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The versatile regulation of K2P channels by
polyanionic lipids of the phosphoinositide and fatty
acid metabolism
Elena B. Riel1*, Björn C. Jürs1,2*, Sönke Cordeiro1, Marianne Musinszki1, Marcus Schewe1a, and Thomas Baukrowitz1b

Work over the past three decades has greatly advanced our understanding of the regulation of Kir K+ channels by polyanionic
lipids of the phosphoinositide (e.g., PIP2) and fatty acid metabolism (e.g., oleoyl-CoA). However, comparatively little is known
regarding the regulation of the K2P channel family by phosphoinositides and by long-chain fatty acid–CoA esters, such as
oleoyl-CoA. We screened 12 mammalian K2P channels and report effects of polyanionic lipids on all tested channels. We
observed activation of members of the TREK, TALK, and THIK subfamilies, with the strongest activation by PIP2 for TRAAK and
the strongest activation by oleoyl-CoA for TALK-2. By contrast, we observed inhibition for members of the TASK and TRESK
subfamilies. Our results reveal that TASK-2 channels have both activatory and inhibitory PIP2 sites with different affinities.
Finally, we provided evidence that PIP2 inhibition of TASK-1 and TASK-3 channels is mediated by closure of the recently
identified lower X-gate as critical mutations within the gate (i.e., L244A, R245A) prevent PIP2-induced inhibition. Our findings
establish that K+ channels of the K2P family are highly sensitive to polyanionic lipids, extending our knowledge of the
mechanisms of lipid regulation and implicating the metabolism of these lipids as possible effector pathways to regulate
K2P channel activity.

Introduction
Members of the large family of two-pore domain potassium
(K2P) channels are critically involved in many cellular func-
tions ranging from renal ion homeostasis, cell development,
hormone secretion, and immune functions as well as cardiac
and neuronal excitability (Enyedi and Czirják, 2010). Ac-
cordingly, dysregulation of K2P channels is seen in many
disease states, such as cardiac disorders (i.e., atrial fibrilla-
tion, ventricular tachycardia; Liang et al., 2014; Decher et al.,
2017b), hyperaldosteronism (Davies et al., 2008; Bandulik
et al., 2015), and pulmonary arterial hypertension (Olschewski
et al., 2006; Ma et al., 2013; Antigny et al., 2016), as well as in pain
perception disorders, such as migraine and depression (Alloui
et al., 2006; Heurteaux et al., 2006; Lafrenière et al., 2010;
Andres-Enguix et al., 2012; Royal et al., 2019). Initially thought to
mediate passive background conductance in excitable cells,
increasing evidence shows that K2P channels are highly regu-
lated by sensing a broad range of diverse physiological stimuli
and endogenous ligands. However, not all K2P channels re-
spond to the same set of stimuli; rather, their sensitivity
profile corresponds to their affiliation with one of the known

six subfamilies (TREK, TASK, TALK, THIK, TWIK, and TRESK).
Members of the TREK subfamily (TREK-1, TREK-2, and TRAAK)
display the most diverse (and, e.g., regarding TREK-1, the best
investigated) regulation, with relevant stimuli including tem-
perature (Maingret et al., 2000a), mechanical force (Maingret
et al., 1999; Chemin et al., 2005), membrane voltage (Maingret
et al., 2002; Schewe et al., 2016), extracellular/intracellular pH
(Maingret et al., 1999; Honoré et al., 2002), partner proteins
(Plant et al., 2005; Sandoz et al., 2006), and various lipids
(Maingret et al, 2000b; Chemin et al, 2005, 2007). Members of
the TALK subfamily (TASK-2, TALK-1, and TALK-2) are acti-
vated by high extracellular pH (Morton et al., 2003; Duprat
et al., 2005; Niemeyer et al., 2010). TASK-1, TASK-3, and
TASK-5 make up the TASK subfamily, and members are in-
hibited by extracellular acidification (Rajan et al., 2000; Bayliss
et al., 2001; Morton et al., 2003) but also respond to membrane
lipids such as diacylglycerol (DAG; Wilke et al., 2014). Members
of the TWIK subfamily (TWIK-1, TWIK-2, and TWIK-3) are
rather stimuli insensitive, but their cellular activity is con-
trolled by regulated protein trafficking (Feliciangeli et al., 2007;
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Feliciangeli et al., 2010) as well as possibly SUMOylation (Rajan
et al., 2005; Plant et al., 2010) and unique features of the se-
lectivity filter (SF) gate (Nematian-Ardestani et al., 2020). The
TRESK subfamily has just one member (i.e., TRESK) and is
regulated in particular by changes in intracellular Ca2+ levels
mediated by the calmodulin-dependent phosphatase calcineu-
rin (Czirják et al., 2004). For the THIK subfamily (THIK-1 and
THIK-2), no physiological gating stimulus has been reported
so far.

Work of the last three decades revealed that many ion
channels are regulated by phosphoinositides and in particular by
the most abundant phosphoinositide, phosphoinositol-4,5-bi-
sphosphate (PI(4,5)P2; PIP2). PIP2-sensitive channels include all
members of the inward-rectifying potassium (Kir) channels (Suh
and Hille, 2005; Logothetis et al., 2007; Suh and Hille, 2008) but
also members of the voltage-gated potassium (Kv) channels
(Oliver et al., 2004; Rodriguez et al., 2010; Kruse et al., 2012;
Zaydman and Cui, 2014; Taylor and Sanders, 2017), transient
receptor potential (TRP) cation channels (Qin, 2007; Suh and
Hille, 2008), Ca2+-activated BK-type channels (Vaithianathan
et al., 2008), hyperpolarization-activated and cyclic nucleotide–
gated channels (Pian et al., 2006; Zolles et al., 2006; Ying et al.,
2011), and a number of ion transporters (i.e., NCX, NCE, PMCA;
Hilgemann et al., 2001; Gamper and Shapiro, 2007). Many
physiologically important processes, such as insulin secretion in
pancreatic β-cells (Rorsman and Ashcroft, 2018) or mechanical
transduction and adaptation in hair cells (Hirono et al., 2004;
Effertz et al., 2017), involve the regulation of ion channels by
phosphoinositides. The mechanisms of regulation in some of
these channels have been resolved to the atomic level (Hansen
et al., 2011; Niu et al., 2020; Sun and MacKinnon, 2020).

The first report on the regulation of a K2P channel by phos-
phoinositides dates to 2005 and still represents an important
reference on this topic (Chemin et al., 2005). Chemin and
colleagues reported the strong activation of TREK-1 channels
by several phospholipids, including phosphatidylethanola-
mine, phosphatidylinositol, phosphatidylserine, phospha-
tidic acid (PA), and PIP2 (with PA being the most potent lipid),
and identified a cluster of basic residues in the proximal
C-terminus directly extending from TM4 as a potential PIP2
binding region (Chemin et al., 2005). Accordingly, it was
proposed that negatively charged lipids (e.g., PIP2) electro-
statically interact with these clustered basic residues and
thereby cause channel activation (Chemin et al., 2005). Later
the same authors reported that PIP2 application can also pro-
duce TREK-1 inhibition (Chemin et al, 2007). More recently, an
additional potential PIP2 interaction region in the more distal
C-terminus of TREK-1 channels has been suggested (Soussia
et al., 2018). The direct binding of anionic lipids such as
PA, phosphatidylglycerol (PG), and PIP2 to purified TREK-1
channels was demonstrated via a fluorescence binding assay
(Cabanos et al., 2017) and to purified TRAAK channels by means
of mass spectrometry (Schrecke et al., 2021). Furthermore,
TREK-1 was shown to bind phospholipase D2 (PLD2) via its
C-terminus and the local production of PA by PLD2 to produce
channel activation. Interestingly, Cabanos and colleagues re-
ported that PIP2 can displace PA and PG in TREK-1 to produce

channel inhibition as measured in a liposome K+ flux assay
(Cabanos et al., 2017).

Aside from the TREK subfamily, the effects of PIP2 have also
been studied in TASK-1, TASK-2, TASK-3, and TRESK channels.
Initially, the inhibition of TASK-1 and TASK-3 by phospholipase
C (PLC) activation was thought to result from PIP2 breakdown
(Lopes et al., 2005), as PIP2 appeared to cause activation; how-
ever, later it became clear that DAG (released by PLC) likely
inhibits TASK-1 and TASK-3 channels directly (Wilke et al.,
2014). In TASK-2 channels and human (but not rodent) TRESK
channels, application of PIP2 to excised patches has been re-
ported to cause activation (Lopes et al., 2005; Niemeyer et al.,
2017; Giblin et al., 2019).

Another class of polyanionic lipids known to regulate ion
channels are long-chain fatty acid coenzyme A (LC-CoA) esters.
These obligate metabolites of cellular fatty acids affect many Kir

channels, producing activation in KATP (Kir6.2/SUR) channels
(Bränström et al., 1998; Schulze et al., 2003) but inhibition in
most other Kir channels (Rapedius et al., 2005; Shumilina et al.,
2006; Tucker and Baukrowitz, 2008; Cheng et al., 2011). Aside
from the Kir channel family, little is known about the effects of
LC-CoA on other ion channels. However, TRPV1 channels have
been reported to be activated by LC-CoA (Yu et al., 2014). In
both, Kir channels and TRPV1, LC-CoA appears to interact with
the same sites that also bind PIP2, likely via the negative phos-
phate groups present in both types of lipids (Schulze et al., 2003;
Yu et al., 2014).

Aside from the aforementioned exception of TREK/TRAAK,
TASK-1/-2/-3, and TRESK channels, effects of phosphoinositides
on other members of the K2P channel family have not been in-
vestigated yet, and K2P channel regulation by LC-CoA is so far
unexplored. Therefore, we systematically studied the effect of
PIP2 and LC-CoA on K2P channels by testing all functionally
expressing channels (12 out of 15) under identical conditions and
quantified their respective sensitivities. We uncovered that all
K2P channel members strongly respond to at least one of the two
polyanionic lipid species and that the six K2P channel sub-
families can be classified as either polyanionic lipid-activated or
lipid-inhibited subfamilies. Furthermore, we investigated the
physicochemical prerequisites for lipid activation in TALK-
2 channels and the structural regulation mechanism of lipid
regulation in the TASK subfamily. We finally discuss the po-
tential physiological relevance of our findings that, however,
warrant further investigation in more native preparations.

Materials and methods
Molecular biology and oocyte expression
For this study, we used the coding sequences of hTWIK-
1 (GenBank accession no. NM_002245.3), hTREK-1 (NM_172042.
2), rTREK-1 (NM_172041.2), hTREK-2 (NM_138318.2), hTRAAK
(AF_247042.1), hTALK-1 (NM_032115.4), hTALK-2 (EU978944.1),
hTASK-2 (NM_003740.3), hTASK-1 (NM_002246.2), hTASK-3
(XM_011517102.1), hTHIK-1 (NM_022054), hTHIK-2 (NM_
022055.1), and hTRESK (NM_181840.1). To increase surface
expression and macroscopic currents, measurements of TWIK-
1 and THIK-2 channels were performed using channels with

Riel et al. Journal of General Physiology 2 of 12

Anionic lipid regulation of K2P channels https://doi.org/10.1085/jgp.202112989

https://doi.org/10.1085/jgp.202112989


mutated retention motifs and a known activating mutation
hTHIK-2, respectively (TWIK-1 I293A/I294A [TWIK-1*] and
THIK-2 R11A/R12A/R14A/R15A/R16A/A155P [THIK-2*]). All mu-
tant channels were obtained by site-directed mutagenesis with
custom oligonucleotides. All constructs were subcloned into the
pFAW dual-purpose vector suitable for in vitro transcription/
oocyte expression and transfection of cultured cells and verified
by sequencing. cRNA was synthetized using AmpliCap-Max T7
or SP6 High Yield Message Maker Kits (CELLSCRIPT) and stored
at −20°C (for frequent use) and −80°C (for long-term storage).
Xenopus laevis oocytes were surgically removed from adult fe-
male frogs and treated with type II collagenase before manual
defolliculation. Oocytes were injected with ∼50 nl of channel-
specific cRNA (0.5–1 µg µl−1) and incubated at 17°C for 1–14 d
before experimental use.

Cell culture
HEK293 cells were cultured in DMEM, supplemented with 10%
FCS and 10 Uml−1 penicillin and 10mgml−1 streptomycin in a 5%
CO2 atmosphere at 37°C. The cells were transiently transfected
with Lipofectamine 2000 (Invitrogen) in 24-well plates. For
electrophysiological recordings, the transfected cells were tryp-
sinized at least 4 h before electrophysiological measurements
and seeded onto sterile 10-mm coverslips in 35-mm culture
dishes in antibiotic-free DMEM.

Electrophysiology
Currents were recorded from inside-out membrane patches
excised from cRNA-injected Xenopus oocytes or from transiently
transfected HEK293 cells at room temperature (21–23°C). For
oocyte measurements, pipettes were made from thick-walled
borosilicate glass capillaries and had resistances of 0.3–0.8
MΩ. Pipettes were filled with a standard pipette solution (in
mM): 120 KCl, 10 HEPES, and 3.6 CaCl2, pH 7.4, adjusted with
KOH/HCl. Currents were recorded using an EPC9 or EPC10
amplifier (HEKA Elektronik), sampled at 10 kHz, and filtered
with 3 kHz (−3 dB). The recording programwas PATCHMASTER
(HEKA Elektronik; version v2×73.5). The used pulse protocols
were either ramps ranging from −80 to +40 or +80 mV with a
duration of 1 s and intervals of 4 or 9 s, or measurements were
performed using a continuous pulse at +40 mV. Solutions were
applied to the cytoplasmic side of excised membrane patches via
a gravity flow multibarrel application system. Standard intra-
cellular (bath) solutions were composed of (in mM): 120 KCl, 10
HEPES, 2 EGTA, and 1 pyrophosphate; pH was adjusted to pH 7.4
with KOH/HCl. 5 mg ml−1 BSA was added to obtain washout
solution. Where indicated in experimental results, 120 mM KCl
was replaced by 120 mM RbCl.

HEK293 cell measurements were performed in the whole-cell
configuration of the patch-clamp technique using an EPC10
amplifier (HEKA Elektronik) and PATCHMASTER software
(HEKA Elektronik; version v2×73.5) with a sampling rate and
filter as above. The cells were stimulated by a ramp protocol
from −100 to +60 mV with 1-s duration and a 5-s interpulse
duration. Pipette resistances ranged from 1 to 3MΩ, and pipettes
were filled with intracellular solution (inmM): 140 KCl, 2MgCl2,
1 CaCl2, 2.5 EGTA, and 10 HEPES, pH 7.3, adjusted with KOH/

HCl. The bath contained (in mM): 135 NaCl, 5 KCl, 2 MgCl2,
2 CaCl2, 10 glucose, and 10 HEPES, pH 7.3, adjusted with NaOH/
HCl. All modifying reagents were added directly to the bath to
obtain the particular end concentrations. Lipids and other sub-
stances were stored as stock solutions (1–100 mM) at −20°C and
diluted in the bath solution to the final concentration before
measurements.

Chemicals, drugs, and lipids
LC-CoA (14:0, 16:0, 18:0, 18:1, 18:2, 18:3, 22:0) were purchased
from Avanti Polar Lipids (Alabaster), and stock solutions were
prepared in DMSO (1–5 mM). The PLC activator m-3m3FBS,
tetrapentylammonium chloride, and L-α-PI(4,5)P2 ammonium
salt (brain PI(4,5)P2, PIP2) were purchased from Sigma-Aldrich/
Merck, and stock solutions were prepared in DMSO (1–100mM).

Animals (Xenopus)
The performed investigation conforms to the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health
Publication No. 85-23). For this study, we used female Xenopus
animals (n = 25) that were accommodated at the animal breeding
facility of the Christian Albrecht University of Kiel to isolate
oocytes. Experiments using Xenopus toads were approved by the
local ethics commission.

Data analysis
Data analysis was performed using FITMASTER (HEKA Elek-
tronik; version v2×73.5), Microsoft Excel, and Igor Pro (version
6.3.7.2; Wavemetrics Inc.).

Recorded currents were analyzed from stable membrane
patches at a voltage of +40 mV unless stated otherwise.

The fold activation of a ligand (drug or bioactive lipid) was
calculated from the following equation:

Fold activation (FA) � IActivated
Ibasal

,

with IActivated representing the stable current level in the pres-
ence of a given concentration of a respective ligand and Ibasal the
measured current before ligand application.

Percentage inhibition of a ligand (drug or bioactive lipid) was
calculated from stable currents of excised membrane patches
using the following equation:

% Inhibition �
�
1 −

�
IInhibited
Ibasal

��
× 100,

where IInhibited refers to the stable current level recorded in the
presence of a given concentration of a drug or bioactive lipid and
Ibasal to the measured current before ligand application.

The macroscopic half-maximal concentration–inhibition re-
lationship of a ligand was obtained using a modified Hill equa-
tion, depicted below:

I
Ibasal

� a +
(1 − a)

�
[x]
IC50

�h

1 + [x]
IC50

h ,

with I and Ibasal are the currents in the absence and presence
of a respective ligand, x is the concentration of the ligand,
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half-maximal inhibitory concentration is the ligand concen-
tration at which the inhibitory effect is half maximal, h is the
Hill coefficient, and a is the fraction of unblockable current
(a = 0 unless stated otherwise).

Data are represented throughout the article as mean ± SEM.
Significance of a respective dataset was probedwith an unpaired
Student’s t test. P values are provided in the respective figures.

Image processing and figure design were performed using
the open source vector graphic program Inkscape (GNU General
Public License; Free Software Foundation, version 1.0.1; 3bc2e813f5,
2020–09-07; https://inkscape.org).

Online supplemental material
Fig. S1 shows the effect (activation/inhibition) of PIP2 applied to
the intracellular side of excised patches of Xenopus oocytes ex-
pressing K2P WT and mutant channels as well as the effect of
PLC-mediated PIP2 depletion on TREK-1 channels expressed
in HEK293 cells. Fig. S2 shows the effect (activation/inhi-
bition) of oleoyl-CoA applied to inside-out patches of Xenopus
oocytes expressing K2P WT and mutant channels. Fig. S3
shows the concentration-dependent activation of TALK-
2 K2P channels by oleoyl-CoA in inside-out patches. Table S1,
Table S2, Table S3, and Table S4 contain the numerical data

points depicted graphically in Fig. 1 A, Fig. 2 A, Fig. 3 D, and
Fig. 4 C, respectively.

Results
PIP2 causes subtype-dependent responses (activation/
inhibition) in most K2P channels
We studied the direct effect of the most abundant phosphoino-
sitide, PI(4,5)P2 (PIP2), on all known functionally expressing K2P

channels (12 in total) by applying 10 µM PIP2 to the cyto-
plasmatic site of the respective channels in inside-out patches
excised from Xenopus oocytes. The type of response (activation
or inhibition) varied depending on the K2P channel subfamily,
and the efficacy of activation or inhibition depended on the
particular subfamily member (Fig. 1 A and Table S1).

Robust PIP2 activation was observed within the TREK sub-
familywith 17 ± 3-fold, 11 ± 4-fold, and 114 ± 24-fold activation for
TREK-1, TREK-2, and TRAAK, respectively (Fig. 1 A). The PIP2-
activated currents displayed mildly outward-rectifying I-V re-
lationships between −80 mV and +40 mV (Fig. S1, A–C).

Members of the THIK subfamily were also activated by PIP2
with strong activation (19 ± twofold) for THIK-1 and weaker
activation (4 ± onefold) for THIK-2*, and the activated currents

Figure 1. PIP2 regulation of K2P channels. (A) Fold activation (blue) and inhibition (percent; orange) of K2P channel currents by 10 µM PIP2 at +40 mV,
measured in ramp protocols as shown in B and C. Insensitive channels are highlighted in gray. Number of independent experiments is indicated next to the
bars. Data are summarized in Table S1. (B and C) Representative current traces (right) and analyzed currents at +40 mV plotted over time (left) of THIK-1 (B)
and TASK-1 (C) channels measured in voltage ramps between −80 and +80mV in excised inside-out patches of Xenopus oocytes using control bath solution and
in the presence of 10 µM PIP2. (D) Analyzed TASK-2 currents at +40 mV plotted over time, measured as in B and C, using control bath solution and in the
presence of 0.1 µM or 10 µM PIP2. Current rundown is indicated with an arrow. Low PIP2 concentration (0.1 µM) rescues current rundown (right) but produces
no inhibition (middle); 10 µM PIP2 also rescues rundown if present (left) but leads to a subsequent inhibition of the channel. If no rundown is present, 10 µM
PIP2 only leads to inhibition (middle). All data are presented as mean ± SEM. n. d., not determined.
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showed approximately linear I-V relationships (Fig. 1, A
and B; Fig. S1 H). To increase surface expression, measure-
ments of THIK-2 channels were performed using mutated
channels with a removed retention motif and a point mutation
in TM2 (R11A/R12A/R14A/R15A/R16A/A155P; THIK-2*; Bichet
et al., 2015).

In the TALK subfamily PIP2 caused a 4 ± 1-fold activation of
TALK-2 and a weaker activation (1.7 ± 0.2-fold) of TALK-1 cur-
rents (Fig. 1 A; Fig. S1, D and E). The effect on TASK-2 was more
complex and depended on the experimental history. In many
excised patches, TASK-2 currents showed strong current
rundown, and the application of 10 µM PIP2 produced ini-
tially a 2.4 ± 0.3-fold activation. However, this activation
ceased with time, and channel activity finally dropped below
the starting level, resulting in an effective PIP2 inhibition of
83 ± 3% (Fig. 1, A and D, left panel). In membrane patches
lacking current rundown, PIP2 application (10 µM) caused
inhibition without the initial activation (Fig. 1 D, middle
panel). Furthermore, lower PIP2 concentrations (e.g., 0.1
µM) prevented current rundown (Fig. 1 D, middle panel) and
activated rundown currents without producing subsequent
inhibition (Fig. 1 D, right panel). These findings might in-
dicate two distinct regulatory sites in TASK-2, with lower
PIP2 levels supporting basal channel activity via an activa-
tory site and higher PIP2 levels causing inhibition, possibly
via a distinct inhibitory site.

In the TWIK subfamily, only TWIK-1* was expressed func-
tionally but lacked a PIP2 response (Fig. 1 A and Fig. S1 F). To

increase surface expression, measurements of TWIK-1 were
performed using channels with a mutated retention motif
(TWIK-1 I293A/I294A; TWIK-1*; Bichet et al., 2015).

Likewise, no significant PIP2 response was observed in
TRESK channels (the only member of this K2P channel sub-
family; Fig. 1 A and Fig. S1 I), in contrast to a previous report
(Giblin et al., 2019).

Finally, in the TASK subfamily, only TASK-1 and TASK-3
were expressed functionally (TASK-5 is nonfunctional; Ashmole
et al., 2001), and both channels showed marked inhibition (82 ±
2% and 61 ± 4%) upon PIP2 application (Fig. 1, A and C; Fig. S1 G).

In summary, the application of PIP2 had effects on 10 of the
12 K2P channels investigated, with only TWIK-1* and TRESK
lacking any observable effect upon the addition of PIP2. Mem-
bers of the TREK, THIK, and TALK subfamilies were activated by
PIP2 (TASK-2 only initially), whereas members of the TASK
subfamily were inhibited.

Most K2P channels are highly sensitive to the fatty acid
metabolite oleoyl-CoA
We further explored the K2P channel lipid sensitivity by testing
the polyanionic lipid oleoyl-CoA, which represents a common
cellular long-chain fatty acid metabolite. It is known to regulate
ion channels (Rapedius et al., 2005; Ventura et al., 2005;
Shumilina et al., 2006); however, it has not been investigated in
K2P channels so far. Upon application of 10 µM oleoyl-CoA, strong
activation of TREK-1 (15 ± threefold) and weaker activation of
TREK-2 (6 ± onefold) were observed (Fig. 2 A; Fig. S2, A and B; and

Figure 2. Oleoyl-CoA regulation of K2P channels. (A) Fold activation (blue) and inhibition (percent; brown) of K2P channels at +40 mV by 10 µM oleoyl-CoA
measured as in B and C. Insensitive channels are highlighted in gray. Number of independent experiments is indicated next to the bars. Data are summarized in
Table S2. (B) Representative current traces (right) and analyzed currents at +40mV plotted over time (left) of TRAAK and TALK-2 channels measured in voltage
ramps between −80 and +80 mV in excised inside-out patches of Xenopus oocytes using control bath solution and in the presence of 10 µM oleoyl-CoA or 5 mg
ml−1 BSA. (C) Representative current traces of TASK-2 and TWIK-1* channels measured and analyzed as in B. All data are presented as mean ± SEM. n. d., not
determined.
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Table S2). Notably, as seen with PIP2 (Fig. 1 A; Fig. S1 C), TRAAK
showed the highest lipid sensitivity within its subgroup, with
oleoyl-CoA causing a 40 ± 16–fold current increase (Fig. 2, A and
B). Furthermore, these activations were readily reversed upon
extraction of oleoyl-CoA via the fatty acid binding protein BSA
(Fig. 2 B; Fig. S2, A and B).

Similar to the PIP2 responses, THIK-1 channels were strongly
activated by oleoyl-CoA (29 ± 2-fold), whereas activation in
THIK-2* was weaker (13.0 ± 0.4-fold; Fig. 2 A; Fig. S2, F and G).

In the TALK subfamily, TALK-2 stood out as oleoyl-CoA
produced massive activation (94 ± 14-fold), while TALK-1 was
only moderately activated (5 ± 1-fold; Fig. 2, A and B; Fig. S2 C).

Figure 3. Physicochemical properties of LC-CoA esters required for activation of TALK-2 K2P channels. (A) Chemical structure of LC-CoA (oleoyl-CoA;
18:1). The fatty acid tail is shaded blue. (B) Analyzed current traces at +80 mV of TALK-2 channels measured in voltage ramps between −80 and +80 mV in
excised inside-out patches of Xenopus oocytes using control bath solution and in the presence of 3 µM of LC-CoA esters with varying number and position of
double bonds (18:0, 18:1, 18:2, 18:3) in the fatty acid tail of the molecule or 5 mgml−1 BSA. (C) Analyzed current traces at +80mV of TALK-2 channels, measured
as in B, using control bath solution and in the presence of 3 µM LC-CoA esters with varying chain length (14:0, 16:0, 18:0, 22:0) of the fatty acid tail. (D) Fold
activation of TALK-2 channels by LC-CoA esters with varying double bonds or chain lengths, measured as in B and C and normalized to the respective Rb+-
activated current (red; B and C) at +80mV. Data are summarized in Table S3. The average fold activation by Rb+ (IRb+/Ibasal) of TALK-2WT channels is 12 ± 3 (n =
20). Number of independent experiments is indicated above the bars. All data are presented as mean ± SEM.

Figure 4. Mutations within the lower gate
(X-gate) prevent PIP2 inhibition in TASK-
1 and TASK-3 K2P channels. (A and B) Repre-
sentative current traces of TASK-1 WT, L244A,
and R245A mutant channels (A) and TASK-3
L244A and R245A mutant channels (B) mea-
sured at continuous +40 mV in excised inside-
out patches of Xenopus oocytes using control
bath solution and in the presence of 10 µM PIP2
or 1 mM tetrapentylammonium chloride (TPA),
showing that mutations disrupting the lower
gate render the channels insensitive to PIP2.
(C) Fold change of TASK-1, TASK-3, and TASK-
2 WT (light blue) and mutant (dark blue) cur-
rents analyzed at +40 mV in the presence of 10
µM PIP2 measured as in A and B, Fig. 1 D (middle
panel), or Fig. S1 J. Number of independent ex-
periments is indicated above the bars. Data
are summarized in Table S4. (D) Sequence
alignment of TM4 of TASK-1, TASK-3, and TASK-
2 K2P channels. The lower X-gate in TASK-
1 (TASK-3) and the region that forms the lower
“pH gate” in TASK-2 are highlighted. Red boxes
show the location of introduced mutations in
the respective K2P channel. All data are pre-
sented as mean ± SEM. Data in C are analyzed
by unpaired Student’s t test. P values are indi-
cated. n. s., not significant.
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In contrast, TASK-2 channels were inhibited by oleoyl-CoA (70 ±
7%; Fig. 2, A and C), again similar to the PIP2 effects.

In the TASK subfamily, TASK-3 channels were inhibited by
oleoyl-CoA (39 ± 5%) in contrast to TASK-1 channels that were
rather slightly activated (Fig. 2 A; Fig. S2, D and E).

In the TWIK and TRESK subfamilies, both expressing mem-
bers (i.e., TWIK-1* and TRESK) were markedly (∼50 to ∼75%)
inhibited by oleoyl-CoA (Fig. 2, A and C; Fig. S2 H). As seen with
all oleoyl-CoA effects reported here, application of BSA reversed
the action of oleoyl-CoA.

In summary, with the exception of TASK-1, oleoyl-CoA
application modulated the activity of all K2P channels tested.
Furthermore, the subfamily-specific response (i.e., activation
versus inhibition) resembled the effects observed with PIP2 in
most cases. Exceptions to this rule were seen (1) for TASK-1,
which was inhibited by PIP2 but not by oleoyl-CoA, and (2) for
TWIK-1* and TRESK, which were inhibited by oleoyl-CoA but
lacked PIP2 sensitivity.

Physicochemical requirements of LC-CoA activation in TALK-
2 channels
Given the particularly high sensitivity of TALK-2 to oleoyl-CoA
(Fig. 3 A), we chose this channel to explore the LC-CoA prop-
erties required for activation in more detail. Throughout the
following measurements, we used Rb+ activation in the begin-
ning of each experiment for better quantification of the TALK-
2–specific currents and BSA in the bath solution to accelerate the
washout of oleoyl-CoA. We measured oleoyl-CoA activation for
different concentrations ranging from 0.1 to 30 µM (Fig. S3, A
and B), suggesting a half-maximal effect at a concentration of
∼10 µM (Fig. S3 B). Notably, even concentrations as low as 100
nM already produced robust (>3-fold) TALK-2 channel activa-
tion (Fig. S3 A), consistent with the high maximal effect
(i.e., >90-fold activation) at saturating concentrations (Fig. S3
B). Furthermore, the potency to activate TALK-2 channels neg-
atively correlated with the number of LC-CoA double bonds
present in fatty acids of 18–carbon atom chain length, with the
saturated stearic acid being the most potent LC-CoA (Fig. 3, B
and D). Moreover, for saturated fatty acids, the strongest acti-
vation was observed for stearyl-CoA, with shorter palmityl-CoA
and longer docosanoyl-CoA being less potent (Fig. 3, C and D;
and Table S3). These results (except the activity drop for doco-
sanoyl-CoA) are qualitatively consistent with the notion that
increasing acyl-chain length or reducing the number of double
bonds is expected to promote LC-CoA membrane incorporation
and thus would result in higher effective concentrations in the
membrane fromwhence channel interactions are likely to occur.
The drop of potency for docosanoyl-CoA (compared with stea-
ryl-CoA) apparently conflicts with this simple concept, sug-
gesting that possibly specific interactions of the fatty acid chain
with the TALK-2 channel or changes in bilayer properties might
also be important.

Location of the PIP2 inhibition gate in TASK-1 and TASK-3
Here, we report the inhibition of TASK-2, TASK-1, TASK-3,
TWIK-1*, and TRESK by the polyanionic lipids PIP2 and oleoyl-
CoA. This raises the question of the nature of the inhibition gate.

Interestingly, TASK-1 and TASK-3 have previously been shown
to be inhibited by DAG, and a region named the halothane re-
sponse element in the distal TM4 segment was identified to be
critical (Talley and Bayliss, 2002; Wilke et al., 2014). Moreover,
in TASK-1, a gate at the halothane response element has recently
been crystallographically identified and named the “X-gate”
(Rödström et al., 2020). This X-gate forms a permeation-
blocking pore constriction at the contact points of the TM4
helices, located halfway between the SF gate and the cytoplasmic
pore entrance. Mutations within the lower X-gate (e.g., L244A
and R245A; Fig. 4 D) have been shown to disturb channel clo-
sure, resulting in channels with a higher relative open proba-
bility (Rödström et al., 2020). Notably, we found that the
mutations L244A and R245A completely abolished PIP2 inhibi-
tion in TASK-1 and TASK-3 channels (Fig. 4, A–C; and Table S4),
suggesting that PIP2 induces closure of the X-gate similarly
to DAG.

In the pH-sensitive TASK-2 channel, a lower gate at a location
similar to the X-gate in TASK-1 has been identified recently in
cryo-EM structures obtained at different pH (Li et al., 2020).
This work identified a lysine residue (i.e., K245) within the
lower gate as a pH-sensing residue and also as a critical com-
ponent of the lower gate itself. However, mutation of this lysine
to alanine (K245A) had no obvious effect on PIP2 inhibition in
TASK-2 (Fig. 4, C and D; Fig. S2 J). This suggests either that PIP2
inhibition is mediated via a different gate (e.g., the SF) or that
K245 is not critical for mediating PIP2 inhibition via the lower
gate in contrast to pH inhibition.

Discussion
Our comprehensive screen established K2P channels as a family
of K+ channels highly sensitive to polyanionic membrane lipids
such as PIP2 and oleoyl-CoA. Furthermore, depending on the
particular K2P subfamily, polyanionic lipids either produced
activation (TREK, TALK, and THIK subfamilies) or inhibition
(TASK, TWIK, and TRESK subfamilies). The responses evoked in
a particular subfamily produced by PIP2 and oleoyl-CoA were
similar, with three exceptions: (1) TWIK-1* and (2) TRESK were
PIP2 insensitive but were inhibited by oleoyl-CoA, and (3)
TASK-1 was inhibited by PIP2 but was oleoyl-CoA insensitive
(Fig. 5 B).

Physiological implications of the PIP2 regulation in
K2P channels
In the Kir channel family, most if not all members are thought
to require PIP2 as a mandatory ligand to be functional (Huang
et al., 1998; Logothetis et al., 2007; Fürst et al., 2014). For K2P

channels, not all members are activated by PIP2, and thus PIP2
can be considered a modulatory agent rather than a manda-
tory ligand. Accordingly, G protein–coupled receptor (GPCR;
i.e., P2Y2) activation of PLC produced strong inhibition of
TREK-1 activity (i.e., activity is no longer detectable) in
HEK293 cells; however, subsequent activating stimuli (e.g.,
temperature increase) still produced robust activation (Fig.
S1 K), indicating that PIP2 is not strictly required for chan-
nel activity.
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Activation of TREK-1 channels by PIP2 has been reported
previously (Chemin et al, 2005, 2007; Soussia et al, 2018) as well
as split responses with PIP2 causing activation and inhibition
(Chemin et al, 2007). Furthermore, in liposomes, PIP2 caused
inhibition of TREK-1 K+ flux in the presence of PG, suggesting
that PIP2 might cause inhibition by competitive displacement of
the strongly activatory lipids such as PG or PA (Cabanos et al.,
2017). However, in our hands, inhibition of TREK-1/-2 channels
was never observed in the Xenopus oocyte expression system.
Resolving these discrepancies is difficult; however, possibly
TREK-1/-2 might be liganded by strongly activatory lipids such
as PA or PG to various degrees in cells, and then their compet-
itive displacement by PIP2 might result in channel inhibition
(assuming PIP2 is a less potent activator than the displaced
lipid). Thus, the variable outcomes might be related to the
actual lipid microenvironment or to the lipid ligandation sit-
uation at which PIP2 is added to the TREK-1 channel. Also, the
interaction of TREK-1 with PLD2 (producing PA) might differ
in cells. Notably, TRAAK channels do not interact with PLD2
(Comoglio et al., 2014), and PIP2 inhibition has not been re-
ported. Here, we report that TRAAK channels exhibited the
strongest PIP2 response of all K2P channels, with a >110-fold
increase in channel activity. The physiological relevance of
this PIP2 regulation is currently unexplored but warrants
further investigation in native preparations such as neurons
that strongly express TRAAK channels (Brohawn et al., 2019;
Kanda et al., 2019).

A notable finding of this work is the strong activation of
THIK-1 channels by PIP2 (Fig. 1, A and B). Despite its expression
in many regions of the central nervous system, the specific role
of THIK-1 channels is currently unknown, with the exception of
microglial cells, where THIK-1 activation was shown to be in-
volved in microglial immune surveillance and inflammatory
cytokine release (Madry et al., 2018). Interestingly, PIP2 pro-
duction in microglia has been reported to play a key role in
immune response signaling (Nguyen et al., 2017; Desale and

Chinnathambi, 2021) and thus possibly involves PIP2 activa-
tion of THIK-1.

We report here the inhibition of TASK-1 and TASK-3 chan-
nels by PIP2. The involvement of the PIP2 metabolism in the
regulation of TASK-1 and TASK-3 has been intensively studied
before, and it is currently assumed that GPCR-mediated release
of DAG directly inhibits these channels, while the breakdown of
PIP2 appears not to be critical (Bista et al., 2015). Thus, the ac-
tivation of TASK-1 and TASK-3 via membrane PIP2 depletion
(i.e., release of PIP2 inhibition by, e.g., PLC activation) may not
be of physiological relevance. However, inhibition of TASK-1 or
TASK-3 via a local or global production of PIP2 still could be a
regulatory mechanism.

TASK-2 channels have previously been reported to be
activated by the short-chain PIP2 derivative dioctanoyl-PIP2
(Niemeyer et al., 2017) which apparently contradicts the here
reported inhibition of TASK-2 by application of the native
(i.e., long-chain) PI(4,5)P2. However, we found that the PIP2
effect is clearly concentration dependent, with lower PIP2
concentrations supporting TASK-2 activity consistent with the
reactivation of rundown of TASK-2 channel currents. Longer
PIP2 applications as well as application on patches lacking current
rundown produced robust and reliable inhibition. These findings
might indicate that distinct regulatory PIP2 sites exist in TASK-
2 channels (i.e., a “higher” affinity activatory PIP2 site and a
“lower” affinity inhibitory PIP2 site). Accordingly, at higher PIP2
concentration, the inhibitory site dominates, causing inhibition
in TASK-2 (as seen with TASK-1 and TASK-3), whereas lower
PIP2 concentration supports TASK-2 activity via the higher-
affinity activatory site. However, these are rather speculative
assumptions that clearly need further investigation.

It should also be pointed out that we provide only qualitative
information on the effects of PIP2 on the various channels and
have not demonstrated direct channel PIP2 interaction. Ac-
cordingly, we cannot rule out the possibility that PIP2 might
have affected the investigated K2P channels also via indirect

Figure 5. Subtype-specific regulation of K2P channels by polyanionic lipids. (A) Gating cartoon depicting cross-sectional sketches of K2P channels in-
dicating the assumed locations of the gates regulated by polyanionic lipids (i.e., PIP2 and oleoyl-CoA). In TREK-1, TREK-2, and TRAAK channels, the gate is
located at the SF and opened by polyanionic lipids. In TASK-1 and TASK-3, the gate is located below the SF (lower gate/X-gate) and closed by polyanionic lipids.
Note that the cartoon does not intend to indicate specific binding sites of the lipids. (B)Overview of the subtype-specific lipid effects in K2P channels: dark blue
box, activation; red box, inhibition; light blue box, insensitivity to the lipids with (1) PIP2 and (2) oleoyl-CoA. The gray box indicates that the respective lipid
effect was not determined (n. d.) to be caused by low functional channel expression.
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mechanisms such as (1) changes in bilayer properties, (2)
binding to accessory proteins, or (3) lipid metabolites (e.g., PA,
DAG, arachidonic acid [AA]) produced by enzymes contained in
an excised patch and initiated by the addition of PIP2. For in-
stance, PIP2 is known to activate PLD2 (Bowling et al., 2020),
which would indirectly activate TREK-1 through PA or PG
production.

Physiological implications of the LC-CoA regulation in
K2P channels
LC-CoA represents ubiquitous cellular products of the fatty acid
metabolism as fatty acids bound to CoA before they can be taken
up by mitochondria for β-oxidation. Our study revealed the
regulation of many K2P channels by oleoyl-CoA. LC-CoA has
previously been reported tomodulate several members of the Kir

channel family (Larsson et al., 1996; Rohács et al., 2003;
Rapedius et al., 2005; Shumilina et al., 2006; Tucker and
Baukrowitz, 2008). KATP channels are thereby strongly acti-
vated, while most other Kir channels are inhibited, likely be-
cause LC-CoA competes with PIP2 for binding but lacks its
activatory effect (competitive antagonism; Shumilina et al.,
2006). Such competitive antagonism, however, is unlikely to
cause the here reported inhibition in TASK-2, TASK-1, TASK-3,
TWIK, and TRESK channels because these channels were not
activated by PIP2. However, in the PIP2-activated channels (e.g.,
TREK-1), oleoyl-CoA likely interacts with the same sites as PIP2
because the degree of oleoyl-CoA and PIP2 activation is corre-
lated in most K2P channels.

The role of LC-CoA activation of KATP channels has been
implicated in the mechanism of insulin secretion in pancreatic β
cells, in fatty acid sensing in hypothalamic neurons, and
in protection of cardiac myocytes under ischemic condition
(Corkey et al., 2000; Liu et al., 2001; Tarasov et al., 2004; Le Foll
et al., 2009; Rorsman and Ashcroft, 2018). These situations have
in common that they cause an accumulation of LC-CoA in the
cytoplasm, which potentially could also modulate the activity of
the K2P channels present in the respective tissues.

TALK-2 and TREK-1 channels are expressed in atrial as well
as ventricular myocytes in the heart (Decher et al., 2001; Tan
et al., 2004; Decher et al., 2017a). These channels are highly
sensitive to LC-CoA as oleoyl-CoA caused a >15-fold activation
(Fig. 2, A and B; Fig. S1, A and E). Therefore, activation of TALK-
2 and TREK-1 channels under ischemic conditions may have
cardioprotective effects in ventricular myocytes by shortening
of action potential and concomitant reduction in Ca2+ loading
(similar to KATP channels). However, this ischemic activation of
TALK-2 and TREK-1 in the atrium causing action potential
shortening could also potentially be arrhythmogenic.

It is noteworthy that TALK-2 (together with TALK-1) is ex-
pressed in pancreatic β-cells, but its physiological role is cur-
rently unknown (Duprat et al., 2005; Rorsman and Ashcroft,
2018; Graff et al., 2021). Thus, the accumulation of LC-CoA un-
der conditions of hyperlipidemia and hyperglycemia could
contribute to the known insulin secretion defects under these
conditions because K+ channel activation is expected to antag-
onize insulin secretion. Notably, the sensitivity of TALK-2 to
oleoyl-CoA is higher than that of KATP channels because 10 nM

oleoyl-CoA produced only little activation in KATP channels,
whereas we report here robust activation for TALK-2 with this
concentration (Larsson et al., 1996). Currently, rather little is
known about the free concentrations of LC-CoA in cells, but
calculations suggest a concentration in the range of 0.1 to 200
nM (Knudsen et al., 2000). Thus, our screening concentration of
oleoyl-CoA (10 µM) is certainly very high, and more work is
required to demonstrate the physiological relevance of the LC-
CoA regulation in K2P channels.

Structural insights into the mechanism of polyanionic
lipid regulation
Based on crystallographic and functional data, it has been pro-
posed that K2P channels are regulated primarily via a highly
dynamic SF gate located at the extracellular pore entrance
(Bagriantsev et al., 2011; Piechotta et al., 2011; Bagriantsev et al.,
2012; Schewe et al., 2016; Schewe et al., 2019) or via lipid binding
below the SF blocking ion permeation (Brohawn et al., 2014).
However, more recent structural studies revealed constriction
sites in the ion permeation pathway below the SF in TASK-2 and
TASK-1 channels (Li et al., 2020; Rödström et al., 2020). This
raises the question of which of the two possible gating structures
is relevant in the context of the here reported polyanionic lipid
regulation in these channels (Fig. 5 A). In the TREK subfamily,
the PIP2/LC-CoA activation gate is likely the SF because lipid
activation causes the transition of the voltage-dependent ion
flux gating mode of the SF into the leak mode displaying a linear
I-V (Fig. 2 B; Fig. 5 A; Fig. S1, A–C; Fig. S2, A and B; Schewe et al.,
2016). However, THIK-1 channels display comparably little
voltage gating, and thus the principal role of the SF gate is un-
resolved, and further experiments are required to determine the
location of the PIP2/LC-CoA activation gate. Likewise, the
structural mechanism of TRESK channel inhibition by LC-CoA
requires further investigation.

For TASK-1 and TASK-3 channels, our experiments suggest
that inhibition by PIP2 and LC-CoA involves the lower X-gate
crystallographically identified in TASK-1 channels (and assumed
for TASK-3 channels), as the published mutations within this
region also abolished PIP2 inhibition in both channels. However,
the location of the PIP2/LC-CoA binding sites, as well as the
possible overlap with the still unknown inhibitory DAG binding
site, will require further investigation. In TASK-2 channels, a
lower gate mediating pH inhibition was recently identified in
cryo-EM structures at a location similar to the X-gate in TASK-
1 (Li et al., 2020). Although its involvement in PIP2/LC-CoA
inhibition seems reasonable, mutation of a critical residue at
the intracellular pH gate did not affect PIP2 inhibition (Fig. 4 C
and Fig. S1 J). Thus, additional studies are required to clarify
the structural mechanisms of polyanionic lipid inhibition in
TASK-2.

Conclusions
This work establishes common polyanionic cellular lipids such
as PIP2 and LC-CoA as regulators of channel activity for all 12
functionally expressing mammalian K2P channels. We provide
first insights into the location of the PIP2/LC-CoA inhibition gate
in TASK-1 and TASK-3, but substantially more work is required
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to disclose the lipid binding sites in the various K2P channels as
well as the structural mechanism underlying the polyanionic
lipid regulation. Finally, investigation of the relevant signal
transduction pathways in native preparations is required to
demonstrate the physiological relevance of linking K2P channel
activity to the complex metabolisms of phosphoinositides and
fatty acids in the various tissues and cell types expressing K2P

channels.

Data availability
The data supporting the findings of this study are available from
the corresponding authors upon reasonable request.
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Blondeau, N. Voilley, C. Rubat-Coudert, et al. 2006. TREK-1, a K+

channel involved in polymodal pain perception. EMBO J. 25:2368–2376.
https://doi.org/10.1038/sj.emboj.7601116

Andres-Enguix, I., L. Shang, P.J. Stansfeld, J.M. Morahan, M.S. Sansom, R.G.
Lafrenière, B. Roy, L.R. Griffiths, G.A. Rouleau, G.C. Ebers, et al. 2012.
Functional analysis of missense variants in the TRESK (KCNK18) K
channel. Sci. Rep. 2:237. https://doi.org/10.1038/srep00237

Antigny, F., A. Hautefort, J. Meloche, M. Belacel-Ouari, B. Manoury, C.
Rucker-Martin, C. Péchoux, F. Potus, V. Nadeau, E. Tremblay, et al.
2016. Potassium channel subfamily Kmember 3 (KCNK3) contributes to
the development of pulmonary arterial hypertension. Circulation. 133:
1371–1385. https://doi.org/10.1161/CIRCULATIONAHA.115.020951

Ashmole, I., P.A. Goodwin, and P.R. Stanfield. 2001. TASK-5, a novel member
of the tandem pore K+ channel family. Pflugers Arch. 442:828–833.
https://doi.org/10.1007/s004240100620

Bagriantsev, S.N., R. Peyronnet, K.A. Clark, E. Honoré, and D.L. Minor Jr.
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M. Germain, D.A. Trégouët, A. Borczuk, E.B. Rosenzweig, et al. 2013. A
novel channelopathy in pulmonary arterial hypertension. N. Engl.
J. Med. 369:351–361. https://doi.org/10.1056/NEJMoa1211097

Madry, C., V. Kyrargyri, I.L. Arancibia-Cárcamo, R. Jolivet, S. Kohsaka, R.M.
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chano- or acid stimulation, two interactive modes of activation of the
TREK-1 potassium channel. J. Biol. Chem. 274:26691–26696. https://doi
.org/10.1074/jbc.274.38.26691

Maingret, F., I. Lauritzen, A.J. Patel, C. Heurteaux, R. Reyes, F. Lesage, M.
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Phosphatidylinositol (4,5)-bisphosphate dynamically regulates the K2P

background K+ channel TASK-2. Sci. Rep. 7:45407. https://doi.org/10
.1038/srep45407

Niu, Y., X. Tao, K.K. Touhara, and R. MacKinnon. 2020. Cryo-EM analysis of
PIP2 regulation in mammalian GIRK channels. eLife. 9:e60552. https://
doi.org/10.7554/eLife.60552

Oliver, D., C.C. Lien, M. Soom, T. Baukrowitz, P. Jonas, and B. Fakler. 2004.
Functional conversion between A-type and delayed rectifier K+ chan-
nels by membrane lipids. Science. 304:265–270. https://doi.org/10.1126/
science.1094113

Riel et al. Journal of General Physiology 11 of 12

Anionic lipid regulation of K2P channels https://doi.org/10.1085/jgp.202112989

https://doi.org/10.1113/jphysiol.2004.071266
https://doi.org/10.1113/jphysiol.2004.071266
https://doi.org/10.1523/JNEUROSCI.1351-17.2017
https://doi.org/10.1523/JNEUROSCI.1351-17.2017
https://doi.org/10.1152/physrev.00029.2009
https://doi.org/10.1152/physrev.00029.2009
https://doi.org/10.1016/j.cell.2007.06.012
https://doi.org/10.1074/jbc.M109.078535
https://doi.org/10.3389/fphys.2013.00404
https://doi.org/10.3389/fphys.2013.00404
https://doi.org/10.1038/nrn2257
https://doi.org/10.1038/nrn2257
https://doi.org/10.1007/s12035-018-1244-0
https://doi.org/10.1007/s12035-018-1244-0
https://doi.org/10.1172/jci.insight.138057
https://doi.org/10.1038/nature10370
https://doi.org/10.1038/nn1749
https://doi.org/10.1038/nn1749
https://doi.org/10.1126/stke.2001.111.re19
https://doi.org/10.1016/j.neuron.2004.09.020
https://doi.org/10.1016/j.neuron.2004.09.020
https://doi.org/10.1093/emboj/cdf288
https://doi.org/10.1038/35882
https://doi.org/10.1016/j.neuron.2019.08.042
https://doi.org/10.1016/j.neuron.2019.08.042
https://doi.org/10.1093/jn/130.2.294S
https://doi.org/10.1093/jn/130.2.294S
https://doi.org/10.1085/jgp.201210806
https://doi.org/10.1085/jgp.201210806
https://doi.org/10.1038/nm.2216
https://doi.org/10.1038/nm.2216
https://doi.org/10.1074/jbc.271.18.10623
https://doi.org/10.1152/ajpregu.00223.2009
https://doi.org/10.1038/s41586-020-2770-2
https://doi.org/10.1016/j.yjmcc.2013.12.014
https://doi.org/10.1161/hh0901.089881
https://doi.org/10.1007/s00424-007-0276-5
https://doi.org/10.1113/jphysiol.2004.081935
https://doi.org/10.1056/NEJMoa1211097
https://doi.org/10.1016/j.neuron.2017.12.002
https://doi.org/10.1016/j.neuron.2017.12.002
https://doi.org/10.1074/jbc.274.38.26691
https://doi.org/10.1074/jbc.274.38.26691
https://doi.org/10.1093/emboj/19.11.2483
https://doi.org/10.1093/emboj/19.11.2483
https://doi.org/10.1074/jbc.275.14.10128
https://doi.org/10.1074/jbc.275.14.10128
https://doi.org/10.1006/bbrc.2002.6674
https://doi.org/10.1006/bbrc.2002.6674
https://doi.org/10.1007/s00424-002-0901-2
https://doi.org/10.1007/s00424-002-0901-2
https://doi.org/10.1074/jbc.RA119.010612
https://doi.org/10.1016/j.cellsig.2017.07.009
https://doi.org/10.1016/j.cellsig.2017.07.009
https://doi.org/10.1074/jbc.M110.107060
https://doi.org/10.1038/srep45407
https://doi.org/10.1038/srep45407
https://doi.org/10.7554/eLife.60552
https://doi.org/10.7554/eLife.60552
https://doi.org/10.1126/science.1094113
https://doi.org/10.1126/science.1094113
https://doi.org/10.1085/jgp.202112989


Olschewski, A., Y. Li, B. Tang, J. Hanze, B. Eul, R.M. Bohle, J. Wilhelm, R.E.
Morty, M.E. Brau, E.K. Weir, et al. 2006. Impact of TASK-1 in human
pulmonary artery smooth muscle cells. Circ. Res. 98:1072–1080. https://
doi.org/10.1161/01.RES.0000219677.12988.e9

Pian, P., A. Bucchi, R.B. Robinson, and S.A. Siegelbaum. 2006. Regulation of
gating and rundown of HCN hyperpolarization-activated channels by
exogenous and endogenous PIP2. J. Gen. Physiol. 128:593–604. https://
doi.org/10.1085/jgp.200609648

Piechotta, P.L., M. Rapedius, P.J. Stansfeld, M.K. Bollepalli, G. Ehrlich, I.
Andres-Enguix, H. Fritzenschaft, N. Decher, M.S. Sansom, S.J. Tucker,
and T. Baukrowitz. 2011. The pore structure and gating mechanism of
K2P channels. EMBO J. 30:3607–3619. https://doi.org/10.1038/emboj
.2011.268

Plant, L.D., S. Rajan, and S.A. Goldstein. 2005. K2P channels and their protein
partners. Curr. Opin. Neurobiol. 15:326–333. https://doi.org/10.1016/j
.conb.2005.05.008

Plant, L.D., I.S. Dementieva, A. Kollewe, S. Olikara, J.D. Marks, and S.A.
Goldstein. 2010. One SUMO is sufficient to silence the dimeric potas-
sium channel K2P1. Proc. Natl. Acad. Sci. USA. 107:10743–10748. https://
doi.org/10.1073/pnas.1004712107

Qin, F. 2007. Regulation of TRP ion channels by phosphatidylinositol-4,5-
bisphosphate. Handb. Exp. Pharmacol. 179:509–525. https://doi.org/10
.1007/978-3-540-34891-7_30

Rajan, S., E. Wischmeyer, G. Xin Liu, R. Preisig-Müller, J. Daut, A. Karschin,
and C. Derst. 2000. TASK-3, a novel tandem pore domain acid-sensitive
K+ channel. An extracellular histiding as pH sensor. J. Biol. Chem. 275:
16650–16657. https://doi.org/10.1074/jbc.M000030200

Rajan, S., L.D. Plant, M.L. Rabin, M.H. Butler, and S.A. Goldstein. 2005. Su-
moylation silences the plasma membrane leak K+ channel K2P1. Cell.
121:37–47. https://doi.org/10.1016/j.cell.2005.01.019

Rapedius, M., M. Soom, E. Shumilina, D. Schulze, R. Schönherr, C. Kirsch, F.
Lang, S.J. Tucker, and T. Baukrowitz. 2005. Long chain CoA esters as
competitive antagonists of phosphatidylinositol 4,5-bisphosphate acti-
vation in Kir channels. J. Biol. Chem. 280:30760–30767. https://doi.org/
10.1074/jbc.M503503200

Rodriguez, N., M.Y. Amarouch, J. Montnach, J. Piron, A.J. Labro, F. Char-
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Supplemental material

Figure S1. Representative traces of the PIP2 regulation of K2P channels and PLC-mediated inhibition of TREK-1 channels. (A–J) Representative current
traces (right) and analyzed currents at +40mV plotted over time (left) of PIP2-activated (blue) TREK-1 (A), TREK-2 (B), TRAAK (C), TALK-1 (D), TALK-2 (E), THIK-
2*- and PIP2-inhibited (orange) TASK-3 (G), and TASK-2 K245A (J) K2P channels. TWIK-1* (F) and TRESK (I) are not affected by PIP2. Currents were measured in
voltage ramps between −80 and +80 mV in excised inside-out patches of Xenopus oocytes using K+ or Rb+ (red) bath solutions and in the presence of 10 µM
PIP2 or DMSO (1%) added to the standard K+ solution. (K) Representative traces of TREK-1 currents in whole-cell experiments using HEK293 cells measured in
voltage ramps between −100 and +60 mV and analyzed at 0 mV. Measurements were performed in control solution and in the presence of 20 µM of the PLC
activator m-3M3FBS. Additionally, the temperature was increased to 37°C (red) and subsequently decreased (blue) to room temperature of 21°C (blue).
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Four tables are provided online. Table S1, Table S2, Table S3, and Table S4 contain the numerical data points depicted graphically in
Fig. 1 A, Fig. 2 A, Fig. 3 D, and Fig. 4 C, respectively.

Figure S2. Oleoyl-CoA regulation of K2P channels. (A–H) Representative current traces (right) and analyzed currents at +40 mV plotted over time (left) of
oleoyl-CoA–activated (light blue) TREK-1 (A), TREK-2 (B), TALK-1 (C), TASK-1 (D), THIK-1 (F), and THIK-2* (G) and oleoyl-CoA–inhibited (brown) TASK-3 (E) and
TRESK (H) K2P channels. Currents were measured in voltage ramps between −80 and +80 mV in excised inside-out patches of Xenopus oocytes using K+ or Rb+

(red) bath solutions and in the presence of 10 µM PIP2 or 5 mg ml−1 BSA (pink) added to the standard K+ solution.

Figure S3. Oleoyl-CoA activation of TALK-2 K2P channels. (A and B) Representative current traces (left) and analyzed currents at +80 mV plotted over time
(right) of TALK-2 channels measured in voltage ramps between −80 and +80 mV in excised inside-out patches of Xenopus oocytes using K+ or Rb+ (red) bath
solutions and in the presence of 0.1 µM (A), 1 µM, 3 µM, 5 µM, 10 µM, and 30 µM (B) oleoyl-CoA or 5 mg ml−1 BSA for washout.
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