR)] ( Fig. 5D  ), suggesting that the C266I mutant is less per
meable to Na+ .        

 Finally, we introduced an Isoleucine-to-Cysteine mutation at 
the second position of the first selectivity filter of TWK-18, 
another C. elegans  K2P channel, and expressed these mutant chan
nels in X. laevis  oocytes. We recorded currents from oocytes per
fused with extracellular solutions at pH 7.4 and pH 9.0 
(SI Appendix, Fig. S8 A  and B ). Indeed, we had previously noted 
that alkaline pH stimulates TWK-18, which otherwise gives little 
current at room temperature. Oocytes expressing TWK-18 WT 
displayed a shift of the reversal membrane potential toward neg
ative potentials compared to water-injected oocytes, at pH 9.0 
(SI Appendix, Fig. S8 C  and D ). This was consistent with TWK-18 
being permeable to K+ . In contrast, oocytes expressing the 

Isoleucine-to-Cysteine mutant showed a shift of the reversal 
potential toward positive potentials, indicating a decrease in chan
nel selectivity for K+ .

 Altogether, these data provide compelling evidence that the 
highly unusual cysteine residue found in the SF1 selectivity filter 
contributes to the Na+  permeability of the UNC-58 channel.   

Discussion

 Here, we report an example of an evolutionary variation in the 
selectivity filter sequence of a two-pore domain (K2P) potassium 
channel that results in a dramatic difference in ion selectivity under 
physiological conditions. The C. elegans  K2P channel UNC-58 
has long been hypothesized to have an altered selectivity based on 
the hypercontracted phenotype of gain-of-function (gof ) muta
tions ( 25 ). Indeed, when expressed in muscle and/or motor neu
rons, hyperactive K+  channels are expected to reduce membrane 
excitability and cause muscle relaxation. For example, flaccid 
paralysis is observed in gof  mutants of the muscle TWK-18 ( 21 ) 
or the neuronal TWK-40 channel ( 19 ). As expected, gof  mutations 
in TWK-18 or TWK-40 give rise to an increased outward current 
and a decrease of the resting membrane potential ( 20 ,  23 ). In 
contrast, we have shown here that UNC-58 carries an inward 
current and that hyperactivation of UNC-58 increases the resting 
membrane potential of muscle cells in vivo. This depolarization 
is reminiscent of the ones observed in gof  mutants of the excitatory 
Ca2+  channel EGL-19 or the Na+  channel UNC-105 ( 33 ,  34 ). We 
cannot formally exclude the possibility that the muscle depolari
zation observed in unc-58(gof )  mutants could be an indirect effect 
of the hyperactivation of motor neurons expressing UNC-58(gof )  
channels. However, degradation of hyperactive UNC-58 in muscle 
reduces the paralysis of unc-58(gof )  animals, suggesting that 
UNC-58 does indeed play a role in muscle cells.

 Although most of our experiments were performed on 
 unc-58(gof )  mutants, we also provide evidence that wild-type UNC- 
 58 functions as a depolarizing channel under physiological con
ditions. First, we observed Na+  permeability for three different 
versions of UNC-58 gain-of-function channels. Among these, 
UNC-58 F294N is a well-characterized mutation that has been 
shown to promote channel gating in all vertebrate K2P channels 
without altering channel selectivity ( 20 ). In addition, the UNC-58 
channel was also permeable to Na+  when its original C-terminal 
region was replaced by that of the TWK-18 channel. TWK-18 
channels have been previously studied in Xenopus  oocytes and are 
highly selective to K+  ( 20 ,  21 ). Second, our MD simulations pre
dict that Na+  is more stable than K+  in the selectivity filter of 
wild-type UNC-58 channels. Finally, the Ca2+  imaging experi
ments performed in the ALM mechanosensory neuron clearly 
demonstrate that neuronal excitability is decreased in the absence 
of UNC-58. An increase in excitability would have been expected 
if UNC-58 were a K+ -selective channel. These in vivo and ex vivo 
data indicate that the wild-type UNC-58 channel is indeed a 
depolarizing, Na+ -conducting ion channel under physiological 
conditions. Most likely, gain-of-function mutations increase chan
nel activity and therefore exacerbate this excitatory effect.

 Our systematic analysis of K2P channel selectivity filter 
sequences revealed the presence of a highly unusual residue in the 
UNC-58 selectivity filter sequence (SI Appendix, Fig. S3 ). Indeed, 
the second position of the TxGYG motif harbors a cysteine, which 
is a unique feature in K2P channels since this position is usually 
occupied by an isoleucine, a valine, or a threonine. Taken together, 
our results demonstrate that this residue contributes to the Na+  
permeability of UNC-58. First, the reversal potential of the cur
rent carried by UNC-58 C266I mutant channels was shifted D
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toward more negative potentials compared to that of wild-type 
UNC-58. Second, the substitution of Na+  by nonpermeant ions 
induced a more pronounced shift of the reversal potential for 
wild-type UNC-58 compared to UNC-58 C266I. Finally, our 
MD simulations provided evidence for a higher permeability of 
K+  in the C266I channel than in wild-type UNC-58. However, 
it is difficult to conclude that UNC-58 C266I is a purely potassium- 
selective channel considering the reversal potential of the current 

carried by UNC-58 C266I. Being able to isolate UNC-58 currents 
from the endogenous currents would be necessary to further inves
tigate the relative permeability to Na+  and K+ , but we did not 
manage to selectively inhibit UNC-58 currents. Endosulfan has 
been proposed to block UNC-58 based on the improvement in 
locomotion observed in unc-58(gof )  mutant animals after exposure 
to this compound ( 24 ). However, endosulfan did not alter 
UNC-58 currents recorded in X. laevis  oocytes. These results 

A

C D

B

Fig. 5.   Cysteine 266 contributes to the sodium permeability of UNC- 58. (A) Current–voltage relationship obtained from X. laevis oocytes injected with water 
(gray square, n = 9) or cRNA encoding UNC- 58 F294N (cyan square, n = 16) or UNC- 58 C266I F294N channels (burgundy square, n = 16). Each point represents 
the mean ± SD. Curves were drawn for illustrative purposes only. Recordings were performed 48 h after injection. (B) Reversal potential of the current recorded 
from X. laevis oocytes expressing UNC- 58 F294N and UNC- 58 C266I F294N mutant channels. Current–voltage relationships in A were fitted with a linear fit from 
−60 to −10 mV for oocytes injected by water (gray square), from −40 to +10 mV for oocytes expressing UNC- 58 F294N (cyan square), and from −20 to +20 mV 
for oocytes expressing UNC- 58 C266I F294N (burgundy square). Line, median; box, IQR. Kruskal–Wallis test, P = 0.0031, followed by Dunn’s post hoc test  
(**P < 0.005 and ***P < 0.0005). (C) Current–voltage relationships obtained in X. laevis oocytes expressing UNC- 58 F294N (cyan square, n = 16) or UNC- 58 C266I 
F294N channels (burgundy square, n = 16) in physiological extracellular solution (96 mM Na+, solid square) or after ionic substitution of extracellular sodium 
by choline (0 mM Na+, open square). Current values for oocytes expressing UNC- 58 F294N should be read with the scale on the Left of y- axis; current values 
for oocytes expressing UNC- 58 C266I F294N should be read with the scale on the Right of y- axis. Each point represents the mean ± SD. Curves were drawn for 
illustrative purposes only. Recordings were performed 24 h after injection. (D) Reversal potential of the current recorded from X. laevis oocytes expressing UNC- 58  
F294N and UNC- 58 C266I F294N mutant channels. Current–voltage relationships in C were fitted with a linear fit from −40 to +10 mV for oocytes expressing 
UNC- 58 F294N in physiological solution (solid cyan square), from −60 to −20 mV for oocytes expressing UNC- 58 F294N in 0 mM Na+ solution (open cyan square), 
from −20 to 20 mV for oocytes expressing UNC- 58 C266I F294N in physiological solution (solid burgundy square), and from −60 to −20 mV for oocytes expressing 
UNC- 58 C266I F294N in 0 mM Na+ solution (open burgundy square). Line, median; box, IQR. Kruskal–Wallis test, P < 0.0001, followed by Dunn’s posttests (NS: 
nonsignificant, *P < 0.05, **P < 0.005, and ***P < 0.0005).
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suggest that endosulfan does not act directly on UNC-58 but 
might modulate it by acting on a regulatory protein, or on other 
ion channels that may counteract the effect of increased UNC-58 
activity.

 While UNC-58 is the first K2P channel that has been shown 
to conduct Na+  in physiological conditions, some vertebrate K2P 
channels are known to lose K+  selectivity in particular conditions. 
TWIK1 selectivity relaxes at acidic pH or in low extracellular K+  
concentration in Xenopus  oocytes, cardiac muscle cell lines, and 
human iPSC-derived cardiomyocytes ( 12       – 16 ). Interestingly, the 
SF1 sequence of TWIK1 harbors an unusual residue at the same 
position as the cysteine of UNC-58. In TWIK-1, the hydrophobic 
isoleucine found in most K2P SF1 selectivity filters (TI GYG) is 
replaced there by a threonine ( Fig. 4A   and SI Appendix, Fig. S3 ). 
Mutating this threonine residue to an isoleucine can restore 
TWIK1’s K+  selectivity at acidic pH or low extracellular K+  ( 12 , 
 14 ,  16 ). Changes in K2P selectivity have also been reported in 
pathological conditions. A single point variant located at the 
equivalent position in the SF2 of TREK1 has been associated with 
ventricular tachycardia ( 35 ). In this pathological case, the SF2 
sequence was mutated from TI GFG to TT GFG. This single point 
mutation drastically changes the channel’s selectivity to K+  ions, 
shifting the reversal potential by 40 mV toward more positive 
potentials. This behavior is consistent with the passage of Na+  
through the modified selectivity filter, which was confirmed by 
molecular dynamics simulations ( 35 ). Yet, when equivalent muta
tions have been engineered in other potassium channels they did 
not alter channel selectivity. For instance, the voltage-dependent 
Shaker channel carrying a mutation equivalent to UNC-58 
(TC GYG instead of TV GYG) did not conduct Na+  ions when 
expressed in Xenopus  oocytes ( 2 ).

 Our MD simulations based on the AlphaFold model of 
UNC-58 offer insights into the possible underlying mechanisms 
that drive the nonselective behavior of this K2P channel. In the 
wild-type model, the carbonyl oxygens at position C266 (O-C266) 
of the two UNC-58 subunits rapidly flip out of the pore after the 
start of the simulation. This flipping leads to a loss of K+  coordi
nation at the S2 site and the exit of the ion from the selectivity 
filter. Such a phenomenon has been observed during MD simu
lations for the TREK2 channel: Flipping events of the selectivity 
filter carbonyl oxygens, especially at the S3 position, were observed 
more frequently in the nonconductive state, resulting in an inter
mittent closing of the selectivity filter, which prevented ions from 
passing through the filter ( 36 ). Consistent with this observation, 
in silico free energy calculations in the KcsA channel suggest that 
the presence of a partially collapsed filter, even with just one 
flipped carbonyl group, is sufficient to disrupt potassium conduc
tion and induce C-type inactivation ( 37 ). Interestingly, some K+  
channels have been described to become more permeable to Na+  
during C-type inactivation ( 38   – 40 ). When we ran the MD sim
ulation in the presence of Na+  at the S2 site, we also observed that 
the carbonyl oxygen at position 266 flipped in WT UNC-58, as 
well as in the C266I model. It has been reported that the structural 
deformation in the selectivity filter caused by a carbonyl flipping 
significantly reduces the energy barriers for Na+  conduction in the 
prokaryotic nonselective NaK cation channels ( 41 ). Carbonyl 
flipping may therefore be important for Na+  flux through 
UNC-58: The unusual cysteine present in the UNC-58 selectivity 
filter, which drastically changes the lower coordination point of 
S2, could increase the energy barrier for K+  but decrease it for Na+ .

 The K2P UNC-58 thus behaves as a nonselective channel 
although its selectivity filter is close to that of other K+  channels. 
The nonselective hyperpolarization-activated cyclic nucleotide- 
gated (HCN) channel shares this feature: Its selectivity filter 

(CIGYG) is close to that of K+  channels (TxGYG), yet HCN 
shows much lower selectivity for K+  than conventional potassium 
channels (see for review ref.  42 ). The crystal structure of HCN 
shows that the selectivity filter has a different shape compared to 
canonical K+  channels: The tyrosine side chain is rotated by 180 
degrees compared to the tyrosine of the conventional K+  channel 
selectivity filter, and the carbonyl oxygen atoms from the tyrosine 
and the second glycine residues are not directed toward the ion 
pore and therefore cannot coordinate K+  at S1 and S2 ( 43 ). The 
lack of coordination of K+  in the two outer binding sites of the 
selectivity filter has also been observed in another nonselective 
cation channel, the prokaryotic NaK channel ( 44 ). It is thought 
that multioccupancy of K+  ions in the selectivity filter is required 
for K+  permeation and that the absence of K+  coordination at S1 
and S2 sites favors Na+  permeation ( 45   – 47 ). Interestingly, the 
HCN channel has no ortholog in C. elegans  ( 48 ), whereas it is 
present in a wide range of vertebrate and invertebrate species ( 42 ). 
Given its excitatory activity, UNC-58 could partially fulfill the 
functions of an HCN channel, even though these channels carry 
currents with different biophysical properties, in particular with 
respect to membrane potential sensitivity. Indeed, wild-type 
UNC-58 currents do not exhibit the strong inward rectification 
characteristic of HCN channels. However, strikingly, the 
current-potential relationship observed for the UNC-58 C266I 
channel is very reminiscent of that recorded for HCN in inverte
brates ( 44 ).

 The unusually large number of K2P channels encoded in the 
 C. elegans  genome could in principle provide the basis for a com
binatorial code that would confer specific and diverse electrophys
iological features to the limited set of C. elegans  neurons. This 
hypothesis has been supported by systematic single-cell transcrip
tomic analyses as they reveal that distinct combinations of K2P 
channel genes are expressed in different cell types ( 49 ). Remarkably, 
while some neuronal classes coexpress over a dozen K2P channels, 
other neurons may express very few, and as little as a single K2P 
channel subunit. However, there is presently no direct way to 
predict the electrical behavior of a neuron from these gene expres
sion profiles. In particular, since little is known about the ion 
selectivity or biophysical properties of most K2P channels in C. 
elegans , the contribution of each channel to neuronal excitability 
is unknown. Furthermore, K2P channels with divergent selectivity 
filter sequences may have unexpected functional properties, as we 
have demonstrated here for UNC-58. Thus, the potential for 
diversity in ion selectivity among C. elegans  K2P channels may 
further enrich such a combinatorial ion channel code in a com
paratively small and compact nervous system.  

Materials and Methods

A list of C. elegans strains, plasmids, and single- strand oligonucleotides used in 
this study is given in SI Appendix.

Locomotion was assessed at 20 °C on an NGM plate seeded with a thin layer of 
OP50. For mechanosensory touch response assays, worms were raised and assayed 
at 22 °C. Calcium imaging of anterior body touch stimulation of glued animals was 
performed as described previously (30) except that a 1- s “short press” stimulus was 
used, in which a rounded capillary probe was displaced approximately 3 µm into the 
body. All stimulations were carried out level with the back of the terminal bulb of the 
pharynx, using one- day- old adults. All animals expressed the optogenetic reporter 
Cameleon YC3.60 under the control of mec- 4 promoter.

For C. elegans membrane potential recordings, the bath solution contained 
(in mM) 150 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, 15 HEPES, and sucrose 
to 330 mosm/L (pH 7.2), and the pipette solution was (in mM) 120 KCl, 4 NaCl, 
5 EGTA, 10 TES, 4 MgATP, and sucrose to 320 mosm/L (pH 7.2).

Two- electrode voltage clamp (TEVC) experiments were performed 24 to 72 h 
after microinjection. The incubation time was the same for all conditions in each set D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 U

N
IV

E
R

SI
T

E
 D

E
 S

T
R

A
SB

O
U

R
G

 o
n 

O
ct

ob
er

 1
5,

 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
13

0.
79

.9
6.

15
9.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400650121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400650121#supplementary-materials


10 of 10   https://doi.org/10.1073/pnas.2400650121 pnas.org

of experiments. Oocytes were mounted in a small home- made recording chamber 
and continuously superfused with ND96 solution containing (in mM): 96 NaCl, 2 
KCl, 1.8 CaCl2, 2 MgCl2, and 5 HEPES. pH 7.4 was adjusted with Trizma base. For ion 
replacement experiments, Na+- free solution was prepared by replacing 96 mM NaCl 
with either 96 mM NMDG- Cl or 96 mM choline- Cl in the ND96 solution.

We used the AlphaFold database model Q22271 (50) to model K+/Na+ 
occupancy in the UNC- 58 selectivity filter. The residues with pLDDT (per- residue 
confidence score) between 70 and 100 were kept (169 to 499). Then, the model 
was aligned with the TWIK1 crystal structure (PDB code: 3UKM) and both chains 
A and B ensembled.

Further details about experimental procedures are provided in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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