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Mutation of a single residue promotes gating of
vertebrate and invertebrate two-pore domain
potassium channels
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Mutations that modulate the activity of ion channels are essential tools to understand the

biophysical determinants that control their gating. Here, we reveal the conserved role played

by a single amino acid position (TM2.6) located in the second transmembrane domain of

two-pore domain potassium (K2P) channels. Mutations of TM2.6 to aspartate or asparagine

increase channel activity for all vertebrate K2P channels. Using two-electrode voltage-clamp

and single-channel recording techniques, we find that mutation of TM2.6 promotes channel

gating via the selectivity filter gate and increases single channel open probability. Further-

more, channel gating can be progressively tuned by using different amino acid substitutions.

Finally, we show that the role of TM2.6 was conserved during evolution by rationally

designing gain-of-function mutations in four Caenorhabditis elegans K2P channels using

CRISPR/Cas9 gene editing. This study thus describes a simple and powerful strategy to

systematically manipulate the activity of an entire family of potassium channels.
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Two-pore domain potassium (K2P) channels play a central
role in the regulation of cellular excitability and the
establishment of the membrane potential in excitable and

non-excitable cells1. This ancient ion channel family has been
widely conserved during evolution. Genes encoding K2P channel
subunits are found in the genomes of yeast, plants, vertebrates,
and invertebrates. Fifteen and eleven genes encoding channel
subunits are found in the human and Drosophila melanogaster
genomes, respectively2. Strikingly, a large expansion of the K2P
channel gene family has occurred in the model nematode Cae-
norhabditis elegans3. While the overall number of genes encoding
potassium channel subunits does not differ significantly (approx.
80 in man vs. 70 in C. elegans), more than half of these genes (47)
encode two-pore domain potassium channel subunits. Interest-
ingly, while all K2P channels share a characteristic topology and
domain structure, sequence conservation at the amino acid level
is generally low except for closely-related paralogs. Therefore,
analyzing sequence diversity in vertebrate and invertebrate K2P
channels can offer interesting insights into the key molecular
determinants that make up the functional core of this large ion
channel family.

Studies aiming to dissect the gating mechanisms of K2P
channels have relied on the identification of residues that modify
channel activity when mutated. Yeast selection assays4, targeted
mutagenesis5–11, and genetic screens5,6 have highlighted different
amino acid positions that increase channel activity for various
K2P channels. Pathogenic mutations have also revealed residues
such as the TALK2 G88R mutation which increases channel
function and causes a severe and progressive cardiac conduction
disorder7. Unfortunately, since these mutations affect residues
situated in very different parts of the channel (transmembrane
domains, pore loops, extracellular, and cytoplasmic regions) and
are rarely conserved in all K2P channels, no single residue has so
far emerged that could play a conserved role in the control of K2P
channel gating.

Interestingly though, we and others have shown that mutations
in one position of the second transmembrane segment (further
referred to as TM2.6, see results below) have consistent effects in
three vertebrate and one invertebrate channel. First, mutation of a
glycine residue in Drosophila KCNK0/ORK1 was serendipitously
found to maximize channel open probability8. Next, mutation of
a leucine residue at the equivalent position was shown to increase
the activity of TWIK19. Finally, mutation of isoleucine in THIK1
and THIK2 similarly increased whole-cell current levels10. Based
on crystal structures and sequence alignments, these four residues
are positioned on the intracellular face of the second trans-
membrane domain, exposed to the cytoplasmic vestibule, and
in close proximity with the intracellular part of the selectivity
filter12–15. Although the exact mechanism by which these muta-
tions increase channel activity remains to be fully understood,
this position nevertheless appeared as a promising candidate for a
residue that could play a conserved role in most if not all K2P
channels.

In this study, we have combined two-electrode voltage-clamp
electrophysiology in Xenopus oocytes, single-channel recording in
cultured cells, and CRISPR/Cas9 gene editing in C. elegans to
demonstrate the functional conservation of TM2.6 in vertebrate
and invertebrate two-pore domain potassium channels. We show
that all vertebrate K2Ps can be activated by mutating TM2.6.
These mutations dramatically increase channel activity and in
particular single-channel open probability. Consistently, mutating
the homologous residue in four C. elegans K2P channels elicited
behavioral phenotypes that were comparable to those of known
gain-of-function mutants. Finally, by building allelic series in C.
elegans and for channels expressed in Xenopus oocytes, we could
further demonstrate that channel activity can be progressively

tuned by using different TM2.6 amino acid substitutions. Taken
together, these results demonstrate that the TM2.6 position plays
an important and well-conserved role in the gating of many if not
all two-pore domain potassium channels.

Results
Sequence conservation in distantly-related K2P channels. Two-
pore domain potassium (K2P) channels were first identified in the
genomes of yeast and C. elegans based on their characteristic
structure as tandems of pore-forming domains11. Interestingly,
while all K2P channels share this basic topology, their amino acid
sequences have diverged markedly. Vertebrate K2P channels have
been classified in 6 families based on their peptide sequences and
functional properties. Only members of a given class share high
levels of homology (Supplementary Fig. 1). Sequence variation is
even more striking for C. elegans K2P channels. Within the 47
genes encoding subunits of K2P channels, sequence conservation
is generally low except for close relatives. Only five C. elegans
channels exhibit significant sequence identity with vertebrate
orthologs. SUP-9 and TWK-20 are most similar to TASK1/3/5,
TWK-14 is a clear ortholog of THIK1/2, and TWK-46 and TWK-
48 resemble TWIK1/2 and TRESK, respectively (Supplementary
Fig. 1). For most other nematode K2Ps, on average 25% of amino
acids are identical to the closest vertebrate relative, even when
only the core portion of the channel—from the first to the fourth
transmembrane segment—is considered, and variable N- and C-
terminal cytoplasmic regions are omitted. For a few C. elegans
K2P channels, conservation with vertebrate channels is even
lower, ranging from 16% to 25% (twk-6, twk-29, twk-32, twk-47),
although bioinformatic analyses suggest that they retain the
characteristic domain organization.

We took advantage of this long evolutionary history to identify
residues that could be important for the structure and function of
K2P channels. Using an alignment of 66 vertebrate and
invertebrate channels, we identified highly conserved residues in
three transmembrane helices (TM1, TM2, TM4), two pore helices
(Ph1, Ph2), and the selectivity filter (SF1, SF2) sequences (Fig. 1a,
Supplementary Fig. 2). In contrast, the sequence of the third
transmembrane helix (TM3) did not appear to be under selective
pressure.

We next focused on the second transmembrane domain
(TM2), and in particular on its central region because it contains
the leucine and glycine residues which activate TWIK1, THIK1/2,
and ORK1/KCNK0 channels when mutated8–10. As in other
potassium channel families, conserved glycine residues are found
at the center of TM2 in almost all K2Ps (Supplementary Fig. 2).
They provide flexibility to these large membrane-spanning helices
allowing for the conformational changes thought to be involved
in channel gating16–18. In addition, the central region of TM2
presented remarkable sequence conservation in distant K2P
channels (Fig. 1a). In 48 of 66 channels, this glycine hinge is
followed by isoleucine and proline residues (further referred to as
the GIP motif). In TWIK2, TASK2, Drosophila CG1688, and
three C. elegans channels (TWK-9, TWK-20, and TWK-40), the
isoleucine is replaced by a valine. Mammalian THIK1/2 and C.
elegans TWK-14 channels have a different motif in which
isoleucine is replaced by cysteine, and proline by one of three
amino acids (serine, alanine or threonine). Further degenerate
motifs are found in Drosophila Sandman (GMP), nine C. elegans
channels (MIP, FVP, GIA, GLP, GAP), and the silent channel
KCNK7 (GLP).

Sequence conservation of the residues following the GIP motif
(and its derivatives) is less obvious in vertebrates. However, a
common theme can be observed when 8 Drosophila and 43 C.
elegans channels are included in the analysis. In particular, the
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third residue following the GIP motif is generally a leucine (44/
66) or an isoleucine (6/66), and more rarely, a glycine (TREK1,
TREK2, TRAAK, KCNK0/ORK1), a phenylalanine (TRESK,
TWK-17, TWK-24, UNC-58), a valine (TALK1, TWK-14,
TWK-18, TWK-29), a methionine (TWIK2, TWK-16, TWK-
43), or an alanine (TWK-25). To facilitate the identification of

homologous residues in distantly-related K2P channels, we
introduce a nomenclature to identify residues in TM2 by using
the conserved glycine hinges as reference positions. This glycine is
labeled TM2.1 and the subsequent isoleucine and proline residues
of the GIP motif are referred to as TM2.2 and TM2.3. The next
three residues are labeled TM2.4, TM2.5, and TM2.6 (Fig. 1a).
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The remainder of this study will describe the conserved role
played by TM2.6 in the control of K2P channel gating.

TM2.6 mutation increases activity of vertebrate K2P channels.
To test whether TM2.6 mutation could systematically increase the
activity of vertebrate K2Ps, we generated point mutations of
TM2.6 to asparagine or aspartate in 16 different rodent (r, Rattus
norvegicus; m,Mus musculus) and human K2P channels (Fig. 1b).
We then used two-electrode voltage-clamp recording in Xenopus
oocytes to compare the total current elicited by wild-type and
mutant channels. We found that in all cases, currents were
markedly increased for TM2.6 mutants and their selectivity for
potassium was maintained as indicated by marked hyperpolar-
ization of reversal potentials (Supplementary Table 1). Depending
on the channel, we observed 3- to more than 100-fold increases in
total current.

To test whether this increase in current could be simply
explained by an increase in surface expression of the channels, we
generated hTWIK1-AA, mTASK3, and mTREK1 channels
harboring HA-epitope tags in their extracellular Ph2 to M4
loops, and C-terminal GFP fluorescent proteins. We then used
immunofluorescence in non-permeabilizing conditions combined
with flow cytometry to compare levels of surface expression. In
brief, HEK-293 cells were transfected with HA/GFP-tagged wild-
type or TM2.6 mutant channels, labeled with primary anti-HA
and secondary Alexa594-conjugated antibodies in non-
permeabilizing conditions, and sorted by flow cytometry based
on two-color fluorescence. Median fluorescence intensity (MFI)
was determined for HA and GFP signals and used to determine
the relative surface expression. These flow cytometry experiments
did not show increased expression of TM2.6 mutant vs. wild-type
channels (Fig. 1c), therefore demonstrating that the current
increase observed for TM2.6 mutants did not simply result from
increased surface expression, but more likely resulted from direct
effects on the intrinsic activity of K2P channels.

Taken together, these experiments provide evidence for the
consistent role played by TM2.6 in the modulation of channel
activity for all vertebrate two-pore domain potassium channels.

TM2.6 mutation promotes gating of pH-sensitive K2P chan-
nels. To characterize the impact of TM2.6 mutations on channel
function, we analyzed the responses of TASK1 and TASK2
channels to changes in extracellular pH. Indeed, alkalinization of
the extracellular medium increases the activity of these channels
via a direct effect on the selectivity filter (or C-type) gate. Spe-
cifically, raising extracellular pH promotes the open state of
TASK112, and increases the opening frequency of TASK213–15.
We reasoned that if mutant channels were already highly active at
physiological pH, they should be less sensitive to stimulation by
extracellular alkalinization. Indeed, raising extracellular pH from
7.4 to 9.4 only increased whole-cell currents of TASK1 L122N by

a factor of 1.4, while wild-type currents increased 2.8-fold
(Fig. 2a). Similarly, TASK2 L127N currents were only increased
by a factor of 2, while pH challenge led to a 10-fold increase in
total current for wild-type TASK2 (Fig. 2b).

Furthermore, we found that the activation kinetics of TASK2
channels were markedly affected. Expression of wild-type TASK2
in Xenopus laevis oocytes gives rise to a slowly activating outward
current in response to depolarizing voltage steps at physiological
pH13,19. The activation kinetics of wild-type TASK2 increase
sharply when TASK2 is stimulated by alkaline pH. Consistent
with high basal activity, TASK2 L127N no longer showed the
slow time-dependent outward current at neutral pH (Fig. 2b,
inset).

Taken together, these experiments suggest that TM2.6 mutants
of TASK1 and TASK2 are significantly more active in
physiological conditions, likely due to increased activation of
the selectivity filter gate.

TM2.6 mutation increases activity of mechano-gated K2Ps. To
characterize the effect of TM2.6 mutations on the gating of
mechano-sensitive K2P channels, we first measured the relative
increase in inward current when extracellular potassium is
replaced by rubidium. Indeed, substitution of potassium by
rubidium in TREK1 induces the stabilization of the selectivity
filter gate, for example making it more difficult to close the
channel by reducing the internal pH20. We found that the current
increase induced by ion substitution was strongly affected in
TREK1 and TREK2 mutant channels. While wild-type currents
increased 5 and 4.2-fold in TREK1 and TREK2, respectively, we
only observed 1.6 and 1.2-fold increases for TREK1 G171D and
TREK2 G196D, respectively (Fig. 3a, b), which is consistent with
a positive effect of TM2.6 mutations on the selectivity filter gate.

Next, we analyzed the response of TREK1, TREK2, and
TRAAK channels to open channel block by divalent barium ions.
Ba2+ inhibits these channels in a concentration and time-
dependent fashion by competing for the S4 potassium binding
site in the selectivity filter. In turn, when channel activity is
increased by raising extracellular potassium concentrations or pH
(inducing C-type gate stabilization), the magnitude of Ba2+
inhibition is reduced because occupancy of S4 by potassium is
increased21–23. Consistent with an increased basal activity, we
found that Ba2+ block was indeed significantly reduced in TM2.6
mutants of TREK1, TREK2, and TRAAK (Fig. 3c).

We then tested the dependence of Ba2+ inhibition to
extracellular potassium ([K+]o) for TREK1. We again observed
that TREK1 G171D was less sensitive to Ba2+ inhibition, and
hence intrinsically more active (Fig. 3d). Ba2+ block was less
pronounced at 5, 20, and 40 mM [K+]o when we compared wild-
type to mutant TREK1. And while the magnitude of inhibition
further increased between 20 and 40 mM [K+]o for wild-type
channels, TREK1 G171D inhibition reached a plateau at 20 mM
extracellular potassium, likely reflecting maximal opening of the

Fig. 1 Mutation of a single residue in TM2 systematically increases K2P channel activity. a Sequence conservation along transmembrane helix 2 (TM2
helix) computed from 66 vertebrate, insect, and nematode K2P channels, represented using WebLogo 3 53. b Current–voltage relationships obtained at pH
7.4 in X. laevis oocytes by injection of cRNA encoding wild-type (black squares) and TM2.6 mutant channels (red squares). TM2.6 mutations are indicated
in red next to corresponding current traces. Insets for hTASK1, mTRAAK, mTRESK, and hTWIK1 AA represent wild-type channel currents at a reduced
scale. rTWIK2 LY and hTHIK2 5RA harbor additional mutations in intracellular trafficking signals that allow increased surface expression10,52. Each point
represents the mean ± standard error of the mean, numbers in parentheses represent the number of oocytes tested for each condition. Injected cRNA
amounts and incubation times are reported in Supplementary Table 1. c Relative surface expression for wild-type and TM2.6 mutant channels using flow
cytometry. HA/GFP-tagged wild-type (black) and mutant K2P channels (red) were expressed in HEK cells. Relative surface expression was determined by
measuring the median fluorescence intensity of HA-positive cells (labeled in non-permeabilizing conditions) relative to the median fluorescence intensity
of the GFP signal (total channel content). Center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation.
Kruskal–Wallis, Dunn’s multiple comparison test, p > 0.05
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mutant channel at this concentration (Fig. 3d). In addition, while
wild-type channels were inhibited in the same fashion at 0 and
5 mM [K+]o, the level of Ba2+ inhibition was significantly
different between the two concentrations in TREK1 G171D.
Taken together, these results strongly suggest that TM2.6
mutations promote the gating of mechano-gated K2P channels
via the selectivity filter gate.

TM2.6 mutation increases TRAAK/TREK1 single-channel
activity. To analyze in more detail how mutations of TM2.6
affect channel activity, we performed single-channel recording
experiments for TRAAK and TREK1 channels.

First, we transfected TRAAK, TRAAK G133D, TREK1, and
TREK1 G171D into HEK-293 cells and compared channel
activity in cell-attached patch recordings. We found that TRAAK
G133D and TREK1 G171D activity rose approximately 10-fold
compared to wild-type channels in this context. While wild-type
TRAAK and TREK1 channel activity was slightly increased at
depolarized membrane potentials, TM2.6 mutants were consis-
tently more active for all membrane potentials compared to wild-
type (Fig. 4a, b).

Next, we analyzed single-channel properties of wild-type and
mutant channels. In both mutants, we could observe flickering
behavior and long bursts of channel openings consistent with
increased channel activity (Fig. 4c, d). In addition, mean open

times were significantly increased compared to wild-type. For
example, mean open times of TRAAK channels saw a 2-fold
increase from 0.41 ± 0.01 to 0.81 ± 0.13 ms at −80mV, while
TREK1 channel mean open times rose from 0.56 ± 0.09 to 0.68 ±
0.08 ms at −80 mV (Fig. 4e, f).

In contrast, unitary conductance was only modestly affected by
TM2.6 mutations in TRAAK and TREK1, and would not explain
the dramatic increase in whole-cell current observed in our two-
electrode voltage-clamp experiments. We observed differences
between wild-type and mutant channels depending on the
imposed membrane potential. TRAAK conductance was
unchanged by TM2.6 mutation at −80 mV but showed a
significant decrease compared to wild-type at +80 mV. TREK1
G171D unitary conductance was significantly higher than wild
type at −80 mV, and slightly decreased at +80 mV (Fig. 4e, f).
Consistently, the current–voltage relationships of TRAAK and
TREK1 (obtained from single-level openings in symmetrical KCl,
150 mM) was also modified. The I–V relationship of TRAAK
G133D showed a slight inward rectification at positive potentials
similar to that of TREK224 (Fig. 4g, h). TREK1 produced a clear
outward rectification at negative potentials, while TREK1 G171D
did not.

Taken together, these results provide direct evidence that
introducing an aspartate in TM2.6 of TRAAK and TREK1
dramatically affects single-channel open probability and strongly
potentiates the channels’ activity. Our data are consistent with the
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Fig. 2 TM2.6 mutation increases the basal activity of pH-sensitive K2P channels. Current–voltage relationships of a hTASK1 and b mTASK2 channels; wild-
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NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08710-3 ARTICLE

NATURE COMMUNICATIONS | ���������(2019)�10:787� | https://doi.org/10.1038/s41467-019-08710-3 | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


–100 –50 500

0

0

0

–10

10

–4

4

–100 –50 50

–20

20

V (mV) V (mV)

WT G171D
0

4

8

I (
µA

)
I (

µA
)

I (
µA

)

4

–4

I (
µA

)

–100 –50 50 –100 –50 50

***

1

0
0 30 60 90 120 0 30 60 90 0

**

**

5 20 40

Time (s)Time (s)

[K+]o [K+]o

[K+]o

[Ba2+]

40

20

5

0

40
20

5

0

N
or

m
al

iz
ed

 c
ur

re
nt

N
or

m
al

iz
ed

 c
ur

re
nt

0.5

1

0

0.5

1

0

0.5

[Ba2+]

mTREK1 G171DmTREK1d

1

0

0.5

WT G171D

I B
a2+

/I c
on

tr
ol

I B
a2+

/I c
on

tr
ol

WT G133D

***
***

***

WT G196D

1

0

0.5
I B

a2+
/I c

on
tr

ol

I B
a2+

/I c
on

tr
ol

1

0

0.5

mTREK2mTREK1 mTRAAKc

mTREK1a

mTREK2b

Wild type G171D

Wild type G196D

***

WT G196D
0

4

8

I R
b9

8
/I K

98
 a

t –
11

0 
m

V

(6) Rb98
(6) K98

(7) Rb98
(7) K98

I R
b9

8
/I K

98
 a

t –
11

0 
m

V

(7) Rb98
(7) K98

(8) Rb98
(8) K98

Fig. 3 TM2.6 mutations promote gating of mechano-gated K2P channels. a, b TM2.6 mutation affects TREK1 and TREK2 current increase induced by
substituting potassium with rubidium. Current–voltage relationships of mTREK1 and mTREK2 channels; wild-type (black) and TM2.6 mutant (red) at
98mM extracellular potassium (filled squares) and 98mM extracellular rubidium (open squares). Each data point represents the mean ± standard error of
mean, numbers in parentheses represent the number of oocytes tested for each condition. Rightmost panels: mean relative current increases were 5.3 ± 0.3
and 1.6 ± 0.1 for wild-type and mutant mTREK1, respectively, and 4.1 ± 0.6 and 1.01 ± 0.02 for wild-type and mutant mTREK2, respectively. Currents were
recorded 24 h after injection of cRNA at 1 ng/oocyte. c Magnitude of Ba2+ inhibition is reduced in TM2.6 mutants of mechano-gated K2P channels. Ratios
between currents under barium perfusion and currents under control perfusion at 0mV, were significantly different for wild-type (black) and mutant
channels (red). Mean ratios increased from 0.19 ± 0.02 (mTREK1) to 0.6 ± 0.02 (mTREK1 G171D), from 0.26 ± 0.01 (mTREK2) to 0.5 ± 0.01 (mTREK2
G196D), and from 0.37 ± 0.01 (mTRAAK) to 0.6 ± 0.02 (mTRAAK G133D). Currents were recorded 24 h after injection of cRNA at the following
concentrations (in ng/oocyte): mTREK1 wild-type, 5; mTREK1 G171D, 1; mTREK2 wild-type, 3; mTREK2 G196D, 1; mTRAAK wild-type, 10; mTRAAK G133D,
0.1. d Inhibition of mTREK1 by 6mM extracellular Ba2+ in the presence of increasing concentrations of extracellular K+ ([K+]o). Currents were recorded
24 h after injection of cRNA (mTREK1, black, 5 ng/oocyte; mTREK1 G171D, red, 1 ng/oocyte). Left and middle panels show normalized responses of one
representative oocyte to barium challenge in the presence of [K+]o (0, 5, 20, and 40mM). Right panel: ratio between currents under barium perfusion and
currents under control perfusion at 0mV. Each data point represents one oocyte; center lines, medians; open circles, means; box limits, 25th and 75th
percentiles; whiskers, standard deviation. Student’s unpaired t-test (except (b), Mann–Whitney), **p < 0.01, ***p < 0.001

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08710-3

6 NATURE COMMUNICATIONS | ���������(2019)�10:787� | https://doi.org/10.1038/s41467-019-08710-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


effect of the TM2.6 G134D mutation reported for Drosophila
KCNK0/ORK18, which was found to increase single-channel
open probability. This congruence is striking given the low levels
of sequence identity between KCNK0 and TRAAK/TREK1
channels (Supplementary Table 1). We therefore propose that
increased channel open probability most likely explains the
consistent increase in activity of TM2.6 mutants.

Gradual activation of TREK1 and TASK2. Given the drastic
effect of asparagine and aspartate mutations, we wondered whe-
ther we could also achieve intermediate levels of channel activa-
tion by using different amino acid substitutions at the TM2.6
position. Such allelic series have been reported for TWIK125 and
TALK27, but also for members of other ion channel families such
as large conductance mechanosensitive channels (MscL) of
Escherichia coli26, voltage-dependent Shaker potassium channels,
or the ligand-gated K+ channel GsuK27.

To test this hypothesis, we generated a series of TM2.6 mutants
of the TREK1 and TASK2 channels and compared their
biophysical properties with those of wild type channels. First,
we used the potassium–rubidium ion substitution assay to
compare four TREK1 mutants (G171T, G171S, G171D,
G171N). We observed significant differences for S, D, and N
mutants compared to wild-type TREK1, and between T and S, or
S and D mutants (Fig. 5a). This strongly suggests that these
mutants achieve distinct levels of channel function.

Next, we analyzed six different TASK2 mutants (L127V,
L127G, L127T, L127S, L127D, L127N) and found gradual effects
for activation kinetics and pH-sensitivity. At physiological pH,

valine and glycine substitution had intermediate kinetics, while
the remaining mutants had comparable, likely maximal, activa-
tion kinetics (Fig. 5b, leftmost and middle panel). Using the same
mutants, we then compared the stimulating effect of external
alkalinization. We found consistent results for the six mutants
(Fig. 5b, rightmost panel): L127V and L127G showed inter-
mediate phenotypes, while L127T/S/D/N mutants were
indistinguishable.

Finally, we investigated the effect of serine substitution on the
single-channel properties of TRAAK and TREK1 channels
(Supplementary Fig. 3). Similar to G133D, G133S strongly
increased NPo of TRAAK at −80 mV and +80 mV, but did
not cause a significant increase in mean open time at +80mV.
For TREK1, while NPo, mean open time, and conductance, were
significantly increased by G171D at −80 mV, only mean open
time was significantly increased in G171S mutants compared to
wild-type.

Taken together these results show that different levels of
channel activity can indeed by achieved by engineering different
amino acid substitutions in TM2.6, further illustrating the pivotal
role played by this residue.

Gradual activation of the nematode K2P channel TWK-18.
Since TM2.6 mutations increase channel gating for all vertebrate
channels (Fig. 1b) and for Drosophila KCNK0/ORK18, we won-
dered whether the function of this residue had been further
conserved during evolution. We therefore targeted the diverse
family of K2P channels expressed in C. elegans.
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To date, only the TWK-18 channel has been functionally
characterized using heterologous expression systems5. TWK-18 is
a potassium-selective outwardly-rectifying channel with a steep
temperature-dependence between 25 and 35 °C. To test whether
TM2.6 mutation could also increase TWK-18 activity, we
compared the TM2.6 mutant TWK-18 V158D with wild-type
TWK-18 and the previously described gain-of-function mutant
TWK-18 M280I (cn110). Consistent with our previous results, we
found that TWK-18 V158D was significantly more active than
wild-type and M280I mutants at 22 °C when expressed in
Xenopus oocytes (Fig. 6a, left panel). We then generated
additional TM2.6 amino acid substitutions in TWK-18 to test
whether we could also achieve gradual activation. Indeed, we
found that different residues lead to different levels of whole-cell
current, consistent with progressive activation of the TWK-18
channel (Fig. 6a, right panel).

Rational design of gain-of-function mutants in C. elegans.
Despite the fundamental role of K2P channels in cellular phy-
siology1,28,29, some basic questions about their biology are still
largely unexplored. In particular, comparatively little is known
about the precise molecular and cellular processes that determine
the number of active channels and their distribution at the cell
surface in vivo. Unbiased forward genetic screens in model
organisms are well suited to dissect such complex cellular pro-
cesses and gene regulatory networks in vivo, and gain-of-function
mutants of potassium channels are ideal starting points for such
screens. For example, genetic modifier screens targeting the SUP-
9 channel have identified a diverse set of proteins that are
required for trafficking and function of this TASK-related K2P
channel6,30,31.

We hypothesized that TM2.6 mutation could be a powerful
strategy to rationally design hyperactive K2P channel mutants
that would open the way for genetic screens. As a proof of
principle, we used CRISPR/Cas9-based gene editing to target four
channels (twk-18, unc-58, egl-23, and sup-9) for which gain-of-
function mutants with severe and easily observable phenotypes
had been reported in the literature.

twk-18 is exclusively expressed in C. elegans body wall
muscles32. Hyperactivation of TWK-18 by two different point
mutations (cn110/M280I and e1913/G165D) leads to flaccid
paralysis that can be rapidly induced and reverted in
temperature-shift experiments5. unc-58(e665) (L428F) mutants
are short and essentially unable to move forward or backward on
solid media33. They display a straight body posture accompanied

by a rapid rotation around their anteroposterior axis. egl-23(n601)
(A383V) mutants are unable to lay embryos likely due to the
hyperpolarization of vulval muscles (SEM and TB, unpublished).
Finally, gain-of-function mutants in which SUP-9 is hyperactive
display a characteristic rubberband phenotype in which worms
first contract and then rapidly relax their body when prodded on
the head6.

We engineered asparagine mutations in TM2.6 for twk-18, unc-
58, egl-23, and sup-9. Except for sup-9, mutant worms harboring
the desired point mutations could be readily identified in the F1
progeny of injected worms owing to the dominant effect of these
mutations (Fig. 6b, d). First, we found that TWK-18 V158N
mutant worms showed the same flaccid paralysis as canonical
M280I gain-of-function mutants. Second, UNC-58 F294N
mutants were severely paralyzed and short but differed
qualitatively from the canonical UNC-58 L428F mutant. Indeed,
they did not produce the characteristic shaking behavior, and had
increased body curvature on agar plates. Third, egg-laying was
strongly impaired in EGL-23 L229N mutants (Fig. 6d, e). As
expected, fertilized embryos quickly accumulated within the
parent, eventually leading to the formation of a bag-of-worms
once these animals had completed their embryonic development.
Finally, despite multiple attempts, we failed to obtain the SUP-9
L122N mutant. This may be explained by the fact that even
moderate gain-of-function mutations of sup-9 can only be
maintained as heterozygous strains6, and homozygous animals
fail to develop during embryogenesis.

Allelic series produce gradual phenotypes in C. elegans. In
heterologous expression systems such as Xenopus oocytes, it is
possible to control the level of ion channel expression by titrating
the amount of injected cRNA. This is no longer possible when
mutations are introduced into the genome by gene editing. As we
found for SUP-9, asparagine mutations in TM2.6 may sometimes
interfere with normal development or limit viability. We thus
wondered whether we could generate weak or intermediate gain-
of-function mutants in vivo by using different amino acid
substitutions.

We again used CRISPR/Cas9 gene editing to introduce
different TM2.6 mutations in twk-18, unc-58, egl-23, and sup-9.
In each case, we could identify CRISPR/Cas9-edited animals
based on the characteristic locomotor (twk-18, unc-58), egg-
laying (egl-23) or developmental phenotypes (sup-9). First, we
were able to generate homozygous SUP-9 L122S mutants,
contrary to our previous attempts with the L122N mutation.
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These worms however grew very slowly and had strong
morphological defects (Fig. 6c). Since they were nevertheless
viable, we concluded that SUP-9 L122S is likely a weaker gain-of-
function allele than L122N and that channel activity can indeed
be set to different levels using serine vs. asparagine substitutions.

Next, we built serine and threonine mutants for twk-18, unc-58,
and egl-23 to test whether we could detect gradual channel
activation using behavioral variation as a proxy. In the case of the
temperature-sensitive TWK-18 channel, we could define a clear
allelic series by comparing the level of paralysis of twk-18mutants
at different temperatures. At extreme temperatures, all alleles
behaved similarly, i.e., they remained mobile at 15 °C and were
paralyzed at 25 and 30 °C. We could however observe clear
differences at 20 °C when we measured the proportion of animals
that were able to crawl out of a 1 cm-wide circle within a two-
and-a-half-hour timespan. At 20 °C, 95% of M280I (n= 40), 73%
of V158S (n= 40), and 63% of V158T (n= 40) had crossed this

limit. In contrast, only 22% of the V158N mutants (n= 40) had
moved significantly over this time period. Using a similar
behavioral test for UNC-58, we could also observe progressive
phenotypes. 87% of F294S (n= 45) and 49% of F294N (n= 45)
had crossed the perimeter of the circle after an 8 h, compared to
9% of L428F (n= 45) mutants.

In the case of egl-23, we monitored the rate of egg-laying in the
first 48 h after the L4 to adult molt (Fig. 6e). We compared the
canonical n601 (A383V) mutant, and the TM2.6 mutants L229N
and L229S. The A383V mutation had the strongest effect on the
egg-laying rate. L229N resulted in slightly higher egg-laying rates
(i.e., a less pronounced egg-laying defect), while L229S mutants
were able to lay eggs at a rate slightly lower than wild-type. This
gradual effect was also clearly visible in 1-day old adult animals
(Fig. 6d, e). Indeed, wild-type worms carry only a limited number
of fertilized eggs at this time point since they lay embryos soon
after fertilization. In contrast, A383V and L229N mutants rapidly
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accumulate fertilized embryos which eventually leads to death by
matricide after 48 h. L229S mutants had an intermediate
phenotype consistent with their ability to lay eggs and increased
survival time. Eventually, all mutant worms however died due to
the accumulation and hatching of their progeny within the
parent.

These experiments further validate the notion that TM2.6 is a
crucial residue that controls the gating of most, if not all K2P
channels. They also demonstrate that channels can be activated
progressively in vivo using various TM2.6 substitutions, high-
lighting the versatility of our strategy.

Discussion
We report here that a single conserved residue in the second
transmembrane segment of vertebrate and invertebrate two-pore
domain potassium channels plays a key role in the control of K2P
channel gating. Mutating this residue (TM2.6) results in higher
channel activity in heterologous expression systems and in vivo in
C. elegans. Higher channel activity results from a dramatic
increase of channel open probability, and not from a change in
surface expression nor unitary conductance. Furthermore, it is
possible to engineer gain-of-function mutants with different levels
of activity by replacing TM2.6 with a series of amino acids,
progressively tuning the activity of K2P channels.
TM2.6 systematically increases channel activity in most if not all
K2Ps. This universality is remarkable given the low sequence
conservation between the vertebrate and invertebrate channels we
have tested and raises the question of the mechanism of action of
these mutations.

Available crystal structures position TM2.6 on the intracellular
side of the second transmembrane domain, exposed to a large
cytoplasmic vestibule, and in close proximity to the intracellular
part of the selectivity filter16–18,34. This location suggests that TM2.6
residues could affect three previously-described gating mechanisms.

Contrary to other potassium channels, K2P channels do not
possess a clear bundle-crossing gate or inner gate. Their principal
gate is therefore situated at or close to the selectivity filter, also
known as a C-type gate because it resembles the C-type inacti-
vation gate of voltage-gated potassium channels4,18,20,35–38. In
most K2Ps, this C-type gate is regulated by variations in pH and
is stabilized by increasing extracellular potassium concentra-
tions39,40. Mutations and small molecules have been shown to
stabilize this filter gate in different K2P channels4,18. Our data are
consistent with an effect of TM2.6 mutations on the selectivity
filter gate.

Interestingly, a novel type of inner gating mechanism has been
proposed recently for TWIK1. Molecular dynamics simulations
tracking the movements of water molecules within the intracel-
lular vestibule of the channel found that stochastic de-wetting
close to the TM2.6 leucine residue creates a hydrophobic barrier
opposing efficient ion passage through the conduction path-
way25,41. Disrupting this hydrophobic barrier by replacing the
leucine with a polar or negatively-charged residue maintained
water occupancy within the inner pore and dramatically
increased whole-cell currents25. Similar hydrophobic barriers
have emerged from the study of model nanopores and have been
shown to limit ion conduction in ligand-gated neurotransmitter
receptors and ion channels41,42. For example, mutations dis-
rupting hydrophobic barriers affect current flow through two
prokaryotic potassium channels (GsuK, ligand-gated K+ channel
from Geobacter sulfurreducens; MthK, Ca2+-gated K+ channel
from Methanobacterium thermoautotrophicum) and increase
open probabilities29,43.

A third gating mechanism has been proposed for mechano-
sensitive channels of the TREK/TRAAK family in which lateral

fenestrations close to the selectivity filter allow the passage of acyl
chains belonging to fatty acids of the upper membrane leaflet.
Access of lipids to the conduction pathway relies on conforma-
tional changes of TM434,44,45. In K2Ps, TM2 of one subunit is
opposed to TM4 of the second subunit thereby creating two
fenestrations possibly accessible by lipids. Given the central
position of TM2.6 within the second transmembrane domain,
amino acid substitutions (either charged, hydrophilic, and/or
bulky) of TM2.6 could also alter this proposed lipid gating
mechanism.

We have found that the majority of K2P channels possess
hydrophobic residues at the TM2.6 position (Fig. 1a, Supple-
mentary Fig. 2). Therefore, disruption of a hydrophobic gate is an
attractive model that would explain how K2P channels with very
different overall primary sequences could all be similarly acti-
vated. Furthermore, simulations of model nanopores have
demonstrated that hydrophobic barriers can be disrupted by
modulating the hydrophobicity of the pore42. Consistent with this
idea, we found that different hydrophilic or hydrophobic residues
produced different levels of channel activity, both in vitro and
in vivo. A few K2P channels do not have hydrophobic TM2.6
residues. Notably, a glycine residue is found in Drosophila
KCNK0/ORK1 and vertebrate TREK1, TREK2, and TRAAK
channels. Molecular dynamics simulations of TREK2 have failed
to detect significant de-wetting46. Rather different lines of evi-
dence suggest that mutating this glycine residue to an aspartate
increases channel gating via the selectivity filter gate8.

In conclusion, the exact mechanisms by which TM2.6 muta-
tions promote channel activation remain to be fully elucidated
and may vary depending on the channel. Furthermore, it may be
difficult to dissociate hydrophobic and C-type gating since TM2.6
is close to the selectivity filter. Depending on the channel, TM2.6
mutation may thus differentially affect the selectivity filter gate,
the inner hydrophobic gate, and gating by membrane lipids.

Given the striking phenotypes of the TM2.6 mutants in C.
elegans, it could appear surprising that they had not been iden-
tified in forward genetic screens. A likely explanation is that two
or even three base changes are required to introduce these amino
acid substitutions. Concomitant mutation of two DNA bases is
highly unlikely when using chemical mutagens such as EMS or
ENU. Consistently, preliminary experiments targeting other C.
elegans K2P channels have yielded additional mutants with very
strong behavioral defects akin to the phenotypes of classical
uncoordinated mutants (unpublished). Such gain-of-function
mutants will be ideal starting points for forward genetic screens
aiming to identify genes that are required for channel expression,
trafficking and functional modulation in vivo.

In the future, TM2.6 mutations could also be used to identify
pharmacological compounds targeting K2P channels. In parti-
cular, yeast-based screening strategies have proven to be suc-
cessful for the discovery of new ion channel modulators47 and for
the identification of specific blocker sites48. By using TM2.6
mutants described here, this approach can now be envisioned for
K2P channels beyond the highly active TREK1 channel (keeping
in mind that TM2.6 mutations may not always fully mirror the
pharmacology of wild-type channels). Indeed, specific com-
pounds targeting K2P channels are of great interest, since K2Ps
represent important targets for neurological, cardiovascular, and
endocrine disorders. For example, gain-of-function mutations in
human TALK2 have been shown to cause severe cardiac con-
duction disorder7. A polymorphism in the pancreatic channel
TALK1 causes a reduction in β-cell excitability and glucose-
stimulated insulin secretion, which could explain increased type 2
diabetes susceptibility49. And a mutation increasing TRAAK
activity has been linked to a novel neurodevelopmental syndrome
known as FHEIG, for facial dysmorphism, hypertrichosis,
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epilepsy, intellectual disability/developmental delay, and gingival
overgrowth50.

Presently, there are no indications about the possible effects of
increased channel activity for other human K2P channels. By
introducing TM2.6 mutations using CRISPR/Cas9-based gene
editing, it will be possible to create well-defined cellular systems
or model organisms that could help to predict the functional
consequences of increased activity for any K2P channel, while
circumventing the pitfalls of standard overexpression strategies.
In turn, these model systems could then be used to identify and
validate pharmacological agents that modulate the activity of K2P
channels.

Methods
Expression plasmids. cDNA sequences were amplified using Phusion high-fidelity
DNA polymerase (ThermoFisher Scientific) and assembled into the Xenopus
oocyte expression vector pTB20751 by 2- or 3-fragment Isothermal Ligation using
the primer combinations indicated in Supplementary Table 5. PCR-amplified
sequences were validated by Sanger sequencing.

The resulting vectors used in this study are:
pOA23 hTASK1, pOA24 hTASK1 L122N, pOA21 hTASK3, pOA22 hTASK3

L122N, pOA25 mTASK2 WT, pNZ20 mTASK2 L127N, pIBS25 mTASK2 L127D,
pIBS26 mTASK2 L127S, pIBS27 mTASK2 L127T, pIBS28 mTASK2 L127V, pIBS29
mTASK2 L127G, pIBS18 mTREK1 WT, pIBS19 mTREK1 G171D, pIBS20
mTREK1 G171N, pIBS21 mTREK1 G171S, pIBS22 mTREK1 G171T, pIBS23
mTREK1 G171L, pIBS24 mTREK1 G171V, pOA26 mTREK2, pOA27 mTREK2
G196D, pOA28 mTRAAK, pOA29 mTRAAK G133D, pOA30 mTRESK, pOA31
mTRESK F156N, pTB301 TWK-18, pTB314 TWK-18 M280I, pNZ19 TWK-18
V158D, pIBS30 TWK-18 V158N, pIBS31 TWK-18 V158S, pIBS32 TWK-18
V158T, pIBS33 TWK-18 V158L, pIBS34 TWK-18 V158G. hTWIK1, rTWIK2,
hTALK1, hTALK2 and hTHIK2 are inserted into the pLIN oocyte expression
vector. Additional mutations were introduced by PCR using Pfu Turbo DNA
polymerase (Agilent Technologies). hTWIK1-AA was previously described in ref. 9,
hTHIK2-5RA in ref. 10, and rTWIK2-LY in ref. 52. For mammalian cell
electrophysiology, K2P channel cDNA sequences were inserted into the pIRES2-
EGFP vector. For FACS analysis, hTWIK1 AA, mTASK3, and mTREK1 were
tagged with HA and GFP, and cloned into a pcDNA3 vector. One or two copies of
the hemagglutinin (HA) epitope (YPYDVPDYA) were inserted into the
extracellular domain connecting the second pore helix (Ph2) and TM4
transmembrane segment. The GFP coding sequence was added at the cytoplasmic
C-terminus of each channel.

Oocyte electrophysiology. Capped RNAs were synthesized in vitro from linear-
ized expression vectors using the T7 mMessage mMachine kit (Ambion, Austin,
TX, USA).

Defolliculated X. laevis oocytes (Ecocyte Bioscience, Dortmund, Germany) were
injected with 50 nL containing between 50 pg and 50 ng of cRNA depending on the
K2P expression rate (concentrations are indicated in Supplementary Table 1).
Oocytes were kept at 18 °C in ORII Calcium solution containing (in millimolar):
82.5 NaCl, 2 KCl, 1 MgCl2, 0.7 CaCl2, 5 HEPES, gentamicin (25 µg/mL), pH 7.5
(with TRIZMA-Base).

Two-electrode voltage-clamp (TEVC) experiments were performed 24–72 h
after the microinjection. Oocytes were mounted in a small home-made recording
chamber and continuously superfused with the ND96 standard solution containing
(in millimolar): 96 NaCl, 5 KCl, 1.8 CaCl2, 2 MgCl2, 5 HEPES. pH 7.4 was adjusted
with Trizma base. High potassium and high rubidium external solutions (in
millimolar): 98 KCl or 98 RbCl, 1.8 CaCl2, 2 MgCl2, 5 HEPES. pH 7.4 was adjusted
with Trizma base. For pH challenge experiments, Trizma base was used to buffer
the solution for pH values over 8.0. Barium chloride (Sigma-Aldrich) was prepared
as 1M stock solution in H2O and used at 6 mM final concentration in
ND96 solution.

Macroscopic currents were recorded using a Warner Instrument OC-725
amplifier, filtered at 10 kHz, digitized using a Digidata-1322 (Axon Instrument).
For current visualization and stimulation protocol application, we used Axon
pClamp 9 software (Molecular Devices, Sunnyvale, CA). Recording electrodes were
pulled to 0.2–1.0 MΩ by using a horizontal puller (Sutter Instrument, Model P-97,
USA) and filled with 3M KCl. Currents were recorded in response to two
recording protocols. The first was a voltage-step protocol consisting of a pre-pulse
of −80 mV (80 ms duration) from a holding potential of −60 mV, followed by
steps (300 ms duration) from −110 to 40 mV, and return to a −60 mV holding
potential. Current–voltage curves were obtained by plotting the steady-state
currents at the end of each voltage step. The second protocol was a ramp protocol
used for time course manipulations, consisting on a pre-pulse of −110 mV (100 ms
duration), from a holding potential of −60 mV, followed by a ramp from −110 to
40 mV over 3.5 s. This protocol was automatically repeated every 7 s. The time
course of the activation for mTASK-2 channels (τ, ms) was calculated by fitting the
current trace obtained at 0 mV with a single exponential suite of pClamp 9.

Flow cytometry. HEK-293 cells were grown in 60 mm dishes and transiently
transfected with HA/GFP-tagged K2P vectors using JetPEI (Polyplus transfection).
24 h after transfection, cells were gently harvested by using PBS, 10 mM EDTA,
then centrifuged for 5 min at 350 g and resuspended in PBS, 5% horse serum
incubation solution at 5 × 106 cells per mL. 100 μL of the cells were then incubated
for 2 h on ice with anti-HA antibody (Sigma-Aldrich, HA-7 clone, 1/1000), fol-
lowed by 1 h with Alexa594-conjugated anti-mouse antibody (Molecular Probes, 1/
1000). Cells were washed once with incubation solution and resuspended in PBS.
Quantification was performed on a BD LSR2 Fortessa using 525/50 bandpass
(excitation GFP 488 nm), 605/40 bandpass (excitation Alexa594 561 nm) and 450/
50 (excitation Dapi 405 nm) filter sets. Live single cells were identified as DAPI-
negative and based on forward scatter/side scatter profiles. The GFP-positive gate
(GFP+) and red-positive gate (Alexa594+ or HA+) were set manually using the
following control conditions: (c1) the background level of red fluorescence was
determined by measuring fluorescence intensity of empty vector transfected cells
incubated with antibodies (c2) the GFP-positive window was estimated from
unlabeled transfected cells and (c3) the HA-positive window with cells transfected
with an HA-tagged construct incubated with antibodies. Cytometry data were
analyzed using the BD CellQuest Pro software (BD Biosciences).

Single-channel analysis. HEK-293 cells (obtained from the Korean Cell Line
Bank) were seeded at a density of 2 × 105 cells per 35 mm dish 24 h prior to
transfection in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS.
HEK-293 cells were transfected with mTREK1, mTREK1 G171S, mTREK1 G171D,
mTRAAK, mTRAAK G133S, or mTRAAK G133D in pIRES-eGFP DNA using
LipofectAMINE2000 and OPTI-MEM I Reduced Serum Medium (Life technolo-
gies, Grand Island, NY, USA). Cells expressing green fluorescence were detected
with the aid of a Nikon microscope equipped with a mercury lamp light source.
Cells were used 1–3 days after transfection.

All recordings were performed using a patch clamp amplifier (Axopatch 200,
Axon Instruments, Union City, CA, USA). Single-channel currents were filtered at
2 kHz using an 8-pole Bessel filter (−3 dB; Frequency Devices, Haverhill, MA) and
transferred to a computer using the Digidata 1320 interface (Axon) at a sampling
rate of 20 kHz. Threshold detection of channel openings was set at 50%. Single-
channel currents were analyzed with the pCLAMP program (version 10, Axon).
The filter dead time was 100 μs (0.3/cutoff frequency) for single-channel analysis,
therefore, events lasting less than 50 μs were not detected. Channel activity (NPo,
where N is the number of channels in the patch and Po is the probability of a
channel being open) was determined from ~1–2 min of current recording. In
experiments using cell-attached patches, the pipette and bath solutions contained
(mM): 150 KCl, 1 MgCl2, 5 EGTA, and 10 HEPES (pH 7.3). All experiments were
performed at ~25 °C.

C. elegans experiments. All strains described in this study were built using N2
(obtained from the CGC) as a wild-type starting strain. Strains were fed OP50 and
grown at 20 °C unless otherwise noted. Strains generated for this study are listed in
Supplementary Table 2.

All TM2.6 mutants were generated using CRISPR/Cas9-based homologous
recombination by injecting Cas9 ribonucleoprotein complexes into the syncytial
gonad of 1-day old N2 hermaphrodites alongside single-strand DNA
oligonucleotide repair templates. First, guide RNA duplexes were formed in vitro
by incubating 3 µL of crRNA with 3 µL of tracrRNA (100 µM stock solution each,
in Nuclease-Free Water, IDT) in Nuclease-Free Duplex Buffer (IDT) in a final
volume of 10 µL. RNA duplexes were then incubated at 95 °C for 5 min, followed
by 5 min incubation at room temperature. Next, 1.5 µL of crRNA:tracrRNA duplex
was added to 15 µg of recombinant Cas9 protein (Alt-R S. p. Cas9 Nuclease 3NLS,
IDT), followed by 125 pmol of single-strand DNA repair template and nuclease-
free water up to a final volume of 10 µL. This mix was injected into adult
hermaphrodites after centrifugation (10 min, 10,000g, 4 °C). Injected worms were
raised at 25 °C for 2–3 days, after which mutant worms were identified in the F1
progeny based on expected phenotypes of known gain-of-function mutants.
CRISPR/Cas9-induced molecular lesions were confirmed by Sanger sequencing for
all alleles generated in this study. Genome engineering reagents are listed in
Supplementary Table 3 and 4.

Microscopy. C. elegans images were acquired using brightfield illumination on a
Zeiss Z1 AxioImager at ×5 magnification. Worms were immobilized using M9
buffer supplemented with 50 mM sodium azide.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this manuscript are available from the corresponding
authors upon reasonable request. A reporting summary for this article is available as a
Supplementary Information file. The source data underlying Figs. 1c, 2a, b, 3a–d, 4a, b, e,
f, 5a, b, 6a, e, and Supplementary Fig. 3 are provided as a Source Data file.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08710-3 ARTICLE

NATURE COMMUNICATIONS | ���������(2019)�10:787� | https://doi.org/10.1038/s41467-019-08710-3 | www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Received: 16 July 2018 Accepted: 23 January 2019

References
1. Enyedi, P. & Czirják, G. Molecular background of leak K+ currents: two-pore

domain potassium channels. Physiol. Rev. 90, 559–605 (2010).
2. Buckingham, S. D., Kidd, J. F., Law, R. J., Franks, C. J. & Sattelle, D. B.

Structure and function of two-pore-domain K+ channels: contributions from
genetic model organisms. Trends Pharmacol. Sci. 26, 361–367 (2005).

3. Hobert, O. The neuronal genome of Caenorhabditis elegans. WormBook
1–106. https://doi.org/10.1895/wormbook.1.161.1 (2013).

4. Bagriantsev, S. N., Peyronnet, R., Clark, K. A., Honoré, E. & Minor, D. L.
Multiple modalities converge on a common gate to control K2P channel
function. EMBO J. 30, 3594–3606 (2011).

5. Kunkel, M. T., Johnstone, D. B., Thomas, J. H. & Salkoff, L. Mutants of a
temperature-sensitive two-P domain potassium channel. J. Neurosci. 20,
7517–7524 (2000).

6. de la Cruz, I. P., Levin, J. Z., Cummins, C., Anderson, P. & Horvitz, H. R. sup-
9, sup-10, and unc-93 may encode components of a two-pore K+ channel that
coordinates muscle contraction in Caenorhabditis elegans. J. Neurosci. 23,
9133–9145 (2003).

7. Friedrich, C. et al. Gain-of-function mutation in TASK-4 channels and severe
cardiac conduction disorder. EMBO Mol. Med. 6, 937–951 (2014).

8. Ben-Abu, Y., Zhou, Y., Zilberberg, N. & Yifrach, O. Inverse coupling in leak
and voltage-activated K+ channel gates underlies distinct roles in electrical
signaling. Nat. Struct. Mol. Biol. 16, 71–79 (2009).

9. Chatelain, F. C. et al. TWIK1, a unique background channel with variable ion
selectivity. Proc. Natl Acad. Sci. USA 109, 5499–5504 (2012).

10. Chatelain, F. C. et al. Silencing of the tandem pore domain halothane-
inhibited K+ channel 2 (THIK2) relies on combined intracellular retention
and low intrinsic activity at the plasma membrane. J. Biol. Chem. 288,
35081–35092 (2013).

11. Ketchum, K. A., Joiner, W. J., Sellers, A. J., Kaczmarek, L. K. & Goldstein, S. A.
A new family of outwardly rectifying potassium channel proteins with two
pore domains in tandem. Nature 376, 690–695 (1995).

12. Lotshaw, D. P. Biophysical and pharmacological characteristics of native two-
pore domain TASK channels in rat adrenal glomerulosa cells. J. Membr. Biol.
210, 51–70 (2006).

13. Reyes, R. et al. Cloning and expression of a novel pH-sensitive two pore
domain K+ channel from human kidney. J. Biol. Chem. 273, 30863–30869
(1998).

14. Kang, D., Han, J., Talley, E. M., Bayliss, D. A. & Kim, D. Functional expression
of TASK-1/TASK-3 heteromers in cerebellar granule cells. J. Physiol. 554,
64–77 (2004).

15. Niemeyer, M. I. et al. Neutralization of a single arginine residue gates open a
two-pore domain, alkali-activated K+ channel. Proc. Natl Acad. Sci. USA 104,
666–671 (2007).

16. Miller, A. N. & Long, S. B. Crystal structure of the human two-pore domain
potassium channel K2P1. Science 335, 432–436 (2012).

17. Brohawn, S. G., del Mármol, J. & MacKinnon, R. Crystal structure of the
human K2P TRAAK, a lipid- and mechano-sensitive K+ ion channel. Science
335, 436–441 (2012).

18. Lolicato, M. et al. K2P2.1 (TREK-1)-activator complexes reveal a cryptic
selectivity filter binding site. Nature 547, 364–368 (2017).

19. Kindler, C. H. et al. Amide local anesthetics potently inhibit the human
tandem pore domain background K+ channel TASK-2 (KCNK5). J.
Pharmacol. Exp. Ther. 306, 84–92 (2003).

20. Piechotta, P. L. et al. The pore structure and gating mechanism of K2P
channels. EMBO J. 30, 3607–3619 (2011).

21. Ma, X.-Y. et al. External Ba2+ block of the two-pore domain potassium
channel TREK-1 defines conformational transition in its selectivity filter. J.
Biol. Chem. 286, 39813–39822 (2011).

22. Zhuo, R.-G. et al. The isoforms generated by alternative translation initiation
adopt similar conformation in the selectivity filter in TREK-2. J. Physiol.
Biochem. 71, 601–610 (2015).

23. Fink, M. et al. A neuronal two P domain K+ channel stimulated by
arachidonic acid and polyunsaturated fatty acids. EMBO J. 17, 3297–3308
(1998).

24. Kang, D., Choe, C., Cavanaugh, E. & Kim, D. Properties of single two-pore
domain TREK-2 channels expressed in mammalian cells. J. Physiol. 583,
57–69 (2007).

25. Aryal, P., Abd-Wahab, F., Bucci, G., Sansom, M. S. P. & Tucker, S. J. A
hydrophobic barrier deep within the inner pore of the TWIK-1 K2P
potassium channel. Nat. Commun. 5, 4377 (2014).

26. Yoshimura, K., Batiza, A., Schroeder, M., Blount, P. & Kung, C. Hydrophilicity
of a single residue within MscL correlates with increased channel
mechanosensitivity. Biophys. J. 77, 1960–1972 (1999).

27. Shi, N., Zeng, W., Ye, S., Li, Y. & Jiang, Y. Crucial points within the pore as
determinants of K+ channel conductance and gating. J. Mol. Biol. 411, 27–35
(2011).

28. Honoré, E. The neuronal background K2P channels: focus on TREK1. Nat.
Rev. Neurosci. 8, 251–261 (2007).

29. Lesage, F. & Barhanin, J. Molecular physiology of pH-sensitive background K
(2P) channels. Physiology 26, 424–437 (2011).

30. de la Cruz, I. P., Ma, L. & Horvitz, H. R. The Caenorhabditis elegans
Iodotyrosine deiodinase ortholog SUP-18 functions through a conserved
channel SC-Box to regulate the muscle two-pore domain potassium channel
SUP-9. PLoS Genet. 10, e1004175–16 (2014).

31. Greenwald, I. S. & Horvitz, H. R. Dominant suppressors of a muscle mutant
define an essential gene of Caenorhabditis elegans. Genetics 101, 211–225
(1982).

32. El Mouridi, S. et al. Reliable CRISPR/Cas9 genome engineering in
Caenorhabditis elegans using a single efficient sgRNA and an easily
recognizable phenotype. G3 (Bethesda) 7, 1429–1437 (2017).

33. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71–94 (1974).
34. Dong, Y. Y. et al. K2P channel gating mechanisms revealed by structures of

TREK-2 and a complex with Prozac. Science 347, 1256–1259 (2015).
35. Bagriantsev, S. N., Clark, K. A. & Minor, D. L. Metabolic and thermal stimuli

control K(2P)2.1 (TREK-1) through modular sensory and gating domains.
EMBO J. 31, 3297–3308 (2012).

36. Schewe, M. et al. A non-canonical voltage-sensing mechanism controls gating
in K2P K(+) channels. Cell 164, 937–949 (2016).

37. Zilberberg, N., Ilan, N. & Goldstein, S. A. KCNKØ: opening and closing the 2-
P-domain potassium leak channel entails ‘C-type’ gating of the outer pore.
Neuron 32, 635–648 (2001).

38. Schneider, E. R., Anderson, E. O., Gracheva, E. O. & Bagriantsev, S. N.
Temperature sensitivity of two-pore (K2P) potassium channels. Curr. Top.
Membr. 74, 113–133 (2014).

39. Cohen, A., Ben-Abu, Y., Hen, S. & Zilberberg, N. A novel mechanism for
human K2P2.1 channel gating. Facilitation of C-type gating by protonation of
extracellular histidine residues. J. Biol. Chem. 283, 19448–19455 (2008).

40. Sandoz, G., Douguet, D., Chatelain, F., Lazdunski, M. & Lesage, F.
Extracellular acidification exerts opposite actions on TREK1 and TREK2
potassium channels via a single conserved histidine residue. Proc. Natl Acad.
Sci. USA 106, 14628–14633 (2009).

41. Aryal, P., Sansom, M. S. P. & Tucker, S. J. Hydrophobic gating in ion channels.
J. Mol. Biol. 427, 121–130 (2015).

42. Beckstein, O. & Sansom, M. S. P. Liquid–vapor oscillations of water in
hydrophobic nanopores. Proc. Natl Acad. Sci. USA 100, 7063–7068 (2003).

43. Kong, C. et al. Distinct gating mechanisms revealed by the structures of a
multi-ligand gated K(+) channel. eLife 1, e00184 (2012).

44. Brohawn, S. G., Campbell, E. B. & MacKinnon, R. Physical mechanism for
gating and mechanosensitivity of the human TRAAK K+ channel. Nature
516, 126–130 (2014).

45. Lolicato, M., Riegelhaupt, P. M., Arrigoni, C., Clark, K. A. & Minor, D. L.
Transmembrane helix straightening and buckling underlies activation of
mechanosensitive and thermosensitive K(2P) channels. Neuron 84, 1198–1212
(2014).

46. Aryal, P. et al. Bilayer-mediated structural transitions control
mechanosensitivity of the TREK-2 K2P channel. Structure 25, 708–718
(2017).

47. Bagriantsev, S. N. et al. A high-throughput functional screen identifies small
molecule regulators of temperature- and mechano-sensitive K2P channels.
ACS Chem. Biol. 8, 1841–1851 (2013).

48. Chatelain, F. C. et al. The pore helix dipole has a minor role in inward rectifier
channel function. Neuron 47, 833–843 (2005).

49. Vierra, N. C. et al. Type 2 diabetes-associated K+ channel TALK-1 modulates
β-cell electrical excitability, second-phase insulin secretion, and glucose
homeostasis. Diabetes 64, 3818–3828 (2015).

50. Bauer, C. K. et al. Mutations in KCNK4 that affect gating cause a recognizable
neurodevelopmental syndrome. Am. J. Hum. Genet. 103, 621–630
(2018).

51. Boulin, T., Gielen, M., Williams, D. C., Paoletti, P. & Bessereau, J.-L. Eight
genes are required for functional reconstitution of the Caenorhabditis elegans
levamisole-sensitive acetylcholine receptor. Proc. Natl Acad. Sci. USA 105,
18590–18595 (2008).

52. Bobak, N. et al. Recombinant tandem of pore-domains in a weakly inward
rectifying K+ channel 2 (TWIK2) forms active lysosomal channels. Sci. Rep. 7,
649 (2017).

53. Crooks, G. E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo: a
sequence logo generator. Genome Res. 14, 1188–1190 (2004).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08710-3

12 NATURE COMMUNICATIONS | ���������(2019)�10:787� | https://doi.org/10.1038/s41467-019-08710-3 | www.nature.com/naturecommunications

https://doi.org/10.1895/wormbook.1.161.1
www.nature.com/naturecommunications


Acknowledgements
The authors are grateful to F. Sepu ́lveda, V. Renigunta, N. Bobak, S. Feliciangeli, F.
Chatelain, and M. Jodar for providing plasmids. The authors thank M. Jospin and M.
Gielen for critical reading of the manuscript. Some strains were provided by the CGC,
which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). I.
B.S. was supported by AFM Téléthon (Alliance MyoNeurALP). This work was funded by
a grant from the European Research Council (T.B., Kelegans), Bourse Qualité Recherche
from Université Claude Bernard (O.A.), the Korean Government (NRF-2015R1A-5A2-
008833), and the Agence Nationale de la Recherche (Laboratory of Excellence “Ion
Channel Science and Therapeutics”, grant ANR-11-LABX-0015-01 to F.L., D.B., and L.
K.; ANR blanche Dynaselect, grant ANR-14-CE13-0010 to F.L. and D.B.).

Author contributions
I.B.S., L.K., and O.A. performed two-electrode voltage-clamp experiments. D.K. per-
formed single-channel analyses. D.B. performed FACS analyses. S.E.M., A.L.-B., P.T., N.
Z., and M.G. performed experiments in C. elegans. All authors were involved in the
analysis of the experimental data. The manuscript was written by T.B. with contributions
from all other authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08710-3.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Alistair Mathie and
the other anonymous reviewer(s) for their contribution to the peer review of this work.
Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08710-3 ARTICLE

NATURE COMMUNICATIONS | ���������(2019)�10:787� | https://doi.org/10.1038/s41467-019-08710-3 | www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-019-08710-3
https://doi.org/10.1038/s41467-019-08710-3
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Supplementary Information 
 
Mutation of a single residue promotes gating of vertebrate and 
invertebrate two-pore domain potassium channels 
 
Ben Soussia*, El Mouridi*, et al. 
 
Nature Communications (2019) 
 



TWIK1
TWIK2 47 TWIK2
TRAAK 33 35 TRAAK
TREK1 31 31 52 TREK1
TREK2 33 29 56 70 TREK2
TASK1 32 29 31 33 35 TASK1
TASK3 32 29 31 34 32 74 TASK3
TASK5 31 29 31 35 33 67 68 TASK5
TASK2 29 30 33 32 33 33 32 34 TASK2
TALK1 34 33 39 38 38 37 35 38 39 TALK1
TALK2 27 31 38 34 32 30 30 33 37 44 TALK2
TRESK 26 25 25 28 30 31 32 29 21 29 23 TRESK
THIK1 32 25 28 29 28 32 31 29 26 30 24 26 THIK1
THIK2 32 31 27 30 27 30 28 30 26 29 23 25 70 THIK2
KCNK7 42 36 29 27 28 26 26 29 24 26 24 21 21 25 KCNK7
EGL-23 23 24 28 26 26 29 29 28 26 25 24 25 20 23 21 EGL-23
UNC-58 23 25 25 22 23 24 23 24 24 27 23 27 20 20 19 UNC-58
SUP-9 27 25 31 33 32 58 58 52 31 33 30 30 31 31 25 SUP-9
TWK-1 29 27 24 25 25 27 26 24 23 24 21 26 21 19 26 TWK-1
TWK-2 25 26 25 25 25 27 28 26 28 26 22 27 22 22 22 TWK-2
TWK-3 24 25 20 22 20 23 21 24 21 20 20 28 21 22 21 TWK-3
TWK-4 29 29 26 27 29 27 28 26 27 30 26 28 25 25 25 TWK-4
TWK-5 21 22 25 25 22 23 24 23 23 23 28 23 20 18 13 TWK-5
TWK-6 22 20 24 21 21 20 21 20 18 26 22 24 21 21 18 TWK-6
TWK-7 28 28 30 26 29 30 29 30 29 31 28 28 23 23 20 TWK-7
TWK-8 24 23 27 25 24 26 28 25 27 29 27 25 25 23 21 TWK-8
TWK-9 27 25 29 25 27 29 31 29 30 27 24 24 22 24 22 TWK-9
TWK-10 23 20 24 25 23 22 22 23 27 23 23 26 20 22 17 TWK-10
TWK-11 28 24 26 27 25 28 28 28 25 30 23 26 20 21 26 TWK-11
TWK-12 21 21 25 23 27 25 22 24 22 26 25 21 20 18 16 TWK-12
TWK-13 27 24 32 29 28 32 30 32 26 29 26 25 25 22 23 TWK-13
TWK-14 27 24 22 26 23 28 26 25 25 25 24 23 39 39 18 TWK-14
TWK-16 20 20 26 24 24 21 23 25 24 24 22 19 20 21 24 TWK-16
TWK-17 22 24 25 25 25 28 29 27 27 25 23 22 23 22 20 TWK-17
TWK-18 25 26 24 27 27 27 26 26 23 29 27 30 22 23 20 TWK-18
TWK-20 27 27 28 30 28 47 47 43 30 32 28 27 30 29 24 TWK-20
TWK-21 27 22 30 29 27 26 27 27 28 29 29 26 24 25 27 TWK-21
TWK-22 26 23 26 26 24 25 25 25 26 27 28 26 22 25 23 TWK-22
TWK-23 25 21 27 29 29 29 27 27 25 27 23 27 24 23 27 TWK-23
TWK-24 21 21 22 23 25 27 28 23 20 21 23 28 20 17 20 TWK-24
TWK-25 26 26 23 24 21 23 23 23 23 28 26 25 22 21 22 TWK-25
TWK-26 25 25 26 25 23 24 23 24 23 26 24 25 20 22 22 TWK-26
TWK-28 24 26 27 27 26 30 29 31 29 28 29 28 20 24 22 TWK-28
TWK-29 22 20 22 22 22 24 24 23 23 24 17 25 17 16 19 TWK-29
TWK-30 25 24 24 24 25 26 25 24 27 25 23 23 25 24 22 TWK-30
TWK-31 26 25 26 27 28 25 27 26 25 27 24 28 24 24 22 TWK-31
TWK-32 24 21 23 21 23 21 21 22 22 23 20 23 17 19 20 TWK-32
TWK-33 27 22 20 22 20 23 22 25 22 25 25 25 21 20 21 TWK-33
TWK-34 28 22 20 23 21 22 22 25 22 26 26 22 21 19 20 TWK-34
TWK-35 30 25 27 25 28 28 28 28 26 27 26 28 22 24 25 TWK-35
TWK-36 24 24 24 25 23 26 24 26 23 24 26 25 20 18 21 TWK-36
TWK-37 24 25 21 24 24 28 29 25 24 23 24 23 21 23 17 TWK-37
TWK-39 30 27 27 28 27 29 30 32 24 26 27 26 26 28 22 TWK-39
TWK-40 25 26 27 27 31 27 26 25 28 29 27 28 23 26 23 TWK-40
TWK-42 22 22 26 24 28 27 27 26 23 25 25 21 23 21 20 TWK-42
TWK-43 24 24 25 26 26 26 26 27 25 25 22 23 20 22 22 TWK-43
TWK-44 25 25 24 23 24 24 26 24 23 25 25 26 20 22 21 TWK-44
TWK-45 26 26 24 22 22 22 22 23 22 24 22 24 20 20 23 TWK-45
TWK-46 37 35 29 32 31 29 32 28 28 29 25 27 25 24 24 TWK-46
TWK-47 20 17 18 19 18 20 19 22 20 20 21 20 17 16 16 TWK-47
TWK-48 27 25 27 28 29 29 31 30 24 29 24 30 25 25 21 TWK-48

ORK1/KCNK0 28 24 29 28 26 26 25 24 30 29 26 22 23 25 19 ORK1/KCNK0
dTask-6 28 25 28 31 32 55 57 52 31 33 28 29 33 31 24 dTask-6
dTask-7 28 25 30 29 31 54 55 49 29 34 29 27 32 30 22 dTask-7
Sandman 27 25 25 28 27 24 26 25 25 25 27 25 23 23 22 Sandman
CG10864 22 24 26 27 26 22 24 26 23 23 23 27 25 24 22 CG10864
CG34396 28 24 27 27 24 30 30 30 27 26 27 25 25 24 25 CG34396
CG43155 31 29 28 28 29 30 30 31 31 31 31 28 25 25 24 CG43155
Galene 28 28 31 31 30 34 34 34 25 28 30 27 27 27 22 Galene

TWIK1 TWIK2 TRAAK TREK1 TREK2 TASK1 TASK3 TASK5 TASK2 TALK1 TALK2 TRESK THIK1 THIK2 KCNK7
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Supplementary Figure 1 – One-to-one sequence identity matrix based on clustal 
omega alignement. Genbank identifiers for aligned sequences are listed below. 
N- and C-terminal cytoplasmic portions were truncated before alignment. 



Supplementary Figure 1 - continued.
EGL-23

UNC-58 22 UNC-58
SUP-9 29 26 SUP-9
TWK-1 26 23 26 TWK-1
TWK-2 28 26 29 23 TWK-2
TWK-3 26 22 24 24 29 TWK-3
TWK-4 30 25 26 25 30 32 TWK-4
TWK-5 24 19 23 25 24 24 21 TWK-5
TWK-6 18 18 22 21 20 23 20 21 TWK-6
TWK-7 29 27 26 24 41 31 34 25 21 TWK-7
TWK-8 28 26 26 22 29 22 25 23 24 26 TWK-8
TWK-9 42 23 27 23 26 21 27 24 20 28 22 TWK-9
TWK-10 23 20 22 24 28 37 28 24 20 29 22 26 TWK-10
TWK-11 27 25 26 24 29 23 27 18 20 29 37 26 27 TWK-11
TWK-12 23 23 26 18 22 21 25 18 21 25 27 22 19 28 TWK-12
TWK-13 27 28 29 25 33 28 31 27 25 37 25 28 28 26 21 TWK-13
TWK-14 20 17 28 24 23 18 20 23 22 19 22 23 19 22 20 22 TWK-14
TWK-16 29 19 23 22 22 22 24 22 17 23 22 31 21 26 15 27 16 TWK-16
TWK-17 26 38 27 23 27 24 26 18 19 28 23 26 22 25 23 24 19 24 TWK-17
TWK-18 24 24 26 31 27 23 28 22 25 29 29 25 20 29 28 27 28 25 21 TWK-18
TWK-20 28 24 52 21 26 21 28 22 20 25 27 26 25 24 22 27 24 22 25 24 TWK-20
TWK-21 27 21 29 25 24 21 27 24 23 24 28 26 22 30 23 26 25 25 21 30 25 TWK-21
TWK-22 23 22 27 23 26 23 26 23 23 25 30 24 22 31 26 26 23 24 20 28 26 72 TWK-22
TWK-23 33 27 29 25 30 25 30 27 21 27 27 32 24 30 20 33 22 25 25 26 27 26 25 TWK-23
TWK-24 21 23 29 23 23 22 22 20 20 20 26 23 19 31 26 24 21 22 22 26 24 27 27 27 TWK-24
TWK-25 22 22 22 20 23 25 23 18 21 27 22 26 22 22 18 25 17 20 23 24 24 25 24 20 21 TWK-25
TWK-26 22 22 26 23 26 25 23 21 21 26 24 24 25 28 22 26 21 23 26 29 24 27 28 23 23 34 TWK-26
TWK-28 29 31 29 25 37 28 31 28 22 41 26 26 31 30 23 37 26 24 28 26 29 25 25 27 21 24 28 TWK-28
TWK-29 26 21 22 25 24 20 22 24 18 22 22 24 22 24 17 27 19 37 23 25 19 27 26 26 22 20 24 19 TWK-29
TWK-30 30 25 24 23 28 28 31 26 16 31 23 28 27 25 18 32 24 20 25 25 24 24 25 28 21 22 21 31 23 TWK-30
TWK-31 24 29 26 23 30 25 26 24 24 28 34 22 24 31 28 29 24 28 24 34 22 30 30 28 31 27 28 29 24 26 TWK-31
TWK-32 25 25 23 23 33 26 32 24 18 31 21 20 26 22 20 31 21 21 19 20 21 24 24 29 23 23 21 28 21 29 25 TWK-32
TWK-33 24 20 22 18 27 24 22 18 23 26 22 26 26 23 19 27 16 22 22 28 22 27 26 23 19 55 33 26 23 22 26 23 TWK-33
TWK-34 24 21 22 18 27 23 23 20 24 27 23 26 24 22 20 26 17 20 23 27 22 27 26 25 20 53 32 25 23 20 27 24 79 TWK-34
TWK-35 26 26 33 21 27 28 25 25 22 25 31 25 24 33 26 27 22 23 24 28 29 35 34 29 27 19 26 29 22 27 34 26 21 22 TWK-35
TWK-36 24 19 26 19 30 23 23 18 20 27 24 26 23 26 20 24 16 22 23 28 25 27 28 25 24 49 33 25 25 21 28 22 58 53 22 TWK-36
TWK-37 28 20 24 23 23 23 25 25 18 21 22 25 20 24 24 22 23 20 23 30 22 28 27 24 19 21 24 22 20 21 26 22 22 23 25 21 TWK-37
TWK-39 23 22 31 25 28 26 24 23 22 29 24 24 26 24 22 25 25 26 24 25 26 29 26 25 21 22 29 26 27 24 24 24 24 26 28 23 24 TWK-39
TWK-40 30 29 32 27 37 27 34 24 22 41 24 27 27 28 27 35 23 24 27 27 29 24 23 31 22 26 28 40 24 32 33 28 25 26 27 27 23 26 TWK-40
TWK-42 24 23 30 20 26 22 26 18 23 25 28 23 24 30 26 24 24 22 22 30 26 24 26 24 28 19 25 26 21 24 33 23 20 22 31 22 23 24 27 TWK-42
TWK-43 39 23 28 27 23 25 27 24 20 25 26 38 27 25 22 28 19 33 24 26 24 25 24 33 20 23 22 28 27 24 24 21 25 25 25 23 24 23 24 21 TWK-43
TWK-44 22 21 27 25 24 20 25 19 21 27 31 24 21 36 28 23 20 22 20 35 23 29 31 25 30 23 27 25 22 22 35 23 26 23 33 28 25 25 25 35 19 TWK-44
TWK-45 21 21 25 21 24 22 24 19 17 23 22 23 22 27 22 23 22 22 23 29 22 27 27 23 22 31 72 23 23 19 27 21 30 31 24 32 24 26 25 23 22 28 TWK-45
TWK-46 25 22 32 29 26 26 27 23 21 23 24 25 22 27 23 23 26 19 24 27 26 26 24 27 24 22 25 24 19 22 26 21 20 22 26 26 23 24 25 25 24 26 22 TWK-46
TWK-47 19 27 18 20 24 22 19 18 16 26 21 19 22 20 20 26 16 20 28 22 20 19 22 21 17 20 20 26 20 20 23 17 20 19 21 23 19 20 23 19 21 18 17 18 TWK-47
TWK-48 25 24 31 26 29 24 26 22 21 28 24 25 24 32 24 29 20 26 25 31 25 32 30 25 27 27 32 28 26 26 29 22 29 29 31 30 25 38 28 28 25 28 27 24 22 TWK-48

ORK1/KCNK0 22 22 28 25 22 21 20 22 25 25 24 24 20 23 19 22 25 21 20 29 22 24 21 24 20 22 22 23 18 19 23 21 20 22 22 25 20 22 24 22 23 24 20 28 17 20 ORK1/KCNK0
dTask-6 26 24 56 22 28 23 28 22 21 26 28 25 27 29 24 25 27 21 27 25 48 25 22 29 27 23 26 28 23 24 28 22 22 23 27 26 27 32 29 28 24 27 25 31 18 33 25 dTask-6
dTask-7 23 25 56 22 28 25 31 21 23 30 26 25 24 28 23 28 27 23 24 23 44 25 23 28 25 21 26 27 22 24 25 21 22 22 27 24 23 27 29 26 23 27 24 29 20 28 25 64 dTask-7
Sandman 22 21 26 25 25 24 24 23 21 24 24 23 23 24 23 26 23 26 23 29 26 27 24 23 22 25 28 25 26 23 26 19 23 24 27 24 27 37 26 22 26 25 27 25 17 37 21 28 25 Sandman
CG10864 22 23 24 21 26 23 26 21 20 22 23 21 20 24 23 26 20 23 22 27 24 25 22 22 22 20 21 28 23 23 27 21 19 22 27 22 23 30 23 23 23 24 21 24 20 34 19 22 25 37 CG10864
CG34396 28 22 30 27 31 29 29 25 22 29 28 28 26 28 26 28 22 24 27 29 28 30 28 28 24 28 30 30 27 25 32 28 29 27 35 26 28 30 30 29 26 30 31 26 21 33 26 32 27 33 27 CG34396
CG43155 33 23 31 26 32 27 32 24 22 34 25 33 25 27 26 34 24 26 26 31 28 28 28 30 30 24 29 34 24 25 31 27 24 23 29 27 27 30 33 27 30 27 31 25 22 31 24 30 30 29 27 35 CG43155
Galene 22 26 32 25 27 29 28 27 23 29 24 23 25 26 25 29 26 27 26 30 29 26 26 27 23 25 30 31 24 24 31 23 25 26 27 26 29 33 30 27 24 26 27 26 21 39 24 33 31 38 35 31 34 Galene

EGL-23 UNC-58 SUP-9 TWK-1 TWK-2 TWK-3 TWK-4 TWK-5 TWK-6 TWK-7 TWK-8 TWK-9 TWK-10 TWK-11 TWK-12 TWK-13 TWK-14 TWK-16 TWK-17 TWK-18 TWK-20 TWK-21 TWK-22 TWK-23 TWK-24 TWK-25 TWK-26 TWK-28 TWK-29 TWK-30 TWK-31 TWK-32 TWK-33 TWK-34 TWK-35 TWK-36 TWK-37 TWK-39 TWK-40 TWK-42 TWK-43 TWK-44 TWK-45 TWK-46 TWK-47 TWK-48 ORK1/KCNK0 dTask-6 dTask-7 Sandman CG10864 CG34396 CG43155
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TWIK1, NP_002236 ; TWIK2, NP_004814 ; TRAAK, NP_201567 ; TREK1, NP_001017425 ; 
TREK2, NP_612190 ; TASK1, NP_002237 ; TASK3, NP_001269463 ; TASK5, NP_071753 ; 
TASK2, NP_003731 ; TALK1, NP_001128578 ; TALK2, AAH25726 ; TRESK, NP_862823 ; 
THIK1, NP_071337 ; THIK2, NP_071338 ; KCNK7, NP_203133 ; EGL-23, NP_001255776 ; 
UNC-58, NP_741880 ; SUP-9, NP_494333  ; TWK-1, NP_492054 ; TWK-2, NP_494786 ; 
TWK-3, NP_495727 ; TWK-4, NP_001343566 ; TWK-5, NP_001021895 ; TWK-6, NP_497973 
; TWK-7, NP_498903 ; TWK-8, NP_001023596 ; TWK-9, NP_501724 ; TWK-10, 
NP_001300134 ; TWK-11, NP_001343632 ; TWK-12, NP_505731 ; TWK-13, NP_506091 ; 
TWK-14, NP_001256414 ; TWK-16, NP_508526 ; TWK-17, NP_001024466 ; TWK-18, 
NP_509516 ; TWK-20, NP_510284 ; TWK-21, NP_510654 ; TWK-22, NP_510655 ; TWK-23, 
NP_001257229 ; TWK-24, AAC32865 ; TWK-25, NP_502170 ; TWK-26, NP_508522 ; TWK-
28, NP_508732 ; TWK-29, NP_001021467 ; TWK-30, NP_492381 ; TWK-31, NP_001022883 
; TWK-32, NP_506416 ; TWK-33, NP_001309463 ; TWK-34, NP_506906 ; TWK-35, 
NP_508031 ; TWK-36, NP_507485 ; TWK-37, NP_491810 ; TWK-39, NP_001076639 ; TWK-
40, NP_001255207 ; TWK-42, NP_507483 ; TWK-43, NP_872137 ; TWK-44, NP_509942 ; 
TWK-45, NP_001122742 ; TWK-46, NP_741678 ; TWK-47, NP_001309491 ; TWK-48, 
NP_001022681 ; ORK1/KCNK0, NP_511112 ; dTask-6, NP_001262539 ; dTask-7, 
NP_649891 ; sandman, NP_610349 ; CG10864, NP_650726 ; CG34396, NP_001097392 ; 
CG43155, NP_572720
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TWIK1        19 ------SAWCFGFLVLGYLLYLVFGAVVFSSVELPYEDLLRQEL------R--------------------K--------------LKRRFL-------- 
TWIK2         5 --------ALLAGALAAYAAYLVLGALLVARLEGPHEARLRAEL------E--------------------T--------------LRAQLL-------- 
TRAAK         5 ---------TLLALLALVLLYLVSGALVFRALEQPHEQQAQREL------G--------------------E--------------VREKFL-------- 
TREK1        60 --------KTVSTIFLVVVLYLIIGATVFKALEQPHEISQRTTI------V--------------------I--------------QKQTFI-------- 
TREK2        75 --------KTVVAIFVVVVVYLVTGGLVFRALEQPFESSQKNTI------A--------------------L--------------EKAEFL-------- 
TASK1         4 ------QNVRTLALIVCTFTYLLVGAAVFDALESEPELIERQ------RLE--------------------LRQQE-------LR-ARYNLS-------- 
TASK3         8 ----------TLSLIVCTFTYLLVGAAVFDALESDHEMREEE------KLK--------------------AEEIR-------IK-GKYNIS-------- 
TASK5         6 --------VRAAGLVLCTLCYLLVGAAVFDALESEAESGRQR------LLV--------------------QKRGA-------LR-RKFGFS-------- 
TASK2         4 ---------RGPLLTSAIIFYLAIGAAIFEVLEEPHWKEAKKNY------Y--------------------T--------------QKLHLL-------- 
TALK1         9 -----CWGGRVLPLLLAYVCYLLLGATIFQLLERQAEAQSRDQF------Q--------------------L--------------EKLRFL-------- 
TALK2        19 -------VPGTVLLLLAYLAYLALGTGVFWTLEGRAAQDSSRSF------Q--------------------R--------------DKWELL-------- 
TRESK        20 -------LFPGLCFLCFLVTYALVGAVVFSAIEDGQVLVAADDGEFEK-----------------------------------FLEELCRILNCSE---- 
THIK1        19 ---------RFLLLAALIVLYLLGGAAVFSALELAHERQAKQRW------E--------------------ERLAN--------------FSRGH----- 
THIK2        38 ---------RFVLLAALIGLYLVAGATVFSALESPGEAEARARW------G--------------------ATLRN--------------FSAAH----- 
KCNK7         6 ------PWSRYGLLVVAHLLALGLGAVVFQALEGPPACRLQAEL------R--------------------A--------------ELAAFQ-------A 
EGL-23       19 ---KATPLFVHFLMIVSVGAYAIFGALVMRSLESRTVTSIEKKTDVHRRHVNLTNFQHPPTP----ITLEQRHRRRRRHNETALEDHLSEKLSREKRAAA 
UNC-58      139 ----IKILTPHVILVSVLIGYLCLGAWILMLLETRTELLARSKKL--VRLT--------------------NLMSN-------FTAESWKMLNNAQHGVS 
SUP-9         6 --------IRTLSLIVCTLTYLLVGAAVFDALETENEILQRK------LVQ--------------------RVREK-------LK-TKYNMS-------- 
TWK-2        32 -----KLALPHIVLVVCVCIYATIGAWIFYTLESPNEDRLKETGR--KTIA--------------------EMRSN-------LIYKINN---------- 
TWK-3        36 -----GPLALHTGLVLSCVTYALGGAYLFLSIEHPEELKRREKA----------------------IREFQDLKQQ-------FMGNITS---------- 
TWK-4       130 ------LALFHLVLIFATVAYIIAGAYLFTKIEHQAELDRYQSYH--------------------------TIYRN-------FINNLYQSSNRS----- 
TWK-6        35 ------NVVVCLSAAITLLVFNLIGAGIFYLAETQNSSESLNENS--EVSK--------------------CLHNL-------P---------------- 
TWK-7       159 ----AKLVLPHVALVLLTCTYTVIGALIFYSVEQPHEQMMKEQQL--KLIY--------------------TRQNE-------FVDDLIRLAAGNE---- 
TWK-8        86 -------HIKYLFPLIFIMFYMLIGAIIFYLLESGTAEDAANEED--YKYK--------------------RERRL-------LLLRMEELVQ------- 
TWK-9        14 ----ASTLFVHVALIAGVAVYTVFGALSMQWLESPDRVRALLKRE----LKPVESLPPPPSI----SGLPDRITRVYLGEELAILDP------------- 
TWK-10       36 -------GGLHVGLILLCILYVHFGALFFMYSESPEEKYFLENLL--KLTFVSDSHEKSQRILRRVEKRYDILRET-------FLENVNRVKLEDF---- 
TWK-11       77 ------------KLLIIIGLYSFIGAHIFMYLEVPTDLEAREDGF--HQRK--------------------IAREV-------MVLNLRAIFY------- 
TWK-12       12 ----NLIRLRSYYKFLLLIAYTAFGAWLFRTYELQADIKRRSVFG--NTTN--------------------LVRRQ-------LAERWIEMHK------- 
TWK-13       50 --RWFRLALPHFGLVLLSIGYTLIGALCFHHYEKPYEQQLRNETS--RRIG--------------------ELKNR-------VMDQLWRMSNNG----- 
TWK-14       49 --------ARFVLICIILIVYLAFGAILFHWLEWENEVDERIAI------D--------------------NRMAD--------------YQKVY---CK 
TWK-16       22 ------PFTLHCSLLMLVLLYSFLGGFIFDRIETNAHAEMKRNERINRTAC---------------------------------VSQILHSIHRWS---- 
TWK-17      136 ---LLKILLPHVGLNVLLLSYIAMGATVFIWLEADHELEGRKAKV--KHVF--------------------DIYSQ-------IMNETIALTNNQSDQAT 
TWK-18       20 ---------KGLLPLIILVAYTLLGAWIFWMIEGENEREMLIEQQ--KERD--------------------ELIRR-------TVYKINQLQI------- 
TWK-20       11 ----------ALLLILSTFTYLLFGAMVFDKLESEKDTWVRD------EIE--------------------RITDR-------LK-HKYNFS-------- 
TWK-21       33 -----LLGIRYIMLILIILGYACLGGYMFQALEYDQQQLELEAEK--RVRL--------------------SESSL-------LAVNLLEH---LKQMNC 
TWK-22      126 -----LLGIQYMLLALMILGYACLGGYIFLTLEYDQQQLDLEVEK--QVRL--------------------SESTL-------LAENLLKY---LKQWNC 
TWK-23        9 ------IALGHLALYCFVVCYVFAGAWVFHQLEGENETELHDKQR--EYAM--------------------NLKKD-------VIAKLATTENVAE---- 
TWK-24      117 ----------HIAWLVVLFSFSLFGGVIFSAIEGGYETTQLIKKF--EHEK--------------------DVYER-------RKIYQEQLFQRLREIEH 
TWK-25      136 ------IGFRHVCMLLLVLLYTLLGAALFFSIESRHEHETMHFHK--RKLD--------------------RIIYE-------IAQTLELEVLDPMKLTN 
TWK-26       82 ------FGIRHVTLIALLVGYVFLGGFMFEKLESPRELEDLKETI--VLMQ--------------------GIIDE-------ETTDIINVTLSTNGTDR 
TWK-28       57 -----KRILPHVGLVILLFLYLIAGAFLFRYLEAPKELETRNHEL--TTIL--------------------GLRDE-------FQDHIWNITQDSDNR-- 
TWK-29       48 ------AIAVNGFIIVFLIIYTTIGGFIFLNFEFEYQQYMKQNATLEKRLC---------------------------------IESLLNRDNRLR---- 
TWK-30       15 -------LSLHVLLIGSVVLYIILGAIVFQMLEGEHLDALKKDHM--AKIE--------------------QNAKD-------YVDKLWSVAKRDR---- 
TWK-31      142 --------LDRISASVLLVLYSFLGAWVFYLFEHDYEREVKLKER--IDLR--------------------MLRND-------TFQRISSMVF------- 
TWK-32       32 ------LALPHITLLVVSILYAVFGGWMLTLIKYSQQTT---HQA--IMFD--------------------QTRQN-------FAKRLALIGNKEE---- 
TWK-33      211 -----QIGFRHFSVVILVLLYTLLGAVMFWTVESRHEKAKTLDHV--NNLE--------------------HLLDR-------LAENITESVNNINTTTT 
TWK-34       90 ------IGLRHIMVALMVLSYTIFGAFMFWTVESRNERAVTLERV--TNLE--------------------NLLNI-------LATNITEIVNNPNTTTT 
TWK-35      144 -----------AVLIIVFLIYCISGGLVFWLIEEPYQSELRDAWQ--HKIE--------------------NNRT-----------------ARVDAMMK 
TWK-36      166 ------FGLRYIALLVLALIYTLLGATVFYLIEGSNEKSRLHVRE--QNLD--------------------KLLDE-------LATVLSEAVNDPEQSSE 
TWK-37       60 -------KFNTIIAFVVLVAYIIGGALLFWQIESRSDMNINEFKR--NIRQ--------------------KSI---------------HIYNSMKGSKC 
TWK-39       19 ---ATIFTITHVGLCFLVALYAVAGAFMFQAVEYPYELGLQG------KVK--------------------NASLK-------VVDDIYRFINRKNV-IE 
TWK-40       10 ------IILAHVSLIVLSVVYVGFGAFLFYQLEQPNEVEVRARNI--ERFN--------------------IHKRQ-------MIEHLWEMRESG----- 
TWK-42        9 --NYERYHLHHLVKIGVLIVYSFLGAGLFVLCEAENEKSLKHEDN--MRVL----------------------RTS-------IA----AKQVFVQRLQN 
TWK-43       37 ------PYLLNAGIVLFVGIYVYAGALLIQYIERIPVKVEESF----------------------------RLRRNS-QD---------------DMPII 
TWK-44      212 -------RVHYLVPIILLIAYSVLGGLIFWSIERPNEEIMLADKR--NYIA--------------------ALTDD-------LVEVLMQIHNRLIDFNR 
TWK-45       47 ------FGIRHITLISILAAYICLGGFLFQKLESPREIEELQETL--KSMN--------------------EIIKN-------ETMDIIKITLTTNGEDR 
TWK-46       27 ----------ILVGLGVAVVYLFVGAIVFVRIEYPLEKIEREAY------L--------------------D--------------YQNQWR-------D 
TWK-48       20 ---IIAFFFSHIGLCALVVGYALLGAVIFKAVEGPHEAEIQE------LVK--------------------SAREK-------AVDVVWNATFRVNR-LD 
ORK1/KCNK0    1 -----MSPNRWILLLIFYISYLMFGAAIYYHIEHGEEKISRAEQ------R--------------------KAQI---------A-INEYLL-------- 
dTask-6       1 ---MKKQNVRTISLIVCTFTYLLVGAAVFDALESETEKRRWE------ALQ--------------------DAEDM-------II-RKYNIS-------- 
dTask-7       1 --MMKRQNVRTLSLVVCTFTYLLIGAAVFDSLESPTEAKRWE------FLQ--------------------TVKNN-------FV-RKYNVT-------- 
sandman      26 ---FTAFMFSNVGIILLVTFYIIGGAFIFQSIEIFEYERLKSEKPHRFIAR--------------------NFSGE-------CLSRIWELTAENISFFD 
CG10864      42 --NFVTFMCTQVGVGALIVIYAICGAFAFMHIERQFVDETAG------HVM--------------------ELRQN-------CSQQLWSITEQHNI-ID 
CG34396     111 -------WFTHIFLILILALYNIGGAVVFRTIEVRHANQE--------KLV-------------------------------------------VQDQQK 
CG43155      61 ------SALNHIGLLVSLSIYCGVGGLIFRHLERPAEVERLSHLK--DIVK--------------------THRER-------FLHTILNNTEVH----- 
Galene       31 SWKVLTCIVSHVLLVLLVVSYCVGGAYLFQHLERPHELEVKR------DIQ--------------------NLRVN-------LTENIWLLSDDAVV-LR 
 
 

 
 
Supplementary Figure 2 - Clustal Omega alignment of human, C. elegans, and D. melanogaster two-pore domain potassium channel sequences. 

Genbank identifiers for aligned sequences are listed below. N- and C-terminal cytoplasmic portions were truncated before alignment. Cartoon representations on top 
mark the four transmembrane helix regions (TM1, TM2, TM3, and TM4), two pore helix domains (Ph1 and Ph2), and two selectivity filters (SF1 and SF2). Sequence logos 
were generated using WebLogo 3 (Crooks et al., 2004). Highly conserved residues are indicated in hotpink and well conserved residues in marine, as in Figure 1. 
TWIK1, NP_002236 ; TWIK2, NP_004814 ; TRAAK, NP_201567 ; TREK1, NP_001017425 ; TREK2, NP_612190 ; TASK1, NP_002237 ; 
TASK3, NP_001269463 ; TASK5, NP_071753 ; TASK2, NP_003731 ; TALK1, NP_001128578 ; TALK2, AAH25726 ; TRESK, NP_862823 ; 
THIK1, NP_071337 ; THIK2, NP_071338 ; KCNK7, NP_203133 ; EGL-23, NP_001255776 ; UNC-58, NP_741880 ; SUP-9, NP_494333  ; 
TWK-2, NP_494786 ; TWK-3, NP_495727 ; TWK-4, NP_001343566 ; TWK-6, NP_497973 ; TWK-7, NP_498903 ; TWK-8, NP_001023596 
; TWK-9, NP_501724 ; TWK-10, NP_001300134 ; TWK-11, NP_001343632 ; TWK-12, NP_505731 ; TWK-13, NP_506091 ; TWK-14, 
NP_001256414 ; TWK-16, NP_508526 ; TWK-17, NP_001024466 ; TWK-18, NP_509516 ; TWK-20, NP_510284 ; TWK-21, NP_510654 ; 
TWK-22, NP_510655 ; TWK-23, NP_001257229 ; TWK-24, AAC32865 ; TWK-25, NP_502170 ; TWK-26, NP_508522 ; TWK-28, NP_508732 
; TWK-29, NP_001021467 ; TWK-30, NP_492381 ; TWK-31, NP_001022883 ; TWK-32, NP_506416 ; TWK-33, NP_001309463 ; TWK-34, 
NP_506906 ; TWK-35, NP_508031 ; TWK-36, NP_507485 ; TWK-37, NP_491810 ; TWK-39, NP_001076639 ; TWK-40, NP_001255207 ; 
TWK-42, NP_507483 ; TWK-43, NP_872137 ; TWK-44, NP_509942 ; TWK-45, NP_001122742 ; TWK-46, NP_741678 ; TWK-48, 
NP_001022681 ; ORK1/KCNK0, NP_511112 ; dTask-6, NP_001262539 ; dTask-7, NP_649891 ; sandman, NP_610349 ; CG10864, 
NP_650726 ; CG34396, NP_001097392 ; CG43155, NP_572720 ; Galene, NP_612084. 
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                                                                                           TM2.123456 
TWIK1        90 VSVLSNASG-----------------------N-----WNWDFTSALFFASTVLSTTGYGHTVPLSDGGKAFCIIYSVIGIPFTLLFLTAVVQRITVHVT 
TWIK2        74 RVVLANASG-----------------------SANASDPAWDFASALFFASTLITTVGYGYTTPLTDAGKAFSIAFALLGVPTTMLLLTASAQRLSLLLT 
TRAAK        73 ADPETNSTS-----------------------N--SSHSAWDLGSAFFFSGTIITTIGYGNVALRTDAGRLFCIFYALVGIPLFGILLAGVGDRLGSSLR 
TREK1       130 IIPLGNTSN-----------------------Q--I--SHWDLGSSFFFAGTVITTIGFGNISPRTEGGKIFCIIYALLGIPLFGFLLAGVGDQLGTIFG 
TREK2       144 VSPIGNSSN-----------------------N--S--SHWDLGSAFFFAGTVITTIGYGNIAPSTEGGKIFCILYAIFGIPLFGFLLAGIGDQLGTIFG 
TASK1        71 ---------------------------------PHKAGVQWRFAGSFYFAITVITTIGYGHAAPSTDGGKVFCMFYALLGIPLTLVMFQSLGERINTLVR 
TASK3        71 ---------------------------------PHRAGVQWKFAGSFYFAITVITTIGYGHAAPGTDAGKAFCMFYAVLGIPLTLVMFQSLGERMNTFVR 
TASK5        71 ---------------------------------PHRAGRQWKFPGSFYFAITVITTIEYGHAAPGTDSGKVFCMFYALLGIPLTLVTFQSLGERLNAVVR 
TASK2        72 VAITGNQT------------------------F-----NNWNWPNAMIFAATVITTIGYGNVAPKTPAGRLFCVFYGLFGVPLCLTWISALGKFFGGRAK 
TALK1        81 VNPKGNSTN-----------------------P-----SNWDFGSSFFFAGTVVTTIGYGNLAPSTEAGQVFCVFYALLGIPLNVIFLNHLGTGLRAHLA 
TALK2        89 ASLLSNTTS-----------------------M-----GRWELVGSFFFSVSTITTIGYGNLSPNTMAARLFCIFFALVGIPLNLVVLNRLGHLMQQGVN 
TRESK        79 ----------------RKQDLQGHLQKV--KPQWFNRTTHWSFLSSLFFCCTVFSTVGYGYIYPVTRLGKYLCMLYALFGIPLMFLVLTDTGDILATILS 
THIK1        82 TRAGIR---------------------------VDNVRPRWDFTGAFYFVGTVVSTIGFGMTTPATVGGKIFLIFYGLVGCSSTILFFNLFLERLITIIA 
THIK2       101 LAAGVR---------------------------ADALRPRWDFPGAFYFVGTVVSTIGFGMTTPATVGGKAFLIAYGLFGCAGTILFFNLFLERIISLLA 
KCNK7        78 VSTLGNSSE-----------------------G-----RTWDLPSALLFAASILTTTGYGHMAPLSPGGKAFCMVYAALGLPASLALVAT-LRHCLLPVL 
EGL-23      159 ----VNHV--------LFTNSKEEVESV--GEEAEEDVSEWSFMDSLLFAFTVITTIGYGNVAPRTFGGRLFVIGYGLIGIPFTLLAIADLGKFISEMMV 
UNC-58      236 ------------------------ELNR--PDDLSNMHNKWTFPTAILYVLTVLTTCGYGEVSVDTDVGKVFSVAFALVGIPLMFITAADIGKFLSETLL 
SUP-9        71 ---------------------------------PHKAGYQWKFSGAFYFATTVITTIGYGHSTPMTDAGKVFCMLYALAGIPLGLIMFQSIGERMNTFAA 
TWK-2       126 GFEGRSSYEEADETGGDSERKRRHRHGN--KRGDRGSEKMWTTSSALFFAATTMATIGYGNIVPVTPLGRLACVLFALFGAPIAIITIGDLGKFLSECTI 
TWK-3       119 -----------------------AFEYF--FLNHEIPKDMWTFSSALVFTTTTVIPVGYGYIFPVSAYGRMCLIAYALLGIPLTLVTMADTGKFAAQLVT 
TWK-4       215 ---------------------------------VPQETSRWSMISAIFFTTTVLTSIGYGNLIPISTGGKIFCVGYAIFGIPLTLVTIADLAKFVADMLI 
TWK-6        88 ----------------ITAEMKSKLGKC----L-TKSSRIDGFGKAIFFSWTLYSTVGYGSLYPHSTLGRYLTIFYSLLMIPVFIAFKFEFGTFLAHFLV 
TWK-7       256 ---------------------------V--K--KNAATETWTFSSSIFFAVTVVTTIGYGNPVPVTNIGRIWCILFSLLGIPLTLVTIADLGKFLSEHLV 
TWK-8       162 -------------------NYEQKLDFA------VKNESQWTFMSAMYFAGTLFTTIGYGDIACITSAGRIATVIYSCVGIPFMLITLNDLGKFLYNNIN 
TWK-9       134 GYGGQPRK--------KIKNKEEE---K--DVIDETPAEKWSIGNSVIFAFTVITTIGYGHVAPETFEGRLFLIFYGVIGVPFTLLTIADLGMFLTRFLK 
TWK-10      148 -----------------------MFDCL--FYSQSNYTPLWTTDSSLLFTATTIIPVGYGYIAPLTSTGRIVLCIYAAFGIPLALVMMSDVGKFFADAFV 
TWK-11      144 -------------------KFEEDIGLE----E-PVIETVWTFWMSFLYAGTIFTTIGYGNIACKTRAGQIATMVYAFVGIPIMLVMLTSLNNFLLKWIK 
TWK-12       86 ----------A---AEAVEWLLDELNLSDHIRD-LSEETPWTWTGAMFYAGQLYTTIGYGYPTTKTDEGRICTIFYALFGIPCFLMYLKIENAIEWKKDK 
TWK-13      149 ------------------------------I--YGDGPIKWSFMSSIFFSWTAITTIGYGHIVPRTDEGRVAIIFYALLGIPLILVTIADIGRFLATYII 
TWK-14      117 ATSG-----------------------------LLNSRSRFDHLGSLFFSATVISTIGFGTSTPRTHLGRFITIVYGVVGCTCCVLFFNLFLERLVTGMS 
TWK-16       92 -------------------------ADC--FEPEKDERSEWNFVTATLYGFGIVTTLGYNRIAPITYTGRMFCIVYGICGIPVTMIIIANVGQYLNNFAG 
TWK-17      229 ------------------------NQLW--TGEQDGMTTRWTFAAATLYALTVITSTGYDHVTPATDPGRIFTVFFGLIGIPLMFITAADIGKFLSEIVI 
TWK-18       96 -------------------TFQETLGIV--PAD-MDKDIHWTFLGSIFYCMTVYTTIGYGNIVPGTGWGRFATILYAFIGIPLTVLSLYCLGSLFAKGCK 
TWK-20       74 ---------------------------------PQQAGYQWQFAGAFYFATVVITTVGYGHSAPSTNAGKLFCMIFALFGVPMGLIMFQSIGERVNTFIA 
TWK-21      111 -------------------FIQRS------DEE-RGEGWRWDFWNSVFFSATIFTTIGYGNLACKTNLGRIATIIYGMIGIPLMLFVLKNFGELCVKWAK 
TWK-22      204 -------------------FIERSIKVE--RDI-RGEGWRWDFWNSVFFSATIFTTIGYGNLACKTNLGRVATIIYGLIGIPLMLFVLKIFGEHSIKWAQ 
TWK-23       95 ------------------------------NEPTQIVPKRWTFPSSVLFSFTILTTIGYGNVTPHTQQCKVFLMIYGAFGIPLFLITIADLGRFSKTAIM 
TWK-24      197 ----------S---RHALEWYEQKMGVT--IEEPQMRETKWNLWGGVYYSASLYTTIGYGNFHPLTKSGRIISMMYACIGIPLVFTILLDWGFLYFTWIE 
TWK-25      222 --------------------YS---GSTFYKHED-PKNLKWTYGSAFFFSMNVYTTTGYGSIAPSSSLGKALVIVYGLIFVPLTAVVIRDLGQWALLYLT 
TWK-26      168 --------------------FH---GSVWHKAENLDMHLMWYFSSATFYSMTLFSTIGYGTISCQTVWGRTLSMIYASIGLPIMLVVLGDIGEWFQKILT 
TWK-28      155 ---------------------------L--LNKTREDEVLWTFPNSMFFAATVITTIGYGNLVPITVTGRVACIIFALLGIPLLLVTIADIGKFLSEFLS 
TWK-29      118 -------------------------RCL--TENVKDDRMQWSFKSAALYSLGILTTLGYGKIEPQTINGRISTVIYGFFGIPLTVILLTNFGRYLEAMAT 
TWK-30      107 -------------------------RAV--RHGYDEDSPTWDFANSVFFTTTMLTSIGYGYVAPSTFGGRLFGVIYCLIGIPLTLVTVANVAKFLSETIF 
TWK-31      211 -------------------DYEKKLHVV----R-LPECLDWDYWGALFYVGTLFTTIGYGNIYPRTALGRAASVVYAIVGIPLVLAILSKCGKWMTDSLS 
TWK-32      111 -----------------------H--RW--QEAAFNANPLTNFTSNLFFAATTLTSIGYGIDAPESLIGRVFCLVYLFFGIPLYLITIADMAKFCTELMN 
TWK-33      298 --------------------YK---GSTYYKLEA-DDNWKWTFESAFFFSMNVYTTTGYGSIAPESTLGQVLVCVYGFIFVPVTLVVLRDLGQFFLVHLT 
TWK-34      176 --------------------YK---GSTYYKLEDHGKNWKWTFESAFFFSMNVYTTTGYGSIAPESILGQVLVCLYGFIFVPVTLVALRDLGQFFLVHLT 
TWK-35      225 ---------------------ENQLGVK----W-SQQKMDWDFWNAVLFAGTICTTIGYGHIYPMTDAGRMLTMIFALFGIPLMLLVLQDFGKLLTITMK 
TWK-36      252 --------------------YK---WSTYYRLEH-PDNLKWTFSSAFFFSMNVYTTTGYGSISAQTFSGQLFTMIYAFCFVPVTLVILRDLGQMFLVNFT 
TWK-37      130 --------------------IKEIFDLL--YAS-NPPKHIEEFLDGLAYVITCITTIGYGELVCHTIAGKLVTVAYGIIGIALTLYVLRNNGKITLKICN 
TWK-39      108 GYDEHD---------------------------EERPTFQWTFSGALLYSITVFTTIGYGHICPKTDTGRLLTILYSILGIPLMLLCLANIAETLAQVFT 
TWK-40      105 ------------------------------RPGGEDEDYNWTYMTALFFTTTLLTTIGYGNLTPVTGRGKLLCILYALFGVPLILITVADIGKFLSENIV 
TWK-42       93 -------------------EYDAAMGIS--I-D-SKMKTRWDIWGGLYYAGTIYTTIGYGDLAAETIWGRICTMLYAMIGIPIVINILNDWGNMLFYFVD 
TWK-43      134 IYDSSEGS--------KAPEQQSAVALK--KFVIVDGFEQWTTTDAILFCFTVITTIGYGNVAPQSFWGRVFVIIYGTIGIPTAMMAIANVGKFLATLLK 
TWK-44      369 GWTRYNYSLMV---NQSVEEYNNSVGLG----H--VLTPVWTFWNAMFLAVTTYTTIGYGNITAKTKLGKLAAMVYAVVGIPLVLMILHKSGRLFLMGLE 
TWK-45      133 --------------------FH---GSAWHKSENLDMNLMWYFSSATFYSMTLFSTIGYGTITCQTFWGKTVSMVYASIGLPIMLLVLGDIGVWFQKVMT 
TWK-46       96 IWMD----------------------------RNLTSDPNWTFGQAFFFAGTLISTVGYGRVSPRTEYGKLFTILYCVIGIPLTLALLSAIVARMREPSH 
TWK-48      108 GYDGKE----------------------------YGKQAQWTFTGAFLYSLTVITTIGYGNTAAKTYIGKTLTMLYAIIGIPLMLLFLTNIGDVMAKIFR 
ORK1/KCNK0   77 VTLPPTYD---------------------------DTPYTWTFYHAFFFAFTVCSTVGYGNISPTTFAGRMIMIAYSVIGIPVNGILFAGLGEYFGRTFE 
dTask-6      71 ---------------------------------SHKAGQQWKFTGAFYYATTVLTTIGYGHSTPSTVGGKLFTMCYAIVGIPLGLVMFQSIGERVNRLSS 
dTask-7      71 ---------------------------------PHKAGPQWKFAGAFYFSTVVLAMIGYGHSTPVTIPGKAFCMGYAMVGIPLGLVMFQSIGERLNKFAS 
sandman     118 QLK-------------------------------GPDVEQWSFSGAFLYSLTVITTIGYGNITPHSECGKLVTILYAIIGMPLFLLYLSNIGDVLAKSFK 
CG10864     131 GYVGR------------------------------SPEQIWSFPAALMFCLSVITMIGYGNMVPRTPWGKGFTVIYATFGIPLYILYFLNMGRVLARSFK 
CG34396     187 -------------------VVQSLLRSG----M-VDNTDPWSFWDAMVYSATIYTTIGYGHITPKTGMGRSLTIVYAIIGIPMFLIVLADLGKLFTRCVK 
CG43155     143 --------------GGLLI-------VA--DKDFPEPYERWSILQAVFFSSTVLTTIGYGNIVPVTTGGRVFCICFALIGIPFTLTVIADWGRLFATAVS 
Galene      123 GWDGDE----------------------------DLRKSQWTFAGSLFYSIIVITTIGYGHISPRTDWGKVTTIFYAIVGIPLMLICLSNIGDVMATSFR 
 
 

  
 

 
 
Previously published gain-of-function mutants of TM2.6 (see manuscript for references). 
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TWIK1       179 --------------------------------------------------------------------VAIVHAVLLGFVTVSCFFFIPAAVFSVLED-- 
TWIK2       168 --------------------------------------------------------------------AACWHLVALLGVVVTVCFLVPAVIFAHLEE-- 
TRAAK       167 --------------------------------------------------------------------VRVLSAMLFLLIGCLLFVLTPTFVFCYME--- 
TREK1       221 --------------------------------------------------------------------IRIISTIIFILFGCVLFVALPAIIFKHIE--- 
TREK2       236 --------------------------------------------------------------------IRVISTILFILAGCIVFVTIPAVIFKYIE--- 
TASK1       155 ---------------------------------------------------------------------SMANMVLIGFFSCISTLCIGAAAFSHYE--- 
TASK3       155 ---------------------------------------------------------------------SMENMVTVGFFSCMGTLCIGAAAFSQCE--- 
TASK5       155 ---------------------------------------------------------------------STENLVVAGLLACAATLALGAVAFSHFE--- 
TASK2       158 --------------------------------------------------------------------AQITCTVIFIVWGVLVHLVIPPFVFMVTE--- 
TALK1       167 --------------------------------------------------------------------LQVLGLALFLTLGTLVILIFPPMVFSHVE--- 
TALK2       179 --------------------------------------------------------------------LA---GSGALLSGLLLFLLLPPLLFSHME--- 
TRESK       268 ----------------------------------------------------------N-LDEVGQQVERLDIPLPIIALIVFAYISCAAAILPFWET-- 
THIK1       182 -------------------------------------------------CEVDSLA--------GWKPSVYYVMLILCTA-SILISCCASAMYTPIE--- 
THIK2       201 -------------------------------------------------SEADSLA--------GWKPSVYHVLLILGLF-AVLLSCCASAMYTSVE--- 
KCNK7       166 --------------------------------------------------------------------AALLQAVALGLLVASSFVLLPALVLWGLQG-- 
EGL-23      294 ------------------------------------------------------------E-VSEEEDDLTETEATSLFILFLVYIAFGGFMLAAYEP-- 
UNC-58      348 ----------------------------------------------------------D-ILGVDGTEEKLWFPIGAYVSCICIYCSIGSAMFITWER-- 
SUP-9       155 ---------------------------------------------------------------------SSDLIIFCTGWG-GLLIFGGAFMFSSYE--- 
TWK-2       265 ----------------------------------------------------------I-LDMDMDEIDKSEVPVLMVFTIILLYI-AFGGILFSILE-- 
TWK-3       205 --------------------------------------------------------------------------AAIFVCLLFAYPLVVGFILCST-S-- 
TWK-4       285 ------------------------------------------------------------------TEDPKTGRQLLVLVFLLGYMTISACVYTILEP-- 
TWK-6       191 ----------------------------------------------------------E-TPSNSL--QHDYLIFLSSLLLCSISLLSSSALFSSIE--- 
TWK-7       356 ----------------------------------------------------------H-GMGHDMNIEEKRIPAFLVLAILIVYT-AFGGVLMSKLE-- 
TWK-8       302 ----------------------------------------------------------E-DIEDEEERSMPRMSVKVALGITVGWIFFCSALFKLWE--- 
TWK-9       302 ----------------------------------------------------------E-E-EPENNEPRKTEESIALGITFTCYLVAGAKILSVYEP-- 
TWK-10      240 ------------------------------------------------------------------KIQNITAFMVVLLILLVAYSVIGGIAYSKI-V-- 
TWK-11      288 ----------------------------------------------------------E-DDE-EEEEIHQDPPVLSTLIATVAWIILSAAVFCLFE--- 
TWK-12      228 ----------------------------------------------------------E-DPEAAEERKKKPFPIPIAIIMLIIWICFSASMFCIWED-- 
TWK-13      325 ----------------------------------------------------------E-QIQFDPSNHEKRVSVLFILLIMLGYV-AGGAYIVRWWE-- 
TWK-14      225 -------------------------------------------------SCGGHMD--------NWRPSVYKVFFILFSM-CLVLITASAGIYSVVE--- 
TWK-16      188 ----------------------------------------------------------------IYKESSIQVTSLALLCVFLIYVAVGALLLPLLNG-- 
TWK-17      351 ----------------------------------------------------------D-DEECEDEEDRLQLPIASYFTLIIGYCCVGSLLFNTFEK-- 
TWK-18      213 ----------------------------------------------------------E-KTE-NNDDDLLSFPISGLLLITVIWVIFCAVLFTFLE--- 
TWK-20      162 ---------------------------------------------------------------------TPTHLLMVSLTIGFMVIVSGTYMFHTIE--- 
TWK-21      220 ----------------------------------------------------------F-FEVPEDDKEDTTFQLRWGLLVIVLFVVLCSFVVSFWE--- 
TWK-22      300 ----------------------------------------------------------E-SGISEDEEQITTFPVKWALFIVFFFMVVCSLIVSFWE--- 
TWK-23      176 -------------------------------------------------------------KQSDEHLLREIAEVLLVAGLFVVFIAIGSAVIPLWEN-- 
TWK-24      348 ----------------------------------------------------------L-DVDVPMGEQVQTVPIKSAAIFFFLWIMISAFIVRLWEY-- 
TWK-25      312 ----------------------------------------------------------G-FVDKLDEDEIITLPIKFSVSVMILYLLSATMFIFEYDELS 
TWK-26      259 ----------------------------------------------------------K-QPVNRKKN-EILLPMWLALFLVLAYILICTLTIKMFDHNE 
TWK-28      275 ----------------------------------------------------------D-SDSEDSAGDELRIPVFMVLLVLLAYT-AIGGFLFQSWE-- 
TWK-29      205 --------------------------------------------------------------------EDENVSGSTLFFIVLVYLILGATMIPLMSG-- 
TWK-30      215 ------------------------------------------------------------EEEILDRVRLVRFPPLTVFFFVFVYG-CIAAWVVRYWE-- 
TWK-31      327 ----------------------------------------------------------A-DPEKKPEVESRTIPIWLALLICVVYVAGCSSLFLLWET-- 
TWK-32      230 ----------------------------------------------------------F-LWTHLEHAQFVEVPFLLVIGILLLYI-GLSSWIISWVE-- 
TWK-33      388 ----------------------------------------------------------G-N-KHVDEDEIISLPIKACLLLLASYLGACTIFIYFYDELS 
TWK-34      267 ----------------------------------------------------------G-D-TSIDVNEIIKIPIKACLLLLALYLAFCTIFIHVFDELS 
TWK-35      327 ------------------------------------------------------------ERQERHDLDIFDLPLPVGIALIVTWIFICSFVLSVWDH-- 
TWK-36      342 ----------------------------------------------------------G-K-REVDEDEIIQLPIKFCMTILIAYLLLCTTFVYLYDAVM 
TWK-37      226 ----------------------------------------------------------------------YKMTVLKAFILLVTFWGFGALAIAVYE--- 
TWK-39      427 SA-RELR----EKEMMMMNSLNHKQPSMDSSTSRRLRDIDGRSYRSDRSERSDEMSLHSLRRNGHRNQEKMPV--SVGICIVFAFISGGAWLFSWWE--- 
TWK-40      207 -------------------------------------------------------------LNLDHLENYISIPIFLIVAILLSYI-TFGAVVLSMWE-- 
TWK-42      213 ----------------------------------------------------------P-SP--QNPNGTRPIPLLLVLIVLFFWMIQCVAYFAYFE--- 
TWK-43      277 ----------------------------------------------------------E-E-AEEEVEESDVTETIVLFVAFLVYIIAGSLLMSYYEE-- 
TWK-44      482 --------------------------------------------------------------RNTGEDRISEMPLILAIGVAFGWMFLCAAIFLRFEK-- 
TWK-45      241 ----------------------------------------------------------K-QSIEIKRK-ETLLPMWLAMLVVFTYIIICTLTILLFDDNE 
TWK-46      186 --------------------------------------------------------------------IQLIHVGVVFASLLLFVFAIPAWVFSSIET-- 
TWK-48      247 M--------------EQL----------------------------------------EVRETAAAQLESMTVPISLVVFTMLGYLGVGTTIFKVWE--- 
ORK1/KCNK0  172 --------------------------------------------------------------------GLITTVVIALIPGIALFLLLPSWVFTYFE--- 
dTask-6     155 ---------------------------------------------------------------------SEVDLICVVTTLSSLTIAGGAAAFSKFE--- 
dTask-7     156 ---------------------------------------------------------------------TEMNLMLATGMLSSIIITTGAAVFSRYE--- 
sandman     264 ------------------------------------------QYTESDS---------DIEREIRGSTDEITVPVTVCVFVMVGYILWGALLFGRWE--- 
CG10864     221 ----------------------------------------------------------ALEGGVGMTRKKVIVPSTACLWVIFFYVLTGTVMFANWE--- 
CG34396     340 ----------------------------------------------------------P-YPETFEVDDEFNLPVSVASLLLITYILLGSFGFLMMEP-- 
CG43155     234 ------------------------------------------------------------------FIGKTWFYAILAVGFLGVYLAAGAGLLLLWED-- 
Galene      552 SRSREPKRNRRRERAERLPPSPRIMSPMGFPVQRQIRRRPSYDYDDDD-----SMYGDEYGDYGDLLPKDRPVPIWLCVFLVVSYILGGAVLFAYWE--- 
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TWIK1       209 ------DWNFLESFYFCFISLSTIGLGDYVPGEGYNQK----------------------------------------F---RELYKIGITCYLLLGLIAMLVVLETFCELHE 
TWIK2       198 ------AWSFLDAFYFCFISLSTIGLGDYVPGEAPGQP----------------------------------------Y---RALYKVLVTVYLFLGLVAMVLVLQTFRHVSD 
TRAAK       196 ------DWSKLEAIYFVIVTLTTVGFGDYVAGAD--PRQ---------------------------------------D---SPAYQPLVWFWILLGLAYFASVLTTIGNWLR 
TREK1       250 ------GWSALDAIYFVVITLTTIGFGDYVAGGS---DIE--------------------------------------Y---LDFYKPVVWFWILVGLAYFAAVLSMIGDWLR 
TREK2       265 ------GWTALESIYFVVVTLTTVGFGDFVAGGN--AGIN--------------------------------------Y---REWYKPLVWFWILVGLAYFAAVLSMIGDWLR 
TASK1       183 ------HWTFFQAYYYCFITLTTIGFGDYVALQKDQAL------------------------------------------QTQPQYVAFSFVYILTGLTVIGAFLNLVVLRFM 
TASK3       183 ------EWSFFHAYYYCFITLTTIGFGDYVALQTKGAL------------------------------------------QKKPLYVAFSFMYILVGLTVIGAFLNLVVLRFL 
TASK5       183 ------GWTFFHAYYYCFITLTTIGFGDFVALQSGEAL------------------------------------------QRKLPYVAFSFLYILLGLTVIGAFLNLVVLRFL 
TASK2       187 ------GWNYIEGLYYSFITISTIGFGDFVAGVN--PSAN--------------------------------------Y---HALYRYFVELWIYLGLAWLSLFVNWKVSMFV 
TALK1       196 ------GWSFSEGFYFAFITLSTIGFGDYVVGTD--PSKH--------------------------------------Y---ISVYRSLAAIWILLGLAWLALILPLGPLLLH 
TALK2       205 ------GWSYTEGFYFAFITLSTVGFGDYVIGMN--PSQR--------------------------------------Y---PLWYKNMVSLWILFGMAWLALIIKLILSQLE 
TRESK       307 ------QLDFENAFYFCFVTLTTIGFGDTVLEH-PN-------------------------------------------------FFLFFSIYIIVGMEIVFIAFKLVQNRLI 
THIK1       221 ------GWSYFDSLYFCFVAFSTIGFGDLVSSQNAH-YES---------------------------------QGLYRFANFVFILMGVCCIYSLFGVISILIK--------- 
THIK2       240 ------GWDYVDSLYFCFVTFSTIGFGDLVSSQHAA-YRN---------------------------------QGLYRLGNFLFILLGVCCIYSLFGVISILIK--------- 
KCNK7       196 ------DCSLLGAVYFCFSSLSTIGLEDLLPGRGRSLHPV--------------------------------------I---YHLGQLALLGYLLLGLLAMLLAVETFSELPQ 
EGL-23      331 ------DMDFFKAVYFNFVTLTSIGLGDIVPRS-ET-------------------------------------------------YMLITIVYIAIGLALTTIAIEIAADALK 
UNC-58      387 ------TWSFIHAFHFGFNLIVTVGLGDIVVTD-YI-------------------------------------------------FLSLIVAFVIVGLSVVTMCVDLASTHLK 
SUP-9       182 ------NWTYFDAVYYCFVTLTTIGFGDYVALQKRGSL------------------------------------------QTQPEYVFFSLVFILFGLTVISAAMNLLVLRFL 
TWK-2       303 ------DWSYMDAFYYSFISLTTIGFGDIVPEN-HD-------------------------------------------------YIAIMLIYLGVGLSVTTMCIDLAGIQYI 
TWK-3       228 ------NITYLDSVYFSLTSIFTIGFGDLTPDM-NV---------------------------------------------------IHMVLFLAVGVILVTITLDIVAAEMI 
TWK-4       317 ------MWSFLDSFYFCLVSLLTVGFGDLHPVGTVE-------------------------------------------------YMLCSIVFIFIGLILTTLAVDVSGSVGI 
TWK-6       227 ------NISYLSSVYFGIITMFLIGIGDIVPTN-LV-------------------------------------------------WFSGYCMLFLISDVLSNQIFYFCQARVR 
TWK-7       394 ------PWSFFTSFYWSFITMTTVGFGDLMPRR-DG-------------------------------------------------YMYIILLYIILGLAITTMCIDLVGVQYI 
TWK-8       340 ------DWSYGQSCYFMFISLSTIGLGDVSVQR-RD-------------------------------------------------MMVLCFVFVIVGLSLVSMTINVIQVALE 
TWK-9       340 ------EMDFFKALYFNFVTLTTIGLGDFVPKS-FD-------------------------------------------------YLLITLIYIGIGLALTTMAIEIAADLLK 
TWK-10      271 ------GVPMIEGVYFSTITIFTIGFGDITPGI-PV---------------------------------------------------YVIIIFIVFGVAIVTIAIDVVAANII 
TWK-11      325 ------DWTFFTSFYFCFISLTTIGLGDVTPAN-PE-------------------------------------------------YMIATFGVVIVGLSMLTVCIDVLQEKLA 
TWK-12      267 ------TWVFSSAVYFFIVSISTVGLGDMLFRT-PD-------------------------------------------------MMVFNFLLILVGLALLSMCFELITDRVA 
TWK-13      363 ------EWTFFEAFYFCFVTVTTIGFGDIVPAN-VD-------------------------------------------------WLPATLAYIVFGLIITTMCIDLVGSEYI 
TWK-14      264 ------NWNYIDSLYFCFISFATIGFGDYVSNQQDVTRMS---------------------------------PDLYRFVNFCLLTLGACFFYCLSGASSIVVR--------- 
TWK-16      222 ------ELDFFNGLYFNFLCLTAIDFGQLVPIR-VE-------------------------------------------------LLPITFLYVCIGLAITTIAINIGSEYMK 
TWK-17      390 ----GPVWSFIHGVFFSFNTITTIGLGNIRVQQ-HY-------------------------------------------------YLALAVSYVIIGLAVITASLDLCSSTLK 
TWK-18      250 ------EWDFGTSLYFTLISFTTIGFGDILPSD-YD-------------------------------------------------FMPIVGVLLLIGLSLVSTVMTLIQQQIE 
TWK-20      190 ------KWSIFDAYYFCMITFSTIGFGDLVPLQQVNAL------------------------------------------QDQPLYVFATIMFILIGLAVFSACVNLLVLGFM 
TWK-21      258 ------NWDFLTAFYFFFVSLSTIGFGDIVPDH-PR-------------------------------------------------TACALFVLYFIGLALFAMVYAILQERVE 
TWK-22      338 ------KWDFLTAFYFFFVSLSTIGFGDVIPEH-PRTACGNGLLEIKICYISVMINGALKMSGDAVNFPRFLNTKIQLTEKFQLYLISALFVLYFVGLALFSMVYAILQERVE 
TWK-23      214 ------QLTYFDSVYFSYMSLTTIGLGDIVPRR-MD-------------------------------------------------FLLPTLIYITIGLWLTTALVEQLADVFR 
TWK-24      387 ------EWTYFTAFYFFFTSLTTIGLGDVVTKT-PN-------------------------------------------------FIIFNLAMTLIGLSVVGLCAAIVQAKVK 
TWK-25      353 GP-PDSGISFFHAFYFSFISMSTIGLGDVMPNN-VT-------------------------------------------------FSPLITIMFFFGMPILKVVNRVTYICLE 
TWK-26      299 GNKP--GIGFFDAFYFTFISLTTIGLGDVMPYN-IQ-------------------------------------------------YSPFLAAAFLLGLALISIVNTSIYAQLY 
TWK-28      313 ------HLEYFEAFYFCFITMATVGFGDIVPNE-QV-------------------------------------------------YVFFTMAYIIFGLSLATMCIDLAGTEYI 
TWK-29      235 ------QFDFFNGIYYAFICLTAIEYGDIIPQN-NW-------------------------------------------------FLPISVFYMCTGLAISTIALDIGSIYVR 
TWK-30      252 ------TWTYVESLYFIFISILTVGFGDIRPSPGN---------------------------------------------------IWVTLAFVVVGVILTTMCMDVVGRMYL 
TWK-31      366 ------RWTFFTSLYFFCISLLTIGLGDIVPDK-PH-------------------------------------------------MFIVMFVLVIVGLSIVSMFISVVQIKIE 
TWK-32      268 ------NWNMMDGFYFVMMSVLTIGFGDLVPRN-EI-------------------------------------------------FAVPILFIILAGLVLTTTCIDVVGAYYI 
TWK-33      428 GPEPGTGMDMFLCFYFSFISLSTIGLGDIMPNN-ATVGNNR-----------------------------------NIYENEKIKFAPIISIIFFFGMAVTKVVNRNTFIAVE 
TWK-34      307 GDESGSGMSVFLCFYFSFISLSTIGLGDIMPNN-AT-------------------------------------------------FSPIISIMFFFGMALTKVVNRNTFIAVE 
TWK-35      365 ------NWTLLESFYFFFTSLSTVGLGDLVPSS-PR-------------------------------------------------LLITMFGFILVGLSLVSMVINLLQAKMK 
TWK-36      382 GPEWDDGLPYFTAFYFSFISLTTIGLGDVMPNN-VP-------------------------------------------------YAPPVSMIFFIGMAVTKVVNRATFIAVE 
TWK-37      253 ------EFVFYDALYFSFSTFSTIGFGDFVPSG-HI-------------------------------------------------SGTIICVLHFIDLSLISMVLVLVHHSME 
TWK-39      517 ------NWNGFDGAYYCFITLSTIGFGDIVPGQALDE--------------------------------------------GSQEKLVVCALYLLFGMALIAMCFKLMQDDVV 
TWK-40      243 ------GWDFFSGFYFSFITMTTVGFGDIVPLK-RE-------------------------------------------------YYILDLCYIIIGLSITTMCIDLVGIQYI 
TWK-42      249 ------NWTLFESVYFFFISMTTIGFGDFTPSH-TV-------------------------------------------------AV-GGIVFILGGLSVVSMCINVIQMQLE 
TWK-43      315 ------GMTFGLAIYFNFVTLTTIGLGDLVPQS-TD-------------------------------------------------WLFVTLVYCAIGLALTTIAIEIAADLLK 
TWK-44      518 ------DWDYFKSFYFFFCSLTTIGYGDVTPTN-SE-------------------------------------------------DMFIIFGLIIIGLSLVSMCINVIQLKLE 
TWK-45      281 GDEP--GINFFDAFYFTFISLTTIGLGDVMPYN-IQ-------------------------------------------------YSPFLPLAFLLGLALISIVNTSIYSTLY 
TWK-46      216 ------DWSYLDAFYYCFVSLTTIGLGDFEPGDDPNQS----------------------------------------F---RGLYKIGATVYLMGGLCCMMLFLATLYDIPQ 
TWK-48      290 ------GWTFLESFYFCFISLTTIGFGDKFPSTSVSNT------------------------------------------DEAQEKLVITSIYLLFGMALLAMCFNLAQEEVQ 
ORK1/KCNK0  201 ------NWPYSISLYYSYVTTTTIGFGDYVPTFGANQPKE--------------------------------------FGGWFVVYQIFVIVWFIFSLGYLVMIMTFITRGLQ 
dTask-6     183 ------GWSYFDSVYYCFITLTTIGFGDMVALQRDNAL------------------------------------------NRKPEYVMFALIFILFGLAIVAASLNLLVLRFV 
dTask-7     184 ------GWSYFDSFYYCFVTLTTIGFGDYVALQNDQAL------------------------------------------TNKPGYVALSLVFILFGLAVVAASINLLVLRFM 
sandman     310 ------DWNYLDGSYFCLISLSSIGFGDLVPGDRVITADR----------------------------------------DKVEVSFILCAIYLLLGMAVIAMCFNLMQEQVV 
CG10864     260 ------KWSLLNSFYFCMTSLCKIGFGDFVPGASLTTSADVNAATQKLQEDISADPA--------------ELAQLQSVAADQHSKLAINFVYMLLGMGLVAMCRNLMREEVR 
CG34396     379 ------SWTPLDAFYYVFISMSTIGFGDLVPSN-PF-------------------------------------------------YVMVSMIYLMFGLALTSMFINVVQIKLS 
CG43155     266 ------DWTFFDGFYFCFITMTTIGFGDLVPKK-PN-------------------------------------------------YMLLCTLYILIGLALTSTIIELVRRQYA 
Galene      644 ------NWSFLDSAYFCFITLTTIGFGDFVPAKGVKD--------------------------------------------ESEQSIAYCSLYLLFGIALLAMSFNLVQEEFI 
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Supplementary Figure 3

Single channel properties of TRAAK and TREK1 TM2.6 mutants
(A) TRAAK, TRAAK G133S, TRAAK G133D, (E) TREK1, TREK1 G171S, and TREK1 G171D channel activity determined 
by NPo analysis at -80 and +80 mV.
(B), (F) Mean open times were obtained from channel openings recorded at -80 mV and +80 mV.
(C), (G) Unitary conductances obtained from channel openings recorded at -80 mV and +80 mV.
(D), (H) Current-voltage relationships of single channels.
Center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation. 
Kruskal-Wallis, Dunn’s multiple comparison test, * p < 0.05.



Supplementary Table 1: Two-electrode voltage-clamp experiments (Figure 1B) 
 
Channel TM2.6 

residue 
cRNA 

injected
/oocyte 

Day 
inje
ctio

n 
(da
ys) 

Erev (mV) I (µA) at 0 mV 
at 0 mV hTWIK1 WT  10 ng 1  -38.1 ± 2.4  0.2 

L146N  -88.4 ± 1  2.7 ± 0.2 
rTWIK2 WT  10 ng 1  -33.1 ± 1.1  0.1 

M135D  -66.4 ± 2.2  0.4 
hTASK1 WT  0.8 ng 3  -63.4 ± 2.5  0.7 ± 0.1 

L122N  -71.0 ± 1.1  13.4 ± 2 
hTASK3 WT  50 pg 1  -73.4 ± 4.3 

 
 1.8 ± 0.3 
 L122N  -77.6 ± 2.5 

 
 5 ± 0.8 
 mTREK1 WT  1 ng 1  -66.1 ± 1.5 

 
 0.7 ± 0.1 
 G171D  -72.0 ± 0.6 

 
 8.8 ± 0.8 
 mTREK2 WT  1 ng 2  -52.5 ± 2  0.5 ± 0.1 
 G196D  -72.1 ± 0.9  1.7 ± 0.2 

mTRAAK WT  1 ng 2  -55.6 ± 1.5 
 

 0.3 
 G133D  -65.8 ± 0.8 

 
 32.9 ± 7.2 
 mTRESK WT  1 ng 1  -70.8 ± 1.1 

 
 0.9 ± 0.1 
 F156N  -68.9 ± 2  24.3 ± 3.6 
 mTASK2 WT  5 ng 1  -87.5 ± 2.8 

 
 3.8 ± 0.6 
 L127N  -90.3 ± 6.6  14.2 ± 1.6 
 hTALK1 WT  20 ng 1  -80.5 ± 3.9  1 ± 0.1 

V137N  -93.6 ± 2.2  2.9 ± 0.2 
hTALK2 WT  20 ng 1  -42.4 ± 2.1  0.3 

L145N  -51.4 ± 3.5  1.4 ± 0.1 
hTHIK2 WT  50 ng 2  -31.1 ± 5.1  0.1 

I158D  -83.3 ± 0.9  1 
hTASK2 WT  10 ng 1  -77.4 ± 2.7  0.4 

L127N  -93.4 ± 0.6  6.8 ± 0.2 
rTWIK2 LY WT  10 ng 1  -84.3 ± 0.8  2.2 ± 0.1 

M135D  -79.9 ± 0.8  8.5 ± 0.2 
hTWIK1 AA WT  10 ng 1  -71.7 ± 4  0.4 

L146N  -85.1 ± 0.9  9.3 ± 0.4 
hTHIK2 5RA WT  15 ng 1  -31.2 ± 1.4  0.2 

I158N  -76.5 ± 1  1.7 ± 0.2 
 
  



Supplementary Table 2: Strain list 
 
Strain Genotype Description 

JIP1658 egl-23(bln309) V EGL-23-wrmScarlet 

JIP1506  egl-23(bln309bln334) V EGL-23(L229N)-wrmScarlet 

JIP1559 egl-23(bln309bln359) V EGL-23(L229S)-wrmScarlet 

JIP1620 unc-58(bln448) X UNC-58(F294S) 

JIP1621 unc-58(bln449) X UNC-58(F294T) 

JIP1622 unc-58(bln450) X UNC-58(F294N) 

JIP1623 twk-18(bln451) X TWK-18(V158N)  

JIP1636 twk-18(bln458) X TWK-18(V158S) 

JIP1706 twk-18(bln491) X TWK-18(V158T)  

JIP1677 sup-9(bln476) II SUP-9(L122S) 
 
  



Supplementary Table 3: List of single strand oligonucleotides (DNA and RNA) for 
CRISPR/Cas9 genome engineering 
 
 Sequence (5’ to 3’) Description 
crRNA 
unc-58  

gcggcagugauagacauuag Use to generate 
UNC-58(F294x)  

oPT271 cggaaaggttttctcagtagcattcgcgcttgttggta
taccactAatgtCTatCacTgcCgccgatattggtaaa
tttttatctgaaacattactccagtttgtgagct 

Repair template 
(Ultramer) for 
UNC-58(F294S)  

oPT273 tcggaaaggttttctcagtagcattcgcgcttgttggt
ataccactAatgACAatTacTgcCgccgatattggtaa
atttttatctgaaacattactccagtttgtgagctt 

Repair template 
(Ultramer) for 
UNC-58(F294T) 

oPT275 tcggaaaggttttctcagtagcattcgcgcttgttggt
ataccactAatgAATatTacGgcCgccgatattggtaa
atttttatctgaaacattactccagtttgtgagctt 

Repair template 
(Ultramer) for 
UNC-58(F294N)  

crRNA 
egl-23 

ugguauuccguuuacacugc Use to generate 
EGL-23(L229x)  

oSEM402 ttcgcctccaccatcatttctgatatgaattttccgag
atctgcaattgcTagACTtgtaaacggaataccaatta
gaccataaccaatgacaaatagacggccac 

Repair template 
(Ultramer) for 
EGL-23(L229S)  

oSEM356 ttcgcctccaccatcatttctgatatgaattttccgag
atctgcaattgcTagGTTtgtaaacggaataccaatta
gaccataaccaatgacaaatagacggccac 

Repair template 
(Ultramer) for 
EGL-23(L229N)  

crRNA 
twk-18 

uaaagacugagcacugugag Use to generate 
TWK-18(V158x)  

oSEM435 ctggatggggtcgttttgctactatcctttacgcattc
attggaattccaTtGacaAACTtAagtTtGtactgtct
tggtagtctttttgccaagggatg 

Repair template 
(Ultramer) for 
TWK-18(V158N) 

oSEM436 ctggatggggtcgttttgctactatcctttacgcattc
attggaattccaTtGacaAGTTtAagtTtGtactgtct
tggtagtctttttgccaagggatg 

Repair template 
(Ultramer) for 
TWK-18(V158S)  

oSEM437 ctggatggggtcgttttgctactatcctttacgcattc
attggaattccaTtGacaACTTtAagtTtGtactgtct
tggtagtctttttgccaagggatg 

Repair template 
(Ultramer) for 
TWK-18(V158T)  

crRNA 
sup-9 

cgcacuggcgggaauuccau Use to generate 
SUP-9(L122x)  

oNZ161 tggaactcctggaaaattttcagcaactcaccaatact
ctgaaacatgataTTtccTaGtggaattcccgccagtg
cgtagagcatgcagaaaacttttccgg 

Repair template 
(Ultramer) for 
SUP-9(L122N) 

oMG798 tggaactcctggaaaattttcagcaactcaccaatact 
ctgaaacatgatGCTGccTaGtggaattcccgccagtg 
cgtagagcatgcagaaaacttttccgg 

Repair template 
(Ultramer) for 
SUP-9(L122S) 

 
  



Supplementary Table 4: Genotyping primer combinations for C. elegans mutants 
 
Allele Primer Sequence (5’ to 3’) Description 

unc-58 
F294X 

oTB522 cggggttagtaatatggatgaagg 
 338bp PCR product; verify 

by sequencing. 
 oTB508 ggaccacccgttgattgtaa 

 

egl-23 
L229X 

oSEM357 cccaccattaaccgagtttg 
 

487bp PCR product 
digested by FspBI; 
WT: 134/353bp  
Mutant: 104/134/249bp oSEM358 tcccagattataagcaggcaat 

 

twk-18 
V158X 

oSEM430 tgcggcgcttaagtatttg 
 

673bp PCR product 
digested by RsaI; 
WT: 673bp 
Mutant: 384/289bp oSEM431 ggagatggggaaagacaaca 

 

sup-9 
L122X 

oMG850 caactgtgataacgacgatcgg 
 PCR oMG850-852-856: 

WT:986/324bp 
L122N&L122S:986bp 
PCR oMG850-852-855 
WT:986bp 
L122N:986/324bp 
PCR oM850-852-853 
WT:986bp 
L122S:986/324bp 

oMG852 caccgcgtcgaaatatgtcc 
 

oMG853 cgggaattccaCtAggCAGC 
 

oMG855 gcgggaattccaCtAggaAA 
 

oMG856 gcgggaattccaTtGggACT 
 

 



Supplementary Table 5: List of plasmids 
 
Plasmid/ 
gene 

Primer Sequence (5’ to 3’) Isothermal Ligation 
with EcoRV digested 
pTB207 and 

pTB301/ 
TWK-18 
WT 

oTB553 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatggcgattgttgcgcaagg oTB553-

554  

from 
pOX_twk
-181 

oTB554 
 

cgggccccccctcgagcggccgccagtgtg
atggatctagatgtcatgctctagat 

pNZ19/ 
TWK-18 
(V158D) 

oNZ52 tgtgagtggaattccaatga oTB553-
oNZ52 
oTB554-
oNZ53  

oNZ53 
tgctactatcctttacgcattcattggaat
tccactcacaGACctcagtctttactgtct
tgg 

pTB314/ 
TWK-18 
(M280I) 

oTB571 actccaacaattggGATgaaatcgtaatcc oTB553-
oTB571 
oTB554-
oTB572  

oTB572 
catattgataggactcgctgtattctccac
ttgtgtcaat 

pOA23/ 
hTASK1 
WT 

oOA21 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatgaagcggcagaacgtgcg 

oOA21-22  from 
hTASK-
1-pSGEM2 

oOA22 
 

agctcgggccccccctcgagcggccgccag
tgtgatggattcacacggagctcctgcgct 

pOA24/ 
hTASK1 
(L122N) 

oOA23 ctggaacatgacATTcgtgagcgggatgcc oOA21-23 
oOA24-22  oOA24 ggcatcccgctcacgAATgtcatgttccag 

pOA21/ 
hTASK3 
WT 

oOA18 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatgaagaggcagaacgtgcg oOA18-

oIS17  from 
hTASK-
3-pSGEM2 

oIS17 
 

agctcgggccccccctcgagcggccgccag
tgtgatggatctaaacggacttccggcgtt 

pOA22/ 
hTASK3 
(L122N) 

oOA26 gctctggaacatgacATTtgtcagcgggat oOA18-26 
oIS17-
oOA25  oOA25 atcccgctgacaAATgtcatgttccagagc 

pOA25/ 
mTASK2 
WT 

oNZ56 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatggtggaccggggtccttt oNZ56-57  

from 
pTLN 
mTASK-23 

oNZ57 agctcgggccccccctcgagcggccgccag
tgtgatggattcacgtgcccctggggtta 

pNZ20/ 
mTASK2 
(L127N) 

oNZ55 gcacagcggcaccccgaaga 
oNZ56-55 
oNZ54-57  oNZ54 ctgtgtcttctacggcctcttcggggtgcc

gctgtgcAACacatggatcagtgccctggg 
pOA26/ 
mTREK2 
WT 

oOA30 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatgaaatttccaatcgagac oOA30-31  from 

mTREK2c
-pEXO 

oOA31 
 

agctcgggccccccctcgagcggccgccag
tgtgatggatttagtttctgtcttcaagta 

pOA27/ 
mTREK2 
(G196D) 

oOA43 tccagccaataagaaATCaaaaagcgggat oOA30-43 
oOA42-31  oOA42 atcccgctttttGATttcttattggctgga 

pOA28/ 
mTRAAK 
WT 

oOA34 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatgcgcagcaccacactcct 

oOA34-35  from 
mTRAAK-
pEXO 

oOA35 
 

agctcgggccccccctcgagcggccgccag
tgtgatggatctacaccggcacggccttgt 

pOA29/ 
mTRAAK 
(G133D) 

oOA45 tcccgccagcagcatATCgaacagtgggat oOA34-45 
oOA44-35  oOA44 atcccactgttcGATatgctgctggcggga 



pOA30/ 
mTRESK 
WT 

oOA38 ccactagtaacggccgccagtgtgctggaa
ttctgcagatatggaggctgaggagccacc oOA38-39  

from 
mTRESK-
pEXO 

oOA39 
 

agctcgggccccccctcgagcggccgccag
tgtgatggatttaccaaggtagcgaaactt 

pOA31/ 
mTRESK 
(F156N) 

oOA41 gtctgtgaggaccagATTcattagagggat 
oOA38-41 
oOA40-39  oOA40 atccctctaatgAATctggtcctcacagac 

oTB  
 
1 purchased from addgene 
2 kindly provided by V.K. Renigunta 
3 kindly provided by F.V. Sepúlveda 
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