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Abstract

The TASK-3 channel is a member of the K2P family that is important for the maintenance
of the resting membrane potential. Previous studies have demonstrated that the TASK-3
channel is involved in several physiological and pathological processes, including
sleep/wake control, cognition and epilepsy. However, there is still a lack of selective
pharmacological tools for TASK-3, which limits further research on channel function. In this
work, using a high-throughput screen (HTS), we discovered that N-(2-((4-nitro-2-
(trifluoromethyl)phenyl)amino)ethyl)benzamide (NPBA) showed excellent potency and
selectivity as a novel TASK-3 activator. The molecular determinants of NPBA activation
were then investigated by combining chimera and mutagenesis analysis. Two distant
clusters of residues located at the extracellular end of the second transmembrane domain
(TM2) (A105 and A108) and the intracellular end of the third transmembrane domain (TM3)
(E157) were found to be critical for NPBA activation. We then compared the essentials of
the actions of NPBA with inhalation anesthetics that nonselectively activate TASK-3 and
found that they may activate TASK-3 channels through different mechanisms. Finally, the
three residues A105, A108 and E157 were transplanted into the TASK-1 channel, which
resists NPBA activation, and the constructed mutant TASK-1(G105A, V108A, A157E)
showed dramatically increased activation by NPBA, which confirms the importance of

these two distant clusters of residues.
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Introduction

K2P channels conduct “leak” potassium currents, which play critical roles in the

maintenance of the resting membrane potential. The K2P family currently has 15

mammalian members, which can be divided into six distinct subfamilies based on structure

and functional properties. The TWIK-related acid-sensitive K (TASK)-3 channel is a

member of the K2P family and belongs to the TASK subfamily consisting of TASK-3, TASK-

1, and TASK-5 (Enyedi and Czirjak, 2010). TASK-3 and TASK-1 are functional channels

conducting currents highly sensitive to extracellular pH (Duprat et al., 1997; Kim et al.,

2000; Rajan et al., 2000), while TASK-5 cannot be functionally expressed (Kim and

Gnatenco, 2001).

Mainly expressed in the CNS, particularly in the cerebellum, hypothalamus and cortex

(Talley et al., 2001), TASK-3 was proposed to be related to mood disorders, sleep/wake

control and cognition (Gotter et al., 2011; Linden et al., 2007). The human TASK-3 mutation

G236R has been identified as responsible for mental retardation associated with a rare

maternally transmitted dysmorphism syndrome (Barel et al., 2008), and TASK-3 knock-out

mice showed impaired working memory and altered circadian rhythms (Linden et al., 2007).

Abundant TASK-3 expression was also found in the adrenal cortex, and it has been

demonstrated that TASK-3 channel deletion in mice could recapitulate low-renin essential

hypertension (Guagliardo et al., 2012). In addition, TASK-3 has been implicated in other

disorders, including cancer (Mu et al., 2003), primary hyperaldosteronism (Davies et al.,

2008), and epilepsy (Holter et al., 2005).
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The TASK-3 channel, which is involved in multiple physiological and pathological
processes, can be modulated by various endogenous neurochemicals, clinically active
drugs, and physicochemical factors (Goldstein et al., 2001; Lesage, 2003; Talley et al.,
2003). The TASK-3 channel is closed by extracellular acidification (Duprat et al., 1997; Kim
et al.,, 2000; Rajan et al., 2000), and it is also inhibited by hormones and transmitters
through GPCRs (Chemin et al.,, 2003; Mathie, 2007; Talley and Bayliss, 2002); this
inhibition is now considered to be mediated by diacylglycerol (DAG) (Wilke et al., 2014).
Moreover, the TASK-3 channel is an important target of inhalation anesthetics such as
chloroform and respiratory stimulants such as doxapram (Cotten et al., 2006). In addition,
the TASK-3 channel is sensitive to other small-molecule compounds, such as ruthenium
red (Czirjak and Enyedi, 2002), anandamide (Berg et al., 2004), lidocaine (Kim et al., 2000)
and bupivacaine (Meadows and Randall, 2001). However, all the small-molecule regulators
above are nonselective, which limits their use as selective pharmacological tools for
research on TASK-3. Currently, the only reported selective activator of TASK-3 is
terbinafine, which has moderate potency with a maximum effect of ~ 2-fold and a pECso of
6.2 uM in the thallium flux assay, but the mechanism of action of this compound remains

unknown (Wright et al., 2017).

In mechanistic research on TASK-3 activators, the mechanism of action of inhalation
anesthetics on TASK-3 channels has been extensively studied and partially revealed.
Specifically, M159, a residue located on the cytoplasmic side of TM3, was proposed to be

the potential binding site of inhalation anesthetics (Andres-Enguix et al., 2007), and the
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reliability of this conclusion was further evidenced by a later study using cysteine
modification (Conway and Cotten, 2012). In addition, amino acids 243 to 248 (VLRFLT),
located in the junction of TM4 and the carboxyl terminus (Ct), were also identified as
essential for activation by inhalation anesthetics (Patel et al., 1999), and this region was
also demonstrated to be important for the regulation of GPCR or other intracellular factors
(Talley and Bayliss, 2002). Several studies on TREK-1 (Kzp2.1) concluded that the TM4—
Ct junction was critical for the conduction of conformational transmission from the Ct to the
pore of the channel, which could be disturbed by a triple glycine mutation K»p2.1-3G
(Bagriantsev et al., 2012; Bagriantsev et al., 2011). The up and down states of TM4 have
been proven to represent different conductive states that involve the conformational

transmission (Dong et al., 2015).

In this study, we searched for better small-molecule activators of TASK-3 by high-
throughput screening (HTS) and identified NPBA as a novel selective agonist of the TASK-
3 channel. Furthermore, by adopting various mutagenesis analyses, we found three
residues, A108, A105 and E157 that were important for NPBA activation. In addition, we
found that the selective activator we identified shared some common key residues with

inhalation anesthetics but may conduct channel activation through a different mechanism.

Materials and Methods

Plasmid construction

Human TASK-3, human TASK-1, and human TRESK were gifts from Dr Min Li (Johns
6
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Hopkins University, USA). EGFP, human TREK-1 and rat THIK1 were provided by Jia Li
(Shanghai Institute of Materia Medica, China), Yang Li (Shanghai Institute of Materia
Medica, China) and Haijun Chen (State University of New York, USA). Point mutations of
TASK channels were introduced using the QuikChange Il Site-directed Mutagenesis Kit
(Stratagene), and chimeras of the TASK channel were constructed using the In-Fusion HD

Cloning Kit (TaKaRa). All constructs were verified by sequencing.

Cell culture and transient transfection

CHO-K1 cells were cultured in DMEM/F12 (Gibco) with 10% FBS (Gibco). Twenty-four
hours prior to transfection, the cells were split into 6-well dishes. Plasmids encoding the
EGFP and K2P channels were cotransfected with Lipofectamine 3000 reagent (Invitrogen)

according to the manufacturer's instructions.

Electrophysiological recording

To measure the currents of the K2P channels expressed in CHO-K1 cells, standard whole-
cell patch clamping experiments were performed at room temperature. Pipettes with
resistance ranging from 2.0 to 5.0 MQ were pulled using borosilicate glass capillaries
(World Precision Instruments). During the recording process, constant perfusion of bath
solution was maintained using a BPS perfusion system (ALA Scientific). The pipette
solution contained the following: 145 mM KCI, 1 mM MgCI2, 5 mM EGTA, and 10 mM
HEPES (pH 7.3 with KOH). The bath solution contained the following: 140 mM NacCl, 5 mM

KCI, 2 mM CaCl2, 1 mM MgCI2, 10 mM glucose and 10 mM HEPES (pH 7.4 with NaOH).
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The whole-cell currents were recorded using an EPC-10 amplifier (HEKA), and signals
were filtered at 2 kHz, digitized using a DigiData 1440A, and analyzed with pClamp 9.2

software (Molecular Devices). The series resistance was compensated by 60%.

Homology Modeling

The structures of the TASK-3 channel were constructed based on the crystal structures of
the TREK-2 channel (PDB code 4BW5 and 4XDJ, identity: 31%) by using Modeler (Sali
and Blundell, 1993), which are reported as the conductive and nonconductive states,
separately. Multiple sequence alignment was generated by using the Clustal Omega web

server (https://www.ebi.ac.uk/Tools/msa/clustalo).

Statistics

Patch-clamp data were processed using Clampfit 10.2 (Molecular Devices) and then
analyzed in GraphPad Prism 5 (GraphPad Software). Dose—response curves were fitted
with the Hill equation, E = Emax/[1 — (EC50/C]P), where EC50 is the drug concentration
producing the half-maximum response. The data are shown as the means + SEM, and the
significance was estimated using one-way ANOVA followed by Dunnett's post hoc test.

Statistical significance: * P < 0.05, ** P < 0.01, *** P < 0.001.
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Results

Identification of NPBA as a selective TASK-3 activator

To address the lack of selective pharmacology tools for the TASK-3 channel, we developed
an HTS to discover selective small-molecule TASK-3 modulators. Before the HTS, HEK293
cell lines stably expressing human TASK-3 or its closest homologue TASK-1 were
established because selective active compounds for the TASK subfamily were more likely
to exhibit selectivity among the Kzp family. Then, the channel activity was measured by a

thallium flux assay as in the previous work (Yu et al., 2015; Yue et al., 2016).

Within the project, more than 300,000 compounds were screened, of which 1417
compounds were identified as TASK-3 activators. Among these active compounds, N-(2-
((4-nitro-2-(trifluoromethyl)phenyl)amino)ethyl)benzamide (NPBA) exhibited the best
potency for TASK-3 activation and showed good selectivity between TASK channels. Fig.

1A shows the molecular structure of NPBA.

To confirm the activation of NPBA and to estimate its potency, whole-cell patch clamp
recordings were performed. CHO-K1 cells transiently transfected with wild-type human
TASK-3 or other K2P channels were used for the recording, and we ran a voltage-ramp
protocol from -130 mV to 20 mV to obtain the I-V curve. The current at 0 mV was chosen
to measure the potency of NPBA toward different channels. For the dose-response curve

study, we tested concentrations of NPBA ranging from 0.1 uM to 30 pM, as the compound
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cannot be completely dissolved at a higher concentration of 100 yM. NPBA showed
reversible dose-dependent activation of TASK-3 whole-cell currents with an ECso of 6.7 uM,
and the currents were increased by up to ~6-fold at a concentration of 10 v M (Fig. 1, B
and C). We also investigated the effects of 10 uM NPBA on other Kzps, including TASK-1,
TREK-1, TRESK and THIK-1, but no activation was detected in these channels (Fig. 1D),
suggesting excellent selectivity of NPBA towards TASK-3 channels. As the closest
homologue of TASK-3, TASK-1 was also tested in a dose-response curve study, and it was
reversibly inhibited by NPBA in a dose-dependent manner, with an ICsg of 7.5 uM (Fig. 1,
E and F). These results indicated that NPBA was a potent activator of the TASK-3 channel

and has good selectivity.

The A108 residue located at the extracellular end of TM2 is crucial for

activation by NPBA

To identify regions of the TASK-3 channel that are necessary for activation by NPBA,
TASK-3 and TASK-1 subunits were used to make chimeric constructs because they shared

highly homologous sequences but showed greatly different responses to NPBA.

Using In-Fusion cloning technology, we first replaced the N-terminus of TASK-3 with a
homologous sequence from TASK-1 and gradually extended the replaced region. We
constructed T1-85-T3, in which amino acids 1-85 of TASK-3 were replaced by the
corresponding part of TASK-1, and we constructed T1-131-T3, T1-169-T3 and T1-209-T3

in the same manner. Then, the effects of NPBA on these chimeras were tested at a

10

%20z ‘8T |udy uo speuinor 1 34SY e Buo'sfeulno iedse wireyd jow wou) pspeojumoq


http://molpharm.aspetjournals.org/

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

MOL # 115303

concentration of 10 uM. The first chimera, T1-85-T3, with the junction in the first pore
domain, retained the activation by NPBA (Fig. 2A), while the other chimeras with the
junction at or after position 131 in this series were not activated by NPBA (Fig. 2, B-D).

These results indicated that there were key NPBA determinants within amino acids 85-131.

A mutagenesis scan was then performed to investigate the critical residues in this region.
We tested the effects of swapping each of the amino acids that differed between TASK-3
and TASK-1 within section 85-131 (Fig. 2E). In the TASK-3 channel, these four amino acids
were individually replaced by those in the homologous sites of TASK-1. Among the four
TASK-3 mutations (Fig. 2E), A105G moderately impaired the activation by NPBA, and the
current was increased by ~3-fold under 10 uM NPBA (Figs. 2F and 4G), while A108V
completely abrogated the activation by NPBA and showed inhibition at 10 yM NPBA (Figs.
2G and 4G). However, the other two mutants, G102S and V115L showed an NPBA

phenotype that was indistinguishable from the wild type (Fig. 4G).

Since the alanine at position 108 (A108) seemed to be crucial for activation by NPBA, we
replaced this alanine with various other amino acids, including phenylalanine, leucine,
isoleucine, glycine, tyrosine, cysteine, and serine. Among all these A108 mutants, only
A108G or A108S showed current activation in response to by 10 yM NPBA, while all other
mutant showed the same current inhibition as A108V (Fig. 3A). Furthermore, we performed
alanine scanning mutagenesis within the residues around A108 and evaluated the
responses under 10 uM NPBA. Among the nine mutant channels, four mutations (T103A,

D104A, F109A, and M111A) eliminated activation by NPBA and showed current inhibition
11
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by NPBA, while mutations of the remaining five residues (P101A, G102A, G106A, K107A,
and C110A) showed only a slight decrease in the activation degree resulting from NPBA
(Fig. 3B). Taken together, these findings suggested that the residues around A108 played

a crucial role in NPBA activation on the TASK-3 channel.

A TASK-1 mutant with alanine at position 108 resists NPBA activation

Since the TASK-3 mutant A108V showed a total loss of NPBA activation, we wondered
whether the corresponding TASK-1 mutant V108A would gain activation by NPBA. As
shown in Fig. 3C, however, TASK-1(V108A) could not be activated by 10 uM NPBA. A
double-mutant TASK-1 channel (G105A, V108A) was then constructed by introducing
G105A into TASK-1(V108A). We found that the newly constructed mutant channel was
also unable to be activated by NPBA (Fig. 3D). In contrast, it showed an inhibition similar
to that in the wild-type TASK-1 or TASK-1(V108A). These results implied that these
residues on TM2 were not the only determinants responsible for the different NPBA

phenotypes of TASK-1 and TASK-3.

The intracellular end of TM3 is important for NPBA activation

Based on the results above, we concluded that there should be other important residues
for NPBA activation in addition to A105 and A108. To identify these unknown determinants,
we constructed another series of chimeras. In this group of chimeras, the C-terminal of
TASK-3 was replaced by the homologous sequence of TASK-1, and the junction was

12
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moved forward gradually. We constructed T3-240-T1 as the protein sequence after position

240 of TASK-3 was replaced by the corresponding section of TASK-1 and constructed T3-

209-T1, T3-169-T1 and T3-131-T1 in the same manner. We then tested the effects of

NPBA at a concentration of 10 uM. With the junction moving forward, T3-240-T1, T3-209-

T1, and T3-169-T1 could all be activated by NPBA (Fig. 4, A-C), while the last chimera T3-

131-T1 could not be activated significantly by 10 uM NPBA (Fig. 4D). These results

suggested that there were determinants for NPBA activation within section 131-169 in

addition to 85-131.

Next, we performed scanning mutagenesis within amino acids 131-169 of TASK-3, and 16

mutants were constructed and evaluated (Fig. 4, E and G). Among these mutations, the

mutation E157A weakened NPBA activation the most, and the mutant currents showed

only a 2-fold enhancement under 10 uM NPBA (Fig. 4F). There are also other mutations

that impaired the activation, such as M168l and K141H, which showed a moderate ~3-fold

current activation in response to 10 yM NPBA (Fig. 4G).

Since the glutamic acid at position 157 (E157) seems to be important for NPBA activation,

we further changed this negatively charged amino acid to negatively charged aspartic acid,

positively charged arginine or neutral glutamine and determined the effects of 10 uM NPBA

on these mutants. Both E157D and E157R showed the same NPBA phenotype as E157A,

with only a 2-fold current enhancement under 10 uM NPBA. However, the E157Q current

was activated by 10 uM NPBA as effectively the wild-type TASK-3 channel, showing 6-fold

activation under 10 yM NPBA (Fig. 5A). These results suggested that E157 is also an
13
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important residue for NPBA activation, and the volume rather than the charge of the residue

at position 157 is the key characteristic necessary to achieve a potent activation by NPBA.

NPBA activates TASK-3 through a different mechanism from inhalation

anesthetics

E157 was predicted to be located in the intracellular end of TM3 on the basis of hydropathic
analysis (Kim et al., 2000) and is very close to M159 (Figs. 4E and 6G), a residue reported
to be the binding site of nonselective inhalation anesthetics. Thus, we wondered whether
activation by NPBA and activation by inhalation anesthetics occurred through a common
mechanism. In this study, chloroform was selected as a representative inhalation
anesthetic and increased the wild-type TASK-3 current approximately 2-fold at a
concentration of 5 mM (Fig. 5, B and J), which is consistent with previous results (Andres-
Enguix et al., 2007). Thereafter, we determined and compared the effects of NPBA and
chloroform on the mutant channels that have been reported to show impaired anesthetic
activation. First, we constructed the mutant that showed increased basal currents and
resistance to activation by inhalation anesthetics (Conway and Cotten, 2012). M159W
completely abrogated the activation by 5 mM chloroform, while activation by NPBA was
partially retained (Fig. 5, C, D and J). Then, we constructed the mutant R245W with a large
tryptophan predicted to occupy the space around M159, similar to M159W (Fig. 6G).
Notably, this alteration abolished activation by both NPBA and chloroform and showed a
different NPBA phenotype from that of M159W (Fig. 5 E, F and J). In addition, we

constructed a TASK-3 mutant 242-3G with three residues, V242-V243-L244, replaced by
14
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glycines, based on a K2p2.1-3G mutant predicted to uncouple the cross-talk between the
pore and carboxyl terminus (Bagriantsev et al., 2012). Subsequently, 5 mM chloroform
failed to induce an increase in current in the 242-3G mutant and instead showed an
inhibitory effect on the current (Fig. 5, H and J), suggesting that this triple glycine mutation
also affects the TASK-3 channel. However, the activation by NPBA was retained in the 242-
3G mutant, with a potency of 2-fold under a concentration of 10 mM (Fig. 5, G and J).
Finally, we tested the effect of 5 mM chloroform on the A108V mutant that completely
abolished NPBA activation (Fig. 2G). The activation degree of 5 mM chloroform for A108V
was indistinguishable from that for the wild-type TASK-3 channel (Fig. 5, | and J). Taken
together, these results demonstrated that though activation by NPBA and inhalation
anesthetics shared some key residues, such as M159, they were likely to activate the

channel through different action mechanisms.

A TASK-1 mutant with three key residues swapped gains NPBA activation

Since the amino acids 131-169 were also shown to be vital regions for NPBA activation
and E157 seemed to be the most important residue in this region, we transplanted E157
into the mutant channel TASK-1(G105A,V108A) to construct the mutant TASK-1(G105A,
V108A, A157E), and then we determined the effect of 10 uM NPBA on this triple-mutant
channel. The logic here was to try to construct a TASK-1 mutant that could be activated by
NPBA to confirm the importance of these residues. Dramatically, TASK-1(G105A, V108A,
A157E) gained NPBA activation, and the current in the mutant showed a 1.5-fold increase

under a NPBA concentration of 10 1 M (Fig. 6, A and C). In contrast, a mutant with two
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sites changed, TASK-1(V108A, A157E) did not gain activation by 10 » M NPBA (Fig. 6, B
and C). Notably, TASK-1(G105A, V108A, A157E) showed an NPBA phenotype combining
the responses of TASK-1 and TASK-3. After the administration of NPBA, the mutant
currents decreased initially for seconds and then increased gradually, displaying an inward
hook on the time course plot (Fig. 6A). We speculated that the intrinsic inhibition of TASK-
1 perhaps counteracts the acquired potentiation from the three mutations (G105A, V108A,
A157E), resulting in a weaker activation of the current amplitude than that of the wild-type
TASK-3 channel. These results demonstrated that A108, A105 and E157 were important

for activation (Fig. 6D).

Based on the crystal structures of TREK-2, we created an open-state homology model of
TASK-3 (Fig. 6E). Structurally, the key residues A105 and A108 lie at the extracellular end
of TM2, a pore-lining helix adjacent to P1 and P2 (Fig. 6, D-F), while the third key residue
E157 is located in the intracellular end of TM3 (Fig. 6, D, E and G). Notably, these two

regions are separated by a long distance of approximately 26.6 A (Fig. 6E).

Discussion

Among K2P channels, the TASK-3 channel has been implicated in a humber of normal
physiological processes or disorders, but few selective TASK-3 channel modulators have
been identified, which hinders the understanding of channel function in physiology.
Terbinafine, an antifungal medication, was the first and previously the only selective

activator of TASK-3 reported, but this compound only has a moderate activation effect. In
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the present work, we identified NPBA as a novel agonist of the TASK-3 channel by HTS.
NPBA produces ~6-fold activation under a concentration of 10 uM (Fig. 1B) and is thus
more potent than terbinafine, though the ECso of NPBA (6.7 1 M) is almost equal to that
of terbinafine (6.2 1 M) (Fig. 1C). In addition, NPBA also has good selectivity (Fig. 1C),
which makes it a useful pharmacological probe for in vitro studies of TASK-3 function and

in further studies intended for therapeutic intervention.

The study of the molecular mechanisms of modulators is an important aspect of ion
channel research. For TASK-3, previous studies mainly focused on the regulation of pH
and inhalation anesthetics. Though some explicit results have been obtained (Andres-
Enguix et al., 2007; Conway and Cotten, 2012), fewer novel elements in the activation
mechanism of TASK-3 have been reported in recent years, which may be due to the lack
of novel modulators of TASK-3. Adopting the classical chimera strategy and various
mutagenesis analyses in this work, we found several residues that are important for NPBA
activation, whose alteration could significantly impair NPBA activation (Figs. 2, 3 and 4).
By transplanting three of these residues, A105, A108 and E157, into the TASK-1 channel,
which resists activation by NPBA, the TASK-1 mutant TASK-1 (G105A, V108A, A157E)
was constructed and dramatically gained activation by NPBA (Fig. 6, A and C). This gain
of activation is more convincing because no binding assay or cocrystallization research
has been performed in previous studies of TASK-3, which further confirms the importance
of these residues. Among the three residues, A108 and A105 lie at the proximal

amphipathic end of TM2 adjacent to P1 and P2 (Fig. 6, D and F), which may be related to
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selective filter gating, while E157 is spatially adjacent to the distal end of TM4, the up and
down states of which have been proven to represent different conductive states (Fig.
6G)(Dong et al., 2015). These residues have never been mentioned in previous studies of

TASK-3 and may provide clues for the understanding of the gate mechanism of TASK-3.

The mechanism of the activation of TASK-3 by inhalation anesthetics has been partially
revealed. The binding site of these molecules was believed to be located on the
intracellular side of TM3 near M159 (Andres-Enguix et al., 2007; Conway and Cotten,
2012). In addition, the amino acids 243-248 were also involved in the inhalation anesthetic
activation (Talley and Bayliss, 2002). In the present work, by comparing the phenotypes of
the response to NPBA and chloroform in multiple TASK-3 mutants, we found that some
mutants, such as R245W, affected activations by both NPBA and chloroform (Fig. 5 E and
F). However, the elements that are vital for the activation of NPBA and chloroform did not
overlap perfectly. Specifically, the most crucial mutant for NPBA activation, A108V, did not
change the chloroform activation (Figs. 2G and 5I); the mutant 242-3G retained NPBA
activation, although chloroform activation was abolished (Fig. 5, G and H). Among the
mutations that weakened the activation by chloroform, M159W is a classic mutation that
has proven to be effective by occupying the space around the binding site of chloroform
with a tryptophan and mimicking a chloroform-bound more conductive conformation.
Interestingly, R245W seems to affect the activation of chloroform in a similar manner since
R245 is spatially near M159. However, NPBA activation was partially retained in M159W,

suggesting that NPBA does not share M159 as a bhinding site with chloroform. Accordingly,
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the activation effect of NPBA on wild-type TASK3 was tested in the presence of 10 mM
chloroform, a saturated concentration of the inhalation anesthetic. We found that NPBA
further significantly potentiated the increased currents by chloroform (Supplementary Fig.
2). These results suggest that the novel activator NPBA may activate TASK-3 differently

from inhalation anesthetics.

The TM4 and Ct domains in K2Ps have proven to be important regions for a range of
signaling inputs within the cell, including temperature (Maingret et al., 2000), mechanical
force (Patel et al., 1998), and phosphorylation (Bagriantsev et al., 2012). Notably, the
crosstalk between the two regions can be broken by the 242-3G mutation (Bagriantsev et
al., 2012). In our work, the 242-3G mutation completely abolished the activation by
chloroform, which could be explained by the fact that activation by chloroform depends on
the relay from the Ct domain to TM4 or that this 3G mutation causes conformational
changes in the anesthetic pocket. However, NPBA activation was retained in 242-3G,
indicating that the binding site of NPBA is upstream of the link between TM4 and the Ct
domain. Finally, A108, a brand new residue we identified, was found to be necessary only
for activation by NPBA rather than chloroform. Because mutating 3 residues (G105A,
V108A, and A157E) in TASK-1 partially conferred NPBA activation on TASK-1, we
speculated that a long-range coupling between the extracellular segment around A108 and
the intracellular domains around E157 might be involved in NPBA-induced activation. To
elucidate the specific mechanism underlying potential cooperation, further studies, such as

binding assays, computational simulations and crystallization research, are necessary.
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In conclusion, we have described the ability of a novel compound, NPBA, to activate the
TASK-3 channel. This compound also displays marked specificity within the K2P group
and may therefore be a good pharmacological tool for TASK-3 research. Several additional
elements that are important for NPBA action have also been uncovered in our work. This
finding provides a strategy to identify more novel TASK-3 activators, and the key residues

we found, such as A108, may promote research on the gate mechanism of Kzp channels.
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Figure Legends

Figure 1. NPBA selectively activates TASK-3 channel in a dose-depend

manner.

(A) Chemical structure of NPBA.

(B) Typical whole-cell current traces recorded from CHO-K1 cells overexpressing the
TASK-3 channel with normal bath solution or that with 10 uM NPBA. Currents at 0 mV
was plotted over time to reveal changes in response to NPBA. Period with NPBA
administration is marked by an orange bar and circle filled with orange, while circles
filled with blue shown currents with normal bath solution administration. Another
version of typical traces and timecourse with complete washout phase was shown in

Supplementary Fig 1.
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(C) Dose-dependent curve of NPBA on TASK-3 channel. Each point represents the mean

with bars of S.E.M (n > 6).

(D) The statistics of the activation of 10 uM or 30 uM NPBA for TASK-3, TASK-1, TREK-1,
TRESK, and THIK-1 channels showing differences in NPBA sensitivity, with effects of

10 uM shown in orange while effects of 30 uM shown in red.

(E) Typical whole-cell current traces recorded from CHO-K1 cells overexpressing the

TASK-1 channel with normal bath solution or that with 10 yM NPBA.

(F) Dose-dependent curve of NPBA on TASK-1 channel. Each point represents the mean

with bars of S.E.M (n > 4).

Figure 2. Segment 85-131 is important for TASK-3 activation.

(A-D) Typical whole-cell current traces and time courses recorded from CHO-K1 cells
overexpressing the T1-85-T3 (A), T1-131-T3 (B), T1-169-T3 (C), or T1-240-T3 (D) mutant
channel with 10 yM NPBA. Protein secondary structure of chimera is shown beside the
current traces, and section of TASK-3 appears in orange while section of TASK-1 appears

in blue.

(E) Sequence alignment of TASK-3 and TASK-1 for the residues 85-131. Residues different
in TASK channels appear in jacinth. The pore domain and TM2 are marked above the

sequences. Residues revealed important in swapping mutagenesis are marked with
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arrows.

(F and G) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the TASK-3(A105G) (F) or TASK-3(A108V) (G) mutant with 10 uM NPBA.

Figure 3. Residues around A108 is important for NPBA activation.

(A) The statistics of the activation of 10uM NPBA for wild-type TASK-3 (n=10), A108G
(n=4), A108S (n=4), A108C (n=4), A108V (n=7), A108L (n=4), A108I (n=4), A108F

(n=4), and A108Y (n=4).

(B) The statistics of the activation of 10uM NPBA for wild-type TASK-3 (n=10), P101A (n=4),
T103A (n=5), D104A (n=5), G106A (n=4), K107A (n=6), F109A (n=4), C110A (n=4),
and M111A (n=5), with activation effects shown in orange while inhibition effects shown

in blue.

(C and D) Typical whole-cell current traces and time courses recorded from CHO-K1 cells
overexpressing the TASK-1(V108A) (C) or TASK-1(V108A, G105A) (D) mutant with 10 uM

NPBA.

Figure 4. Segment 131-169 is important for NPBA activation.

(A-D) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the T3-240-T1 (A), T3-169-T1 (B), T3-131-T1 (C), or T3-85-T1 (D) mutant
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channel with 10 uyM NPBA. Protein secondary structure of chimera is shown beside the
current traces, and section of TASK-3 appears in orange while section of TASK-1 appears

in blue.

(E) Sequence alignment of TASK-3 and TASK-1 for the residues 131-169. Residues
different in TASK channels appear in jacinth. The TM3 is marked above the sequences.

Residues revealed important in swapping mutagenesis are marked with arrows.

(F) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the TASK-3(E157A) mutant with 10 yM NPBA.

(G) Histograms summarizing the activation of 10uM NPBA for wild-type TASK-3 and TASK-
3 mutants with substitution of TASK-1 residues within 85-131 or 131-169, with activation
effects shown in orange while inhibition effects shown in blue. A108V is the only mutant
showing a final inhibition with 10uM NPBA. The baseline and NPBA peak-activated current

values and the 1/I0 of TASK-3 mutants was shown in Supplemental Table 1.

Figure 5. Activations by NPBA and chloroform have different

determinants.

(A) The statistics of the activation of 10uM NPBA for wild-type TASK-3 (n=10), E157Q
(n=4), E157D (n=5), and E157R (n=5). The activation of NPBA on TASK-3 mutants were

compared to wild-type, statistical significance: * P < 0.05, ** P < 0.01, *** P < 0.001.
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(B) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing TASK-3 channel with 5 mM chloroform.

(C and D) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the TASK-3(M159W) mutant with 10 uM NPBA (C) or 5 mM chloroform

(E and F) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the TASK-3(R245W) mutant with 10 uM NPBA (E) or 5 mM chloroform

(G and H) Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the 242-3G mutant with 10 yM NPBA (G) or 5 mM chloroform (H).

() Typical whole-cell current traces and time courses recorded from CHO-K1 cells

overexpressing the A108V mutant with 5 mM chloroform. Magenta trace, current under 5

mM chloroform; blue trace, current under normal bath solution. Period with chloroform

administration is marked by a magenta bar and circle filled with magenta, while circles filled

with blue shown currents with normal bath solution administration.

(J) Histograms summarizing the activation of 10uM NPBA or 5 mM chloroform for wild-type
TASK-3, M159W, R245W, 242-3G, and A108V, with NPBA effects shown in bars filled with

orange while chloroform shown with bars filled with magenta. n=4-10.
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Figure 6. A TASK-1 mutant gains the activation by NPBA after A105, A108

and E157 transplanted into.

(A and B) Typical whole-cell current traces and time courses recorded from CHO-K1 cells
overexpressing TASK-1(V108A, G105A, A157E) (A) and TASK-1(V108A, A157E) (B)

channel with 10 yM NPBA.

(C) Histograms summarizing the activation of 10uM NPBA TASK-1(V108A, G105A, A157E)

(n=8), TASK-1(V108A, A157E) (n=6) and TASK-1(V108A, G105A) (n=5).

(D) Important residues for NPBA activation in a topology of TASK-3 subunit.

(E) Homology model of TASK-3 channel. Crucial residues A105, A108 and E157 for NPBA

activation are shown in yellow spheres.

(F) Top view of TMs and filter domain, the important residues on one TM2 subunit are

labeled.

(G) Detailed view of protein domains around E157. The putative anesthetic binding pocket
is shown in purple spheres. The up and down states of distal end of TM4 are represented

by TM4Y and TM4P separately.

28

%20z ‘8T |udy uo speuinor 1 34SY e Buo'sfeulno iedse wireyd jow wou) pspeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

588 Figures (6)

589  Figure 1

9 NPBA

-
'ﬂq‘ z
o=Z+

C>l

o

700

500
300
100
100
50]

O
-50
-10

N
> N & e

NELRRAY:

10 UM NPBA
= 30 uM NPBA

Activation (%)

591

592

B I(nA) 8.0 C 8.04
TASK-3 g0 o
6.0 O@ﬂm 6.04
6.0 . o o
< 40 = 4.0
(=
— Control 4.0+ = ® =
NPBA 204 2.0 o 2.0
L~
——'—4—| 04 T T ) 0 T T |
-130 -80 -30 20 0 100 200 300 0.1 1 10 100
Voltage (mV) Time (s) NPBA (uM)
E F
f(nA) 2.0
TASK-1 20] 101
/ 1.5 00e% 0.8
; ° %
. = o 4
E 10 o .O N 0.6
1~ CHA T 0.44
0.5
0.2 4
T : ) 0+ T T T | 0 T T T ]
-18677-80 -30 20 0 50 100 150 200 0.01 0.1 1 10 100
Voltage (mV) Time (s) NPBA (M)

29

720z ‘8T |1dy uo sjeulnor 13d4SY e Bio'sjeuinofisdse wireyd jow woJj pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

593  Figure 2
A B
aol("A) 60 6o (A 404
3.0 1m0
6.0 - _ 4.0 4.0 / .
481/ z L2090
T1-85-T3 T 20w, O T1-131-T3 = < %
] L ¥ 10]  igmge®
é
[— T 1 0 T T 1 [ —— T 1 0 T T 1
-130 -80 -30 20 0 200 400 600 -130 -80 -30 20 0 100 200 300
Voltage (mV) Time (s) Voltage (mV) Time (s)
C D
HnA) 5o PR AR
1.5-l'~ 3.0 - 2.4
— < 18
< 10 z
T1-169-T3 R ‘.‘\ T1-200-T3 - 12
51 o
(] 06
0
" = T . T T 1 [— T 1 04 r T T ]
-130 -80 -30 ! 20 0 100 200 300 -130 -80 -30 20 0 100 200 300 400
Voltage (mV) Time (s) Voltage(mV) Time (s)
E
105 108
P1 1 TM2
TASK1 85-YFAITVITTIGYGHAAP-TD GK/FCMFYA LGIPLTLVMFQSLGER - 131
TASK-3 85-YFAITVITTIGYGHAAPGTDAGKAFCMFYAVLGIPLTLYMFQSLGER -131
F G
TASK-3 (A105G) TASK-3 (A108V)
I(nA) 8.0 I(nA) 2.0
8.0 1 oo
2.0 )
. 1.5
6.0 | 60 e
—_ - ® Se®
49 240 L10 ° o
- - e, ®
204~ 2.0 0.5 Soore
1 0o+—— : N — : S P
-130 -80 -30 20 0 200 400 600 -130 -80 -30 20 0 50 100 150 200
594 Voltage (mV) Time (s) Voltage (mV) Time (s)
595

30

202 ‘8T |1idy uo sfeulnor 134SY e Blo'sfeulno fipdse’w.feyd jow wou ) papeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

596 Figure 3

A B
700 700
;7\; 500 ‘;'—\; 500
c c
£ 300 £ 300
] 1]
= =2
3] B
< 100 < 100 ﬂ ﬁ
==
100 100 - -
) O & &S > & S ¥ of oF F ¥ o oF A7
é&v@% FEF S \?L\Q% SHSE \é\'\d\ SIS RRSIRORS
Lo S S v ov RTATON e E O
C D
TASK-1(V108A) TASK-1(G105A, V108A)
I(nA)  1.51 f(nA) 25
(nA) . 50! A
P % 2.0
15 / I ° / ° W
z ® o 2.0 E1_5 Oo ,
. £ ©,00 £ ®
. ® e 10l Vg
0.5
—— . . 0 —————— : . . 0+
15880 -30 20 0 50 100 150 200 -130 -80 -30 20 0 100 200 300 400
597 Voltage (mV) Time (s) Voltage (mV) Time (s)

598

31

720z ‘8T |1dy uo sjeulnor 13d4SY e Bio'sjeuinofisdse wireyd jow woJj pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

599 Figure 4

10.0 i' (nA) 8.0- NPBA /(nA) 12.0 - NPBA

[ ]
7.5 6.0- ° 80 / 9.0 1
/ $00°%% 6.0

4.0 [9)

N
I (nA)
d

T3-240-T1 20l © T3-209-T1

0 T T r | r T |
. y ? 0 T T T 1
-130 -80 -30 20 0 50 100 150 200 -1 -80 -30 20 0 100 200 300 400

Voltage(mV) Time (s) Voltage (mV) Time (s)
I(nA) 6.04 NPBA 1 (nA) NPBA
6.0 - ——
/ . 09 0.9 4
® e h £
4.0 - 401 gow & / s
< ® 0.6 < 0.6 °
S |#®e \ : £ [ :
- 4] -
T3-169-T1 1 2.0 034 ®
T3-131-T1 3 : e
L~ usaeaes
—_— ) ' 0 . r . — 0 T T .
-130  -80  -30 20 0 100 200 300 -1 -80  -30 20 0 200 400 600
Voltage (mV) Time (s) Voltage (mV) Time (s)
E
131 - R 1[N0 L VIRV H R A KKl 6 L [GTMTR| -150
TASK-3 11 - RMNTFVRYLLKRIKKCCGMR -150
157
l T™M3
(TASK-1 141 - R A DIVISIM A [NIMIVE | 1 [GNENENSIE © s - 169
TASK-3 14 - NTDVSMENMVTVGFFSCMG - 169
F G
TASK-3(E157A) 700
{(nA)  15.0- NPBA & 500
12.04 — R ‘-:’
5]
10.01 e 7 300
8.0 — >
/ “é’ " :a 100
a0y’ 504
oy,
-100
" r . 0 x r )
130 80 30 | 20 0 100 200 300
600 Voltage (mV) Time (s)

601

602

32

202 ‘8T |1idy uo sfeulnor 134SY e Blo'sfeulno fipdse’w.feyd jow wou ) papeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

603 Figure 5

*kk

= [

A 700 -

;\? 500

c

£ 3001

©

=

£ 1001

-100d4 WT

C
M159W 100

E157Q E157D E157R

1(nA)

130780  -30

1 0 T T T T 1
20 0 250 500 750 1000

Voltage (mV) Time (s)
E
1(nA)
R245W 249 20
15
_ @
T 10{ o @}
0.5
T T 1 0
15580 30 | 20 0 100 200 300 400
Voltage (mV) Time (s)
G /(nA)
n
242-3G 159 15
1.0 o

1380  -30

— 0
20 0 125 250 375 500

Voltage (mV) Time (s)
I I (nA) Chlorof
n orororm
A108V 12.01 00, —
9.0 —/
T oo
< [ 4
L £ 50 o
25 e
— 0
-1 -30 20 0 100 200 300
604 Voltage (mV) Time (s)

B
10.0 1(nA) Chloroform
7.5 1 / 6.0 ....u-..
— Control . “g 4.0 [
— Choloroform / = bl o
2.0
A% -80 -30 20 0 50 100 150 200
Voltage (mV) Time (s)
D I (nA Chlorof
8o (nA) oroform
86— 80 -30 | 20 0 125 250 375 500
Voltage (mV) Time (s)
F
v r . 0
150 -80 -30 20 0 50 100 150 200
Voltage (mV) Time (s)
H 1 (nA Chlorof
20! (nA) oroform
1.6
1.5 / 1]
. e
°
1.0 / <08 K
1 0.4
— O'—vﬁ—r—r—|
-1 -80 -30 20 0 50 100150200250
Voltage (mV) Time (s)
J 600 - 10 uM NPBA
4004 |l‘ = 5 mM Chloroform
— 200+
< 200+
c
]
< 100
?
04
-1004  WT M159W R245W 242-3G  A108V

33

720z ‘8T |1dy uo sjeulnor 13d4SY e Bio'sjeuinofisdse wireyd jow woJj pepeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 23, 2019 as DOI: 10.1124/mol.118.115303
This article has not been copyedited and formatted. The final version may differ from this version.

605 Figure 6

A B
TASK-1(G105A, V108A, A157E) TASK-1(V108A, A157E)
I(nA) 5.0 - NPBA 1 (nA) 1.2 NPBA
T 1.24
3.0 1 / 4.0 1 \ / 0.9-
«
~ 3.0 4 0.8 ~
20 / < <06 o ..’
— 20 1 =
il 5] Ctadfe
1.0 1
1 0 T T 1 — O T T T T 1
-1 -80 -30 20 0 200 400 600 -1 -80 -30 20 0 100 200 300 400 500
Voltage(mV) Time (s) Voltage(mV) Time (s)
c D

Activation (%)
-100 -50 0.0 50 100

TASK-1
(G105A, V108A, A157E)

TASK-1
(G105A, V108A)

TASK-1
(V108A, A157E)

TASK-1
(V108A)

F G

Filter

TM4Y f/‘y
TM4P

607

608

34

202 ‘8T |1idy uo sfeulnor 134SY e Blo'sfeulno fipdse’w.feyd jow wou ) papeojumoq


http://molpharm.aspetjournals.org/

