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Abstract 

Two-pore	 domain	 (K2P)	 potassium	 channels	 are	 active	 as	 dimers.	 They	 produce	 inhibitory	

currents	 regulated	 by	 a	 variety	 of	 stimuli.	 Among	 them,	 TALK1,	 TALK2	 and	 TASK2	 form	 a	

subfamily	 of	 structurally	 related	 K2P	 channels	 stimulated	 by	 extracellular	 alkalosis.	 The	

human	 genes	 encoding	 them	 are	 clustered	 on	 chromosomal	 region	 6p21.	 They	 are	

expressed	in	different	tissues	including	the	pancreas.	By	analyzing	single	cell	transcriptomic	

data,	we	show	that	 these	channels	are	co-expressed	 in	 insulin-secreting	pancreatic	β	 cells.	

By	different	approaches	we	show	that	they	form	functional	heterodimers.	Heteromerization	

of	TALK2	with	TALK1	or	with	TASK2	endorses	TALK2	with	sensitivity	to	extracellular	alkalosis	

in	 the	physiological	 range.	The	association	of	TASK2	with	TALK1	and	TALK2	 increases	 their	

unitary	 conductance.	 These	 results	 provide	 a	 new	example	 of	 heteromerization	 in	 the	 K2P	

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 8, 2021. ; https://doi.org/10.1101/2021.11.08.467666doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.08.467666


channel	 family	expanding	 the	 range	of	 their	potential	physiological	and	pathophysiological	

roles.		

Introduction 

Two-pore	 domain	 K+	 channels	 (K2P	 channels)	 produce	 inhibitory	 background	 potassium	

currents	 regulated	 by	 a	 variety	 of	 chemical	 and	 physical	 stimuli	 (1-3).	 They	 are	 active	 as	

dimers	 of	 subunits,	with	 each	 subunit	 containing	 4	membrane-spanning	 segments	 (M1	 to	

M4)	 and	 2	 pore-domains	 (P1	 and	 P2).	 Their	 N-	 and	 the	 C-termini	 are	 intracellular.	 The	

TWIK1-related	 alkalinization-activated	 K+	 channel	 1	 (TALK1),	 TWIK1-related	 alkalinization-

activated	K+	channel	2	(TALK2)	and	TWIK1-related	acid-sensitive	K+	channel	2	(TASK2)	form	a	

subgroup	of	 structurally	 and	 functionally	 related	K2P	 channels	 (Fig.	 1A).	 TALK1	 shares	 44%	

sequence	 identity	with	 TALK2	 and	39%	with	 TASK2,	whereas	 TALK2	 and	TASK2	 share	37%	

sequence	identity	(4,5)	(Fig.	1A).	They	produce	K+	currents	that	share	the	particularity	to	be	

stimulated	by	alkalinization	of	the	extracellular	medium	(4-6).	They	are	also	activated	by	NO	

and	ROS	and	intracellular	pH	(6).	Recent	research	suggests	a	regulatory	function	of	TALK1	for	

glucose-dependent	β-cell	 second-phase	 insulin	and	δ-cell	 somatostatin	secretion	 (7,8).	The	

role	of	TALK1	in	glucose-stimulated	insulin	secretion	(GSIS)	 is	further	supported	by	the	fact	

that	 islet	 β-cells	 from	 TALK1	 knockout	 (KO)	 mice	 exhibit	 increased	 Vm	 depolarization,	

augmented	 Ca2+	 influx,	 and	 elevated	 second	 phase	 GSIS	 (7).	 In	 human,	 the	 TALK1	

polymorphism	rs1535500,	which	results	in	a	gain-of-function	(A277E),	has	been	linked	to	an	

increased	risk	of	type	2	diabetes	(9,10).	More	recently,	another	gain-of-function	mutation	in	

TALK1	(L114P)	was	identified	in	a	family	with	maturity-onset	diabetes	of	the	young	(MODY).	

Both	 mutations	 resulted	 in	 reduced	 GSIS	 due	 to	 impaired	 intracellular	 Ca2+	 homeostasis	

(7,11).	 Very	 little	 is	 known	 about	 the	 physiological	 function	 of	 TALK2,	 as	 this	 channel	 is	

absent	 in	 mice.	 A	 gain-of-function	 mutation	 in	 TALK2	 (G88R)	 was	 described	 in	 a	 human	

patient	with	another	mutation	in	a	sodium	channel	gene	(SCNA5)	with	a	cardiac	phenotype	

suggesting	that	TALK2	may	act	as	a	modifier	of	cardiac	arrhythmia	(12).	In	contrast	to	TALK2,	

TASK2	channel	has	been	implicated	in	several	functions	mostly	in	brain	and	kidneys.	TASK2	is	

involved	 in	 central	 oxygen	 chemoreception	 (13),	 cell	 volume	 regulation	 and	 bicarbonate	

reabsorption	 in	 the	 kidney	 (14,15).	 A	 loss-of-function	 mutation	 (T180P)	 with	 dominant-
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negative	effect	on	wild-type	TASK2	has	been	reported	with	higher	frequency	among	patients	

predisposed	to	Balkan	Endemic	Nephropathy	(BEN),	a	chronic	kidney	disease	(16,17).	

Heterodimerization	 between	 pore-forming	 subunits	 occurs	 within	 the	 K2P	 channel	 family	

(see	 (18)	 for	 recent	 review).	 Heterodimeric	 channels	 often	 exhibit	 unique	

electrophysiological	 and	 pharmacological	 properties	 compared	 to	 the	 corresponding	

homodimers.	 By	 mixing	 and	 matching	 subunits,	 heteromerization	 increases	 functional	

diversity	 and	 contributes	 to	 pharmacological	 heterogeneity	 in	 the	 K2P	 channel	 family.	 The	

first	 demonstration	 of	 heteromerization	 was	 between	 TASK1	 and	 TASK3	 (19).	 Then	 the	

following	 heterodimers	 were	 reported:	 THIK1/THIK2,	 TREK1/TREK2,	 TREK1/TRAAK	 and	

TREK2/TRAAK	 (20-23).	 Heterodimers	 between	 members	 of	 different	 subgroups	 of	 K2P	

channels	 have	 also	 been	 described:	 TWIK1/TASK1	 or	 3,	 TWIK1/TREK1	 or	 2,	 TASK1/TALK2,	

TRESK/TREK1,2	 (24-29).	 Although	 some	 of	 these	 intergroup	 heterodimers	 have	 been	

confirmed	 by	 independent	 studies,	 others	 remain	 unclear	 as	 they	 were	 not	 detected	 by	

other	studies	(18).			

The	genes	encoding	TALK1	(KCNK16),	TALK2	(KCNK17)	and	TASK2	(KCNK5)	are	located	in	the	

same	chromosomal	region	(6p21),	KCNK16	being	separated	from	KCNK17	by	less	than	1	kb	

(4).	 This	 genetic	 clustering	 suggests	 that	 their	 transcription	 may	 be	 coordinated	 (at	 least	

partially),	 and	 that	 these	 channel	 subunits	may	 associate	 to	 form	heterodimeric	 channels.	

TALK1	 is	 expressed	 in	 pancreatic	 cells	 and	 gastric	 somatostatin	 cells	 (6,8).	 Low	 signal	

expression	 was	 also	 detected	 in	 the	 small	 intestine	 and	 stomach	 (30).	 TALK1,	 TALK2	 and	

TASK2	are	all	expressed	 in	 the	pancreas.	Unlike	TALK1,	TALK2	and	TASK2	are	expressed	 in	

other	tissues.	TALK2	is	present	in	placenta,	lung,	liver,	small	intestine,	heart	and	aorta	and,	

to	a	lesser	extent	in	the	brain	(31,32).	TASK2	is	abundant	in	the	kidney,	salivary	glands,	colon	

and	 immune	T	cells.	 In	the	brain,	TASK2	expression	 is	restricted	to	specific	regions	such	as	

brainstem	nuclei,	hippocampus	and	cerebellum	(33-36).		

Here	we	reexamine	the	coexpression	of	TALK1,	TALK2	and	TASK2	at	the	single-cell	level	and	

provide	 evidence	 of	 a	 physical	 and	 functional	 interaction	 between	 these	 subunits.	 Their	

heteromerization	 produces	 channels	 with	 unique	 pH	 sensitivity	 and	 single-channel	

properties.	
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Results 

TALK1, TALK2 and TASK2 subunits are coexpressed in tissues and cells 

In	the	previous	studies	reporting	the	identification	and	characterization	of	the	TALK1,	TALK2	

and	 TASK2	 channels,	 their	 tissue	 distribution	 was	 analyzed	 by	 Northern	 blots	 or	 RT-PCR		

(4,5,8,30-36).	These	results	cannot	be	used	for	comparing	their	relative	expression	levels	in	

the	tissues	in	which	they	are	expressed,	as	the	experimental	conditions	(blots	and	probes	for	

Northern	 blot	 analysis,	 and	 cDNA	 templates	 and	 number	 of	 cycles	 for	 PCR)	were	 not	 the	

same.	 We	 reexamined	 the	 distribution	 of	 these	 channels	 by	 taking	 advantage	 of	 data	

collected	using	transcriptomics	that	allow	such	a	comparison,	in	tissues	but	also	in	cells.		

We	 first	analyzed	the	expression	of	TALK1,	TALK2	and	TASK2	 in	 the	EMBL	expression	atlas	

database	 (https://www.ebi.ac.uk/gxa/).	 The	 analysis	 of	 an	 RNA-seq	 dataset	 of	 53	 human	

tissues	from	the	Genotype-Tissue	Expression	(GTEx)	project	shows	that	TASK2	and	TALK2	are	

present	in	most	tissues	while	TALK1	has	a	more	restricted	distribution	in	pancreas,	stomach,	

testis	and	thyroid	gland	(Fig.	1B).	Some	tissues	preferentially	express	one	channel,	 such	as	

TALK2	 in	aorta	and	coronary	artery	or	TASK2	 in	 the	 liver,	ovary,	 colon	and	bladder.	 In	 the	

lung,	 TALK2	 and	 TASK2	 are	 expressed	 at	 the	 same	 level.	 Only	 the	 pancreas	 expresses	

significant	levels	of	the	three	channels	(Fig.	1B).	

Because	tissues	are	composed	of	different	cell	types	that	have	the	potential	to	express	these	

channels	at	different	levels,	we	next	analyzed	their	expression	in	the	major	cell	types	of	the	

pancreas.	 	 Data	 were	 extracted	 from	 a	 previous	 RNA-seq	 study	 that	 profiled	 human	

pancreatic	 cells	 using	 single-cell	 transcriptomics	 (37).	 We	 analyzed	 channel	 expression	 in	

endocrine	(α, β, γ, δ, ε)	and	exocrine	(acinar	and	ductal)	cells	(Fig.	1C).	All	cell	types	express	

TALK1,	TALK2	and	TASK2.	However,	TASK2	was	found	to	be	less	expressed,	relative	to	TALK1	

and	TALK2	expression,	than	expected	from	the	EMBL	expression	atlas	database	(Fig.	1B).	This	

may	be	due	to	the	expression	of	TASK2	in	another	pancreatic	cell	type	or	to	inter	individual	

variations	 between	 the	 samples	 analyzed	 in	 these	 two	 studies	 (variations	 related	 to	 age,	

gender	or	ethnicity).		

Because	RNA-seq	was	performed	at	the	single	cell	 level	(37),	we	were	then	able	to	analyze	

channel	 expression	 in	 individual	 cells	 of	 a	 given	 cell	 type.	 Figure	 1D	 shows	 the	 analysis	
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carried	out	for	insulin-secreting	β	cells.	TALK1	was	detected	in	80	out	of	the	99	cells	studied	

(Fig.	1D).	TALK2	was	detected	in	48	cells	and	TASK2	in	16	cells.	Interestingly,	both	TALK1	and	

TALK2	were	detected	 in	40	cells,	and	TALK1	and	TASK2	in	3	cells.	TALK1,	TALK2	and	TASK2	

were	co-	detected	in	1	cell	out	of	99	analyzed.	

Taken	 together	 these	 results	 show	 that	TALK1,	 TALK2	and	TASK2	have	overlapping	 tissues	

distribution,	and	that	they	can	be	co-expressed	at	the	cell	level	in	the	pancreatic	 β	cells.	This	

suggested,	 by	 inference	 with	 what	 we	 have	 previously	 shown	 for	 the	 TREK	 and	 THIK	

subfamilies,	that	TALK1,	TALK2	and	TASK2	could	associate	to	form	heterodimers.	

TALK subunits physically interact in mammalian cells 

A	 physical	 interaction	 between	 TALK1,	 TALK2	 and	 TASK2	 was	 first	 tested	 using	 in	 situ	

proximity	 ligation	 assay	 (PLA)	 in	 cultured	 mammalian	 cells	 (Fig.	 2A).	 This	 technique	 uses	

primary	 antibodies	 that	 bind	 to	 tags	 present	 on	 channel	 subunits.	 Primary	 antibodies	 are	

labeled	with	secondary	antibodies	containing	complementary	DNA	strands.	When	antibodies	

are	in	close	proximity	(30-40	nm	apart),	the	two	strands	hybridize,	enabling	subsequent	DNA	

amplification	by	PCR.	This	amplification	product	is	detected	as	a	red	fluorescent	signal.	Each	

pair	 of	 primary	 antibodies	was	 tested	 for	 specificity	 (Fig.	 2B).	 TALK1-FLAG	 subunit,	 cloned	

into	the	pIRES-EGFP	vector	for	green	fluorescence	coexpression,	was	expressed	with	TALK1-

HA	 or	 TALK1-V5	 for	 positive	 controls	 (formation	 of	 homodimers)	 and	 with	 the	 distantly	

related	K+	channel	 subunits	KV1.2-HA	or	KIR2.1-V5	 for	negative	controls.	The	percentage	of	

positive	 cells	 was	 calculated	 by	 determining	 the	 ratio	 of	 cells	 with	 a	 positive	 signal	 (red)	

among	the	hundreds	of	transfected	cells	(green),	from	3	to	7	independent	experiments	(Fig.	

2C).		

As	expected,	most	cells	showed	a	positive	PLA	signal	when	the	TALK1	homodimer	is	formed,	

i.e.	between	TALK1-FLAG	and	TALK1-HA	(88%)	or	TALK1-FLAG	and	TALK1-V5	(85%),	whereas	

less	 than	 3%	 of	 cells	were	 positives	when	 TALK1-FLAG	was	 coexpressed	with	 KV1.2-HA	 or	

KIR2.1-V5,	 demonstrating	 the	 absence	 of	 interaction	 (Fig.	 2B,	 C).	 The	 same	 difference	was	

observed	 when	 TALK1-FLAG	 was	 coexpressed	 with	 TALK2-HA	 (83%)	 or	 TASK2-V5	 (75%)	

compared	to	TREK1-V5	(4%),	TASK1-V5	(7%),	TRESK-HA	(9%)	or	TWIK2-V5	(8%)	(Fig.	2C,	D).	

These	results	show	that	TALK1	can	form	heterodimers	with	TALK2	and	TASK2	but	not	with	

members	of	other	K2P	channel	subfamilies.	
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A dominant negative TALK1 subunit decreases TALK2 and TASK2 currents in Xenopus 

oocytes 

To	confirm	the	interaction	between	TALK1,	TALK2	and	TASK2,	we	used	a	functional	method	

based	on	channel	poisoning	with	a	non-functional	subunit	in	Xenopus	oocytes	(Fig.	3A).	The	

same	dominant	negative	(DN)	strategy	was	used	to	demonstrate	heteromerization	 in	TREK	

and	 THIK	 K2P	 channel	 subfamilies	 (20,21).	 In	 TALK1,	 we	 replaced	 the	 glycine	 residue	 at	

position	 110	with	 a	 glutamate	 residue	 (G110E).	 This	mutation	 in	 the	 pore	 domain	 of	 the	

channel	 leads	 to	 a	 loss	 of	 function.	 As	 expected,	 TALK1-G110E	 produced	 no	 measurable	

current	 (0.4	µA	±	0.1	versus	2.2	µA	±	0.3	 for	TALK1,	at	+60	mV,	n=9).	To	 test	 its	effect	on	

TALK1,	 TALK1-G110E	 and	 TALK1	 cRNAs	 were	 injected	 in	 equal	 amount.	 Representative	

current	traces	(Fig.	3C)	and	normalized	mean	current	amplitudes	(Fig.	3B)	show	that	TALK1	is	

largely	 inhibited	by	 TALK1-G110E	 (0.3	µA	±	 0.07,	 n=12)	 confirming	 the	dominant	 negative	

action	of	TALK1-G110E,	renamed	TALK1DN.	

We	 next	 coexpressed	 TALK1DN	 with	 other	 K2P	 subunits.	 In	 oocytes,	 expression	 of	 TALK2,	

TASK2	 and	 TREK1	 produced	 currents	 as	 expected	 (Fig.	 3C).	 At	 +60	mV,	 the	mean	 current	

amplitudes	were	3.5	µA	±	0.6	(n=7),	7.2	µA	±	0.7	(n=7)	and	7.8	±	0.5	µA	(n=7),	respectively.	

Coexpression	 of	 TALK1DN	 with	 TALK2	 and	 TASK2	 caused	 a	 dramatic	 decrease	 in	 current	

amplitude	(Fig.	3C).	The	decrease	reached	87%	for	TALK2	and	94%	for	TASK2,	values	that	are	

comparable	to	the	effect	on	TALK1	(86%).	These	values	are	consistent	with	the	75%	decrease	

in	current	amplitude	expected	for	1:1	ratio	of	negative	dominant	to	functional	subunit	(Fig.	

3A).	 The	 inhibition	 of	 TREK1	 by	 TALK1DN	 is	 much	 more	 limited	 (30%),	 suggesting	 a	

competitive	 effect	 on	 protein	 expression	 rather	 than	 heteromerization	 (Fig.	 3B,	 C).	 Taken	

together,	 the	 results	 of	 this	 electrophysiological	 approach	 confirm	 the	 formation	 of	

heteromers	between	TALK1	and	TALK2	or	TASK2.		

	

TALK heterodimers exhibits unique pH sensitivity  

We	 then	 asked	 whether	 heteromerization	 between	 TALK1	 and	 TALK2	 or	 TASK2	 produces	

heteromeric	channels	with	distinct	properties.	An	important	characteristic	of	these	channels	

is	their	sensibility	to	the	extracellular	pH.	They	are	stimulated	by	alkalinization	in	the	range	
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of	 pH	 7.5-10	 (4,5,38).	 This	 sensitivity	 involves	 a	 pH	 sensor	 containing	 a	 titrable	 residue	

located	 in	 the	extracellular	P2-M4	 loop:	R242	 in	TALK1,	K242	 in	TALK2	and	R224	 in	TASK2	

(39-41)	 (Fig.	 4A).	 The	 substitution	 of	 this	 basic	 residue	 by	 a	 neutral	 residue	 confers	

insensitivity	 to	 alkalinization.	 To	 compare	 the	 pH	 sensitivity	 of	 TALK1,	 TALK2	 and	 TASK2	

under	 the	 same	 experimental	 conditions,	 they	 were	 expressed	 in	 Xenopus	 oocytes.	 The	

currents	 were	 measured	 at	 0	 mV,	 normalized	 to	 the	 currents	 measured	 at	 pH	 10,	 and	

plotted	 as	 a	 function	 of	 the	 extracellular	 pH	 (Fig.	 4B).	 	 As	 previously	 reported,	 each	

homodimeric	channel	has	a	unique	profile	of	sensitivity	to	external	pH,	that	is	different	from	

each	other	and	from	other	pH-sensitive	K2P	channels	including	TASK	and	TREK	channels	(38).	

TALK1	is	open	above	pH6	with	a	biphasic	pH-dependence	curve	(4,41).	pH-dependence	curve	

for	TASK2	is	shifted	to	more	alkaline	values	from	pH6	to	8	but	then	almost	superpose	with	

TALK1	second	phase	from	pH8	to	pH10	(Fig.	4B).	The	estimated	pK1/2	for	the	effect	of	pH	on	

TASK2	 is	 near	 8,	 close	 to	 the	 values	 reported	 in	 mammalian	 cells	 (5,41,42).	 The	 pH-

dependence	of	TALK2	is	significantly	different	from	that	of	TALK1	and	TASK2,	with	a	shift	to	

more	alkaline	values.	As	previously	reported	for	this	channel,	almost	no	current	is	detected	

at	physiological	pH,	then	the	current	starts	to	increase	sharply	from	pH	8	without	apparent	

saturation	at	pH	10	(4)	(Fig.	4B).		

To	study	the	pH-sensibility	of	heterodimeric	channels,	we	designed	cDNAs	for	the	expression	

of	tandem	chimeras	in	which	two	different	subunits	are	covalently	linked	through	the	C-ter	

of	 the	 first	 subunit	 and	 the	 N-ter	 of	 the	 second.	 This	 method	 allows	 access	 to	 currents	

produced	 by	 pure	 heterodimeric	 channels	 rather	 than	 by	 a	 mixture	 of	 homo-	 and	

heterodimers,	 as	 observed	 when	 the	 two	 subunits	 are	 expressed	 separately.	 For	 TASK1-

TASK3	tandems,	differences	in	electrophysiological	behavior	have	been	reported	depending	

on	the	order	of	the	two	subunits	in	the	chimeras	(43).	We	therefore	designed	and	expressed	

cDNAs	 for	 both	 Td-TALK1/TALK2	 and	 Td-TALK2/TALK1	 channels.	 For	 tandems	 containing	

TASK2,	 only	 Td-TASK2/TALK1	 and	 Td-TASK2/TALK2	 yielded	 measurable	 currents,	 as	 the	

tandems	with	the	opposite	orientation	(Td-TALK1/TASK2	and	Td-TALK2/TASK2)	produced	no	

current,	 suggesting	 that	 a	 physical	 constraint	 on	 the	 N-ter	 of	 TASK2	 could	 alter	 channel	

assembly	 and	 folding,	 or	 trafficking	 to	 the	 plasma	membrane.	 The	 pH-dependence	 of	 the	

functional	tandems	was	compared	with	the	pH-dependence	of	the	corresponding	homomers	

(Fig.	 4C).	 Td-TALK1-TALK2	 and	 Td-TALK2-TALK1	 show	 an	 intermediate	 pH-dependence	
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compared	 to	TALK1	and	TALK2.	The	heterodimeric	 channels	are	 inhibited	at	acidic	pH	and	

activated	at	basic	pH	with	a	dependence	curve	resembling	the	monophasic	one	of	TALK2	but	

shifted	to	more	acidic	values.	As	for	TALK2,	the	current	increase	is	not	saturating	even	under	

very	 basic	 conditions	 (pH	 10).	 For	 Td-TASK2/TALK1	 and	 Td-TASK2/TALK2,	 the	 pH-

dependence	 curves	 are	 very	 similar	 and	 overlap	 with	 the	 curve	 for	 TASK2	 (Fig.	 4C).	

Compared	with	TALK2	alone,	the	combination	of	TASK2	with	TALK2	results	in	more	current	

around	physiological	values.			

These	results	show	that	heteromerization	has	a	very	significant	effect	on	the	extracellular	pH	

sensitivity	of	the	TALK/TASK2	channels:	association	of	TALK1	with	TALK2,	or	of	one	of	these	

subunits	with	TASK2	produces	heterodimeric	channels	that	behave	like	TASK2.	

Single channel properties of the TALK tandems 

We	 next	 compared	 the	 single	 channel	 properties	 of	 homodimers	 and	 heterodimers	 in	

mammalian	cells.	Cell-attached	patch	recordings	from	HEK293	cells	expressing	TALK1,	TALK2	

and	 TASK2	 show	 typical	 single-channel	 openings	 (Fig.	 5).	 Under	 symmetric	 K+	 conditions	

(150	mM	KCl,	 pHo	7.4),	 TALK1	 is	 active	 over	 the	 entire	 range	of	membrane	potentials	 and	

shows	very	brief	openings.	The	mean	open	time	was	less	than	0.3	ms	(0.2	±	0.1	ms),	close	to	

reported		values	(Han	et	al.,	2003;	Kang	&	Kim,	2004)	(Fig.	5A).	The	unitary	conductance	of	

TALK1	 is	 22	±	1	pS	 at	 −80	mV	 and	 9.8	±	1	pS	 at	 +80	mV.	 The	mean	 open	 time	 of	 TALK2	 is	

0.8	±	0.1	 ms	 (−80	mV),	 a	 value	 significantly	 higher	 than	 that	 of	 TALK1.	 The	 unitary	

conductance	of	TALK2	 is	41	±	3	pS	at	−80	mV	and	14	±	2	pS	at	+80	mV,	values	that	are	also	

significantly	higher	than	those	of	TALK1	(Fig.	5A).		

As	 observed	 in	 Xenopus	 oocytes	 (Fig.	 4),	 Td-TALK1/TALK2	 and	 Td-TALK2-TALK1	 form	

functional	channels	in	mammalian	cells	(Fig.	5A).	They	have	unitary	conductances	of	12	±	1	

pS	and	~11	±	1	pS	at	+80	mV,	and	~23	±	1	pS	and	~24	±	3	pS	at	 -80	mV,	respectively.	The	

tandems	 behave	 like	 TALK1.	 	 They	 have	 a	 linear	 current-voltage	 (IV)	 relationship	whereas	

TALK2	 shows	an	 inward	 rectification,	producing	more	 currents	at	 -80	mV	 than	at	+80	mV.	

Unlike	TALK1	and	TALK2,	TASK2	opened	in	long	bursts	containing	many	closing	events	within	

each	burst	(Fig.	5B).	The	mean	open	time	of	TASK2	is	2.0	±	0.3	ms	at	−80	mV,	and	the	unitary	

conductance	 is	 32	±	1	pS	 at	 +80	mV	 and	 92	±	7	pS	 at	 -80	mV.	 Td-TASK2/TALK1	 and	 Td-
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TASK2/TALK2	have	comparable	unitary	conductances	 to	each	other’s	and	to	TASK2.	For	all	

TASK2-containing	channels,	the	current-voltage	relations	showed	inward	rectification.		

These	 results	 show	 that	 heteromerization	 has	 a	 significant	 effect	 on	 single	 channel	

properties	of	the	TALK/TASK2	channels.	Association	of	TALK1	or	TALK2	with	TASK2	produces	

heterodimeric	 channels	 behaving	 more	 like	 TASK2	 with	 higher	 unitary	 conductances	 and	

inward	rectification.	

Discussion 

A	number	of	 studies	have	 focused	on	 the	heteromerization	of	K2P	 channels.	 These	 studies	

have	 produced	 interesting,	 but	 sometimes	 conflicting,	 results	 (for	 review	 see	 (18)).	

Demonstrating	 that	heteromerization	occurs	under	native	 conditions	 is	 a	major	 challenge.	

Several	experimental	conditions	are	unfavorable:	the	low	level	of	endogenous	expression	of	

ion	 channels	 in	 general,	 and	 of	 background	 K+	 channels	 in	 particular,	 the	 absence	 of	

antibodies	with	affinity	and	selectivity	allowing	a	specific	immunolabelling	of	these	channels,	

and	 also	 electrophysiological	 and	 pharmacological	 properties	 that	 make	 it	 difficult	 to	

distinguish	between	currents	produced	by	homodimers	and	heterodimers.	The	prerequisite	

for	heterodimer	formation	is	the	co-expression	of	two	channel	subunits	not	only	in	the	same	

tissue	but,	more	importantly,	in	the	same	cells	of	that	tissue.	The	development	of	methods	

based	on	single-cell	transcriptomics	makes	it	possible	to	study	such	distribution.	Among	the	

tissues	 that	 co-express	 TALK1,	 TALK2	 and	 TASK2,	 we	 chose	 the	 pancreas	 to	 study	 their	

expression	at	 the	 single	 cell	 level.	By	analyzing	data	 collected	 for	 another	 study,	we	 show	

here	 that	 co-expression	 of	 two	 or	 three	 of	 the	 TALK1,	 TALK2	 or	 TASK2	 subunits	 can	 be	

detected	in	the	same	insulin-secreting	β	cells	(Fig.	1).		Their	ability	to	form	heterodimers	was	

next	studied	in	heterologous	expression	systems	(Fig.	2	and	3).	Two	different	methods	were	

used:	 one	based	on	 immunolabeling	 of	 heterodimeric	 complexes	 in	mammalian	 cells,	 and	

the	second,	more	functional,	on	current	poisoning	using	expression	of	a	dominant	negative	

subunit	 in	Xenopus	 oocytes.	Both	methods	unambiguously	 showed	 that	TALK1,	TALK2	and	

TASK2	 form	 heterodimers.	 It	 should	 be	 noted	 that	 we	 did	 not	 observe	 the	 interaction	

between	 TALK2	 and	 TASK1	 that	was	 previously	 reported	 (29).	 In	 their	 study,	 Suzuki	 et	 al.	

found	that	the	TASK1	current	was	only	partially	inhibited	by	the	coexpression	of	a	dominant	

negative	 of	 TALK2.	 Controls	 were	missing	 such	 as	 the	 impact	 of	 the	 TALK2DN	 channel	 on	
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other	 K2P	 channels,	 or	 a	 dose-dependent	 inhibition	 of	 TASK1	 by	 TALK2DN.	 They	 did	 not	

confirm	the	potential	interaction	by	another	method.		

Four	splice	variants	of	TALK1	were	identified,	but	only	two	of	them	are	functional	(44).	The	

two	 functional	 variants,	 TALK1a	 and	 TALK1b,	 differ	 in	 their	 cytoplasmic	 C-ter,	 but	 their	

electrophysiological	characteristics	are	indistinguishable.	In	the	variants	TALK1c	and	TALK1d	

the	fourth	transmembrane	segment	(M4)	is	missing.	They	do	not	induce	current,	and	when	

coexpressed	with	TALK1a	or	 TALK1b	 they	do	not	 influence	 the	 current	produced	by	 these	

functional	 variants,	 suggesting	 that	 M4	 is	 essential	 for	 correct	 folding	 and/or	

oligomerization.	Because	 these	 isoforms	of	 TALK1	 lacking	M4	do	not	 interact	with	TALK1a	

and	TALK1b,	they	are	not	expected	to	form	heterodimers	with	TALK2	and	TASK2.	

A	 major	 function	 of	 heterodimerization	 is	 to	 increase	 channel	 diversity	 by	 producing	

channels	 with	 novel	 electrophysiological,	 pharmacological	 or	 regulatory	 properties.	

Expression	in	Xenopus	oocytes	and	mammalian	cells	has	shown	that	this	is	the	case	for	the	

TALK1,	 TALK2	 and	 TASK2	 heterodimers.	 TALK1-TALK2	 channels	 show	 an	 intermediate	

sensitivity	to	extracellular	pH,	different	from	that	of	homodimeric	TALK1	or	TALK2	channels	

(Fig.	 4).	 This	 suggests	 that	 each	 of	 the	 subunits	 transmits	 some	 of	 its	 properties	 to	 the	

heterodimer.	 TASK2-TALK1	 and	 TASK2-TALK2	 heterodimers	 have	 a	 similar	 sensitivity	 to	

external	pH	as	TASK2.	This	is	also	observed	with	the	single	channels	properties	(Fig.	5).	Both	

in	terms	of	unitary	conductance	and	rectification,	TASK2-TALK1	and	TASK2-TALK2	are	more	

similar	to	TASK2	than	to	TALK1	and	TALK2.	This	implies	that	the	TASK2	subunit	is	dominant	

over	TALK1	or	TALK2	in	the	TASK2-TALK1	and	TASK2-TALK2	heterodimers.		

External	pH	 is	not	the	only	 factor	that	regulates	TALK	channels.	TALK2	 is	also	regulated	by	

intracellular	pH	by	a	mechanism	independent	of	that	described	for	external	pH	(39,45).	TALK	

channels	have	the	highest	 level	of	expression	 in	the	duodenum	and	pancreas,	where	body	

fluids	can	be	alkaline,	suggesting	that	their	sensitivity	to	alkalosis	is	physiologically	relevant	

in	 these	 tissues.	 However,	 TALK2	 is	 activated	 by	 alkaline	 pH	 outside	 of	 the	 range	

encountered	physiologically.	Even	 in	pancreatic	ductal	 cells	where	 the	apical	membrane	 is	

exposed	 to	 alkaline	 pancreatic	 juice	 (pH	 8),	 only	 a	 very	 limited	 amount	 of	 the	 TALK2	

homomeric	 channel	would	be	open.	 The	 combination	of	 TALK2	with	TALK1	or	with	TASK2	
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could	 confer	 to	 these	 heterodimeric	 channels	 a	 pH	 sensitivity	 more	 compatible	 with	

extracellular	pH	variations	in	the	physiological	range.		

Beside	pH,	a	number	of	other	mechanisms	are	involved	in	the	regulation	of	these	channels.	

Binding	 sites	 for	 Gβγ,	 PIP2,	 phosphorylation	 and	 14-3-3	 were	 also	 identified	 in	 the	

cytoplasmic	 C-ter	 of	 TASK2	 (46-48).	 On	 the	 other	 hand,	 TALK1	 and	 TALK2	 channels	 are	

regulated	by	NO	and	reactive	oxygen	species	(ROS)	such	as	superoxide	ion	(O2
-)	and	singlet	

oxygen	 (1O2)	 (6).	 Intracellular	 osteopontin,	 a	 small	 pro-inflammatory	molecule,	 specifically	

interacts	 with	 TALK1	 and	 modulates	 its	 activity	 (49).	 Because	 the	 properties	 of	 the	

heterodimers	 cannot	 be	 inferred	 from	 the	 properties	 of	 the	 corresponding	 homodimers,	

these	 regulations	 will	 need	 to	 be	 studied	 on	 heterodimers	 expressed	 in	 heterologous	

systems.	 A	 precise	 knowledge	 of	 these	 regulations	 is	 essential	 to	 study	 their	 functional	

contribution	in	native	tissues.		

A	number	of	pathological	mutations	and	polymorphisms	have	been	identified	in	TALK1	and	

TALK2	 that	 generate	 either	 more	 active	 channels	 or	 channels	 less	 active	 with	 dominant	

negative	properties	(10-12).	The	impact	of	these	mutations	on	heterodimers	will	also	need	

to	be	studied.	Finally,	there	 is	no	specific	pharmacology	for	TALK	channels.	Propanolol	and	

propafenone,	 two	 beta-blockers	 with	 anti-arrhythmic	 effects	 have	 been	 shown	 to	 be	

responsible	for	a	2-	to	3-fold	activation	of	TALK2	but	their	effect	on	TALK1	and	TALK2	has	not	

been	studied	(50).	Pyrazole	derivatives,	used	for	their	analgesic	properties,	have	also	been	

tested	 on	 TASK2	 but	 not	 on	 TALK	 channels	 (51).	 Lidocaine	 and	 bupivacaine,	 two	 local	

anesthetics,	 inhibit	 TASK2	 (52).	 Although	 these	molecules	 are	 not	 very	 specific	 for	 TASK2,	

they	 could	 possibly	 be	 tested	 on	 TASK2-containing	 heterodimeric	 channels	 provided	 that	

they	are	not	or	only	slightly	active	on	the	other	subunits	of	the	heteromer	(TALK1	or	TALK2).	

Since	 the	ultimate	 goal	 of	 studying	K2P	 heteromerization	 is	 to	 determine	 the	physiological	

roles	of	heterodimers,	we	will	need	to	identify	specific	pharmacological	modulators	and/or	

to	 design	 tools	 capable	 of	 disrupting	 endogenous	 heterodimers,	 to	 alter	 their	 function	 in	

vivo.	Inducible	mouse	models	expressing	dominant	negative	subunits	such	as	TALK1DN	would	

be	useful	to	study	the	role	of	homodimer	and	heterodimers,	e.g.	in	endocrine	and	exocrine	

pancreatic	cells	and	in	cardiomyocytes.		
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Experimental procedures 

Constructs:	 Human	 TALK1,	 TALK2	 and	 TASK2	 coding	 sequences	 (Ensembl	 accession	 numbers	

ENST00000373229.9,	ENST00000373231.9,	ENST00000359534.4)	were	inserted	into	pLIN	a	modified	

pGEM	 vector	 for	 expression	 in	 Xenopus	 oocytes,	 and	 pcDNA3-Zeo	 (Invitrogen)	 for	 expression	 in	

mammalian	cells.	The	cDNA	coding	TALK1DN	was	generated	by	site-directed	mutagenesis	using	PCR	

and	 PfuTurbo	 DNA	 polymerase	 (Agilent).	 The	 whole	 cDNAs	 were	 sequenced.	 Tandems	 were	

constructed	 by	 overlapping	 PCRs	 and	 cloned	 into	 pLIN	 and	 pcDNA3-Zeo	 (Invitrogen).	 For	

immunocytochemistry	 experiments,	 HA	 (YPYDVPDYA),	 FLAG	 (DYKDDDDK)	 or	 V5	 (GKPIPNPLLGLDST)	

tags	were	inserted	at	the	C-terminus	of	the	subunits.	For	 in	situ	proximity	ligation	assay	and	single-

channel	 recordings,	 sequences	 encoding	 TALK1,	 TALK2,	 TASK2,	 Td-TALK1/TALK2,	 Td-TALK2/TALK1,	

Td-TASK2/TALK1	and	Td-TASK2-TALK2	were	subcloned	into	the	pIRES2-EGFP	vector	(Invitrogen).		

MDCK	 Cells	 Expression	 and	 Immunocytochemistry:	Madin-Darby	 canine	 kidney	 (MDCK)	 cells	were	

grown	 on	 coverslips	 in	 24-well	 plates	 and	 transiently	 transfected	 with	 DNA	 plasmids	 using	

Lipofectamine	2000	(Invitrogen).	At	24	h	after	transfection,	cells	were	fixed	and	permeabilized,	and	

channels	were	labeled	with	primary	mouse	anti-HA	(HA-7,	Sigma,	1/1000),	rabbit	anti-V5	(PRB-189P,	

Covance,	1/1000)	or	mouse	anti-FLAG	(M2,	Sigma,	1/1000)	antibodies,	and	secondary	anti-mouse	or	

anti-rabbit	 antibodies	 coupled	 to	Alexa	 Fluor	 488	 or	 594	 (Invitrogen).	 Coverslips	were	mounted	 in	

Mowiol	medium	with	DAPI	 on	 slides,	 and	 cells	were	 imaged	by	 confocal	microscopy	 (LSM780	Carl	

Zeiss).		

Duolink	 Proximity	 Ligation	 Assay	 (PLA):	 MDCK	 cells,	 grown	 on	 coverslips	 in	 24-well	 plates,	 were	

transiently	 transfected	 with	 DNA	 plasmids	 (0.5	 µg	 each).	 Cells	 were	 fixed,	 permeabilized,	 and	

incubated	with	primary	mouse	anti-FLAG	(M2,	Sigma,	1/1000)	and	rabbit	anti-HA	(Santacruz	Ab,	sc-

805,	1/1000)	or	rabbit	anti-V5	(PRB-189P,	Covance,	1/1000)	antibodies	 for	2	h	at	37	°C	 in	antibody	

diluent	 solution	 (Duolink	 in	 situ	 kit,	 Sigma-Aldrich).	 The	 cells	were	 then	 labeled	with	 the	 PLA	 anti-

mouse	PLUS	probe	(DUO92001)	and	the	PLA	anti-rabbit	MINUS	probe	(DUO92005)	purchased	from	

Sigma-Aldrich.	Detection	was	performed	with	Duolink	in	situ	detection	reagents	red	kit	(DUO92008)	

according	 to	 the	manufacturer’s	 protocol.	 Finally,	 the	 coverslips	were	mounted	 on	 slides,	 and	 the	

fields	 were	 imaged	 randomly	 using	 a	 Zeiss	 microscope	 with	 a	 40X	 objective.	 Differences	 among	

groups	were	analyzed	using	unpaired	t-test.	The	significance	level	was	set	at	p	<	0.0001.	Data	were	

represented	as	mean	±	SEM.	

Oocyte	 Expression	 and	 Two-electrode	 Voltage	 Clamp	 Recordings	 (TEVC):	 Capped	 cRNAs	 were	

synthesized	 using	 the	 AmpliCap-Max	 T7	 high	 yield	 message	 maker	 kit	 (CellScript)	 from	 plasmids	
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linearized	by	AflII.	RNA	concentration	was	quantified	using	a	NanoDrop	(Thermo	scientific).	Xenopus	

laevis	stage	V-VI	oocytes	were	injected	with	10-20	ng	of	each	cRNA,	and	maintained	at	18	°C	in	ND96	

solution	(96	mM	NaCl,	2	mM	KCl,	2	mM	MgCl2,	1.8	mM	CaCl2,	5	mM	Hepes,	pH	7.4).	Oocytes	were	

used	1	 to	2	days	after	 injection.	Macroscopic	currents	were	recorded	with	a	 two-electrode	voltage	

clamp	 (Dagan	 TEV	 200).	 The	 electrodes	 were	 filled	 with	 3	 M	 KCl	 and	 had	 a	 resistance	 of	 0.5–2	

megaohms.	A	small	chamber	with	a	fast	perfusion	system	was	used	to	change	extracellular	solutions	

and	was	connected	to	the	ground	with	a	3	M	KCl-agarose	bridge.	All	currents	were	recorded	in	ND96.	

Stimulation	of	the	preparation,	data	acquisition,	and	analysis	were	performed	using	pClamp	software	

(Molecular	Devices).	All	recordings	were	performed	at	20	°C.	

Single	Channel	Recording:	HEK293	cells	were	transfected	with	pIRES2-EGFP	plasmids	containing	the	

coding	sequences	of	TALK1,	TALK2,	TASK2,	Td-TALK1/TALK2,	Td-TALK2/TALK1,	Td-TASK2/TALK1	and	

Td-TASK2-TALK2	 using	 Lipofectamine	 2000	 and	 Opti-MEM	 medium	 (Life	 Technologies).	 The	 cells	

were	 used	 2	 days	 after	 transfection.	 Electrophysiological	 recording	 was	 performed	 using	 a	 patch	

clamp	amplifier	(Axopatch	200B,	Molecular	Devices).	Glass	patch	pipettes	(thick-walled	borosilicate,	

Warner	 Instruments)	coated	with	SYLGARD	were	used	 to	minimize	background	noise.	The	currents	

were	filtered	at	2	kHz	and	transferred	to	a	computer	using	the	Digidata	1320	interface	at	a	sampling	

rate	of	20	kHz.	Single-channel	currents	were	analyzed	with	the	pClamp	program,	and	the	plots	shown	

in	 the	 figures	 were	 filtered	 at	 2	 kHz.	 For	 single-channel	 current	 analysis,	 the	 amplitude	 of	 each	

channel	was	set	to	0.53	pA,	and	the	minimum	duration	was	set	to	0.05	ms.	In	experiments	using	cell-

attached	 patches,	 pipette	 and	 bath	 solutions	 contained	 (in	 mM):	 150	 KCl,	 1	 MgCl2,	 5	 EGTA,	 10	

glucose,	and	10	HEPES	(pH	7.3).	All	experiments	were	performed	at	25°C.	Differences	among	groups	

were	 analyzed	 using	 unpaired	 t-test.	 The	 significance	 level	 was	 set	 at	 p	 <	 0.0001.	 Data	 were	

represented	as	mean	±	S.D.		
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Figures legends 
	

Fig.	1.	Expression	pattern	of	TALK1,	TALK2	and	TASK2	channels	from	RNA-Seq	database	analysis.	(A)	

TALK1,	 TALK2	 and	 TASK2	 position	 within	 the	 K2P	 phylogenetic	 tree	 of	 human	 K2P	 channels.	 (B)	

Human	tissue	distribution.	Expression	levels	are	expressed	as	the	mean	of	Fragments	Per	Kilobase	of	

transcript,	 per	 Million	 mapped	 reads	 (FPKM).	 mRNA-seq	 datasets	 were	 extracted	 from	 the	 EMBL	

database	 in	a	study	of	1,641	samples	across	43	tissues	 from	175	 individuals	 (GTEx	consortium).	 (C)	

Expression	levels	in	various	human	pancreatic	cells	population	including	α, β, γ, ε	acinar,	and	ductal	

cells.	 Single-cell	 transcriptomic	 data	were	 from	2,209	 cells.	 The	 number	 of	 cells	 analyzed	 for	 each	

population	 is	 indicated.	 (D)	 Expression	 in	 individual	 human	β	 cells.	 Cells	 are	 divided	 into	 3	 groups	

displaying	 cells	 expressing	 a	unique	TALK/TASK	 subunit	 (1	 channel),	 two	 subunits	 (2	 channels)	 and	

three	subunits	(3	channels).	

Fig.	2.	Physical	interaction	of	TALK1,	TALK2	and	TASK2	by	proximity	ligation	assay	(PLA).		Tagged	K2P	

channels	were	expressed	in	MDCK	cells.		(A)	When	the	two	PLA	probes	are	close	enough	(<40	nm),	a	

ligation	 generates	 circle	 DNA.	 This	 DNA	 is	 then	 amplified	 by	 a	 polymerase,	 and	 complementary	

fluorescent	nucleotides	 are	 incorporated	giving	 a	 red	positive	PLA	 signal.	 (B)	 Positive	 and	negative	

controls.	(C)	Quantification	of	the	PLA	signal.	Percentage	of	cells	is	the	number	of	PLA-positive	cells	

(red)	 relative	 to	 the	 total	 number	 of	 transfected	 cells	 (green).	 The	 number	 of	 cells	 observed	 per	

condition	 is	 >100	 per	 condition,	 and	 each	 condition	 was	 repeated	 at	 least	 3	 times.	 Data	 were	

analyzed	 by	 using	 unpaired	 t-test:	 ****P	 <	 0.0001	 versus	 negative	 control.	 	 (D)	 Representative	

microscopy	images	used	for	PLA	quantification.	
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Fig.	 3.	 Heterodimerization	 of	 TALK1,	 TALK2	 and	 TASK2	 shown	by	 current	 inhibition	 by	 a	 dominant	

negative	 TALK1	 (TALK1DN)	 coexpressed	 in	 Xenopus	 oocytes.	 (A)	Method:	 a	 non-functional	 subunit	

(red)	bearing	a	mutation	in	the	pore	domain	(G108E)	is	coinjected	in	a	1:1	ratio	with	a	functional	K2P	

subunit.	 	 In	the	absence	of	heterodimerization,	the	current	is	not	affected	by	TALK1DN.	If	TALK1DN	

and	 the	 coexpressed	 subunit	 associate,	 then	 the	 heterodimers	 are	 nonfunctional	 and	 the	 current	

decreases	by	at	least	75%.		(B)	Normalized	steady-state	average	current	amplitude	(mean	±	S.E.)	at	0	

mV	 current	 for	 oocytes	 expressing	 K2P	 subunit	 alone	 or	 with	 TALK1DN,	 as	 shown.	 Data	 were	

analyzed	by	using	unpaired	t-test:	****P	<	0.0001	versus	negative	control.	(C)	Representative	traces	

obtained	 from	oocytes	 expressing	 TALK1,	 TALK2,	 TASK2,	 and	 TREK1	 in	 the	 absence	or	 presence	of	

TALK1DN.	Currents	were	recorded	at	membrane	potentials	ranging	from	–120	mV	to	+60	mV	from	a	

holding	potential	of	–80	mV	in	10	mV	increments.		

Fig.	4:	Sensitivity	to	extracellular	pH	of	homomeric	and	heteromeric	TALK/TASK	channels	expressed	

in	 Xenopus	 oocytes.	 (A)	 Overall	 topology	 of	 TALK/TASK2	 subunits.	 Each	 subunit	 comprises	 4	

transmembrane	domains,	two	extracellular	pore	regions	and	cytoplasmic	N-	and	C-ter.	Basic	residues	

involved	in	extracellular	pH	sensing	are	shown.	(B,	C)	pH-dependence	curves	measured	with	subunits	

expressed	 alone	 (B),	 or	 in	 covalently	 linked	 tandem	 (C).	 Values	 represent	means	 ±	 SEM	 (n=10)	 of	

currents	 measured	 at	 0	 mV,	 normalized	 to	 the	 currents	 measured	 at	 pH	 10,	 and	 plotted	 against	

extracellular	 pH.	 (C)	 Comparison	 of	 the	 extracellular	 pH-dependence	 curves.	 Dashed	 lines,	 pH-

dependence	curves	of	homomeric	channels	as	in	(B).	

Fig.	5:	Single-channel	properties	of	homodimeric	and	heterodimeric	channels	in	HEK293	cells.	(A,	B)	

Single-channel	recordings	at	−80	mV	(left	panel).	Single-channel	current–voltage	relationships	(n	=	6)	

(middle	panel).	Currents	were	recorded	in	cell-attached	patches	held	at	pipette	potentials	from	+100	

mV	to	−100	mV	in	bath	solution	containing	150	mM	KCl.	Unitary	conductances	at	−80	and	+80	mV	(n	

=	6)	(Right).	Data	were	analyzed	by	using	unpaired	t-test:	****P	<	0.0001.	
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