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ABSTRACT: Rational drug design targeting ion channels is an W

exciting and always evolving research field. New medicinal
chemistry strategies are being implemented to explore the wild
chemical space and unravel the molecular basis of the ion
channels modulators binding mechanisms. TASK channels
belong to the two-pore domain potassium channel family and
are modulated by extracellular acidosis. They are extensively
distributed along the cardiovascular and central nervous
systems, and their expression is up- and downregulated in
different cancer types, which makes them an attractive
therapeutic target. However, TASK channels remain unex-
plored, and drugs designed to target these channels are poorly
selective. Here, we review TASK channels properties and their
known blockers and activators, considering the new challenges in ion channels drug design and focusing on the implementation
of computational methodologies in the drug discovery process.

Bl INTRODUCTION

Numerous cellular functions such as excitability, development,
communication, homeostasis, and others are modulated by
membrane proteins which create a gated, water-filled pore to
regulate the membrane potential by controlling the ion flow
between both the intracellular and extracellular environ-
ments."”” These remarkable proteins are named ion channels.
Potassium (K*) channels form the largest family of ion
channels as more than 80 genes in the human genome encode
pore-forming subunits. They are classified into three main
families according to their membrane topology:3 (i) voltage-
gated K* channels (K,) and Ca**-dependent K* channels (Kc,)
with one pore domain and six transmembrane domains (1P/
6TM) per subunit; (ii) inwardly rectifying K* channels (K;)
with 1P/2TM per subunit; (iii) two-pore domain K* channels

TASK-3 (KCNK9 and K,9.1), and TASK-S (KCNKI$ and
K,p15.1).%” As homodimers or heterodimers, TASK-1 and
TASK-3 generate archetypal K'-selective leak currents, and
TASK-S subunits seem to be nonfunctional when expressed
alone or together with other TASK subunits.® TASK channels
play a principal role in extracellular pH sensitivity, oxygen
sensitivity, apoptosis, mediation of general anesthesia, and
tumorigenicity. 19 However, other K,p channels such as
TWIK-1, TALK, and TRESK have also been found to be
sensitive to extracellular pH; hence, the use of pH sensitivity as
a criterion of TASK identification has been redesigned.6

Ion channels are molecular targets of many drugs, and
worldwide drug sales targeting ion channels exceed USD 12
billion."" However, due to the increased drug market, the
significant demand for novel, most potent, and selective drugs,

(K,p) with 2P/4TM per subunit.” K, channels that include 15
mammalian members are divided into 6 subfamilies: TWIK
(tandem of P domains in a weak inwardly rectifying K*
channel), THIK (tandem-pore-domain halothane-inhibited
K' channel), TREK (TWIK-related K' channel), TASK
(TWIK-related acid-sensitive K* channel), TALK (TWIK-
related alkaline-pH-activated K* channel), and TRESK
(TWIK-related spinal-cord K* channel).>® In this review, we
focus on TASK channels. This subgroup of the KCNK gene
family includes TASK-1 (also known as KCNK3 and K,;3.1),
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as well as the discovery and identification of approximately 400
ion channel pore-forming genes and accessory subunits, the
rational drug design targeting ion channels rose over the past
years. Thus, the new released K,p crystal structures'> "¢ as well
as the development of new K, channel modulators"*'” = are
the basis for new efforts regarding K,, channels as novel

therapeutic targets. This review presents an overview of TASK
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channels, their function, physiological role, and structure; we
also explore the primary TASK modulators reported and the
challenges and future directions of the drug design targeting
these channels.

B TOPOLOGY AND STRUCTURE

The TASK subfamily of K,, channels includes TASK-1, TASK-
3, and TASK-5 with 394 amino acids (aa),”’ 374 aa,”””’ and
330 aa,>* respectively. In humans, TASK-1 shares 58.9% of aa
sequence identity with TASK-3 and 51.4% with TASK-S;
conversely, TASK-3 shares 55.1% of identity with TASK-S
(Figure 1). This close relationship is very similar in the TREK
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Figure 1. K,; subfamilies in Homo sapiens. The 15 known human K,p
genes are placed into six subgroups; the amino acid percentage
sequence identity is given for the subfamily members. The sequence
identities were from ref 13.

subgroup, where TREK-1, TREK-2, and TRAAK share
between 39.2% and 59.0% of sequence identity; in other
subgroups such as TWIK and TALK the identity varies from
443% to 35.2%, respectively. The amino acid sequence
conservation between K,, subgroups is comparable to that
between channels from other K* channel families such as K,
and K,,"* which allows us to witness the high conservation of
these channels in nature.”

K,p channels have been identified in plants, mammals, and
other organisms. In plants, for instance, the genome of the
model plant Arabidopsis thaliana includes five genes coding for
K,p channels named as tandem-pore K' channels TPK1-5
(AfTPKs). Orthologues of AfTPKs are found in all higher
plants sequenced so far. In contrast, in algae, they have only
been found in the chlorophyte Ostreococcus.”® Although human
K,p channels and AfTPKs share the same topology (2P/4TM),
their sequence identities and similarities are low, varying

between 5.9% and 18.9% for identity and 12.1% and 31.7% for
similarity.” In this direction, our group previously studied the
similarities and differences between K, channels in plants and
animals regarding their physiology, as well as the nature of the
last common ancestor (LCA) of these two groups of proteins.
Through an extensive evolutionary analysis using bioinfor-
matics we found that K,, LCA was most likely a eukaryotic
organism. Our findings showed that bioinformatics studies on
K,p channels (in mammals, plants, and other organisms) would
allow understanding the evolution, molecular regulation
mechanisms, and physiological modulation of these remarkable
channels.”

Unfortunately, TASK channels 3D structures have not been
resolved yet by X-ray crystallography or cryoelectron
microscopy; however, the recent crystal release of other K,p
channels allowed us to describe the unique topology and
structure of these channels and also to create models and
understand how and why K,, channels have different
conformations in the membrane. Figure 2 illustrates the K,p
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Figure 2. Architecture of K,p channels. Topology and 3D structure of
the human TWIK-1 channel. The blue surface represents the
extracellular ion pathway (EIP) and side-fenestrations. TWIK-1 is
rotated 90° for better representation.

channel topology. They have two-pore domains and four
helical transmembrane segments per subunit (2P/4TM) and
form dimers.” Nonetheless, heterodimers between K,p
channels such as TASK-1/TWIK-1*" and TASK-1/-3°"**""!
have been reported. In 2012, Miller and Long'” and Brohawn
et al."* deposited the first two K, channel crystals in the PDB
database. They placed the 3D structure of TWIK-1 (PDB code
3UKM) and TRAAK (PDB code 3UM?7), respectively. Those
crystals revealed a unique cap structure formed by two large
extracellular linkers from the M1 to the first pore loop (M1-P1
linker);*” the cap forms two extracellular ion pathways (EIP)
after the selectivity filter (Figure 2). Crystallized channels also
display two open cavities facing the membrane known as side-
fenestrations; these fenestrations are also present in other ion
channels such as the voltage-gated sodium channels®”** and
are one of the leading research topics in the field of rational
drug design targeting hERG, sodium, and K,; channels.' %7
In 2013, Brohawn et al.'* deposited another TRAAK crystal
structure (PDB code 419W) but this time the TRAAK channel
conformation was different, with one fenestration opened and
the other one closed. This structure also revealed domain-
swapped chain connectivity, where the TM4 helix interacting
with the first pore domain (P1) of the same subunit of
previous crystallographic structures now interacts with the first
pore domain of the other subunit.

The physiological function of the cap is still poorly
understood, and it remains unclear whether the cap and thus
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K,p channels assemble in two different conformations: domain-
swapped or non-domain-swapped.” It is known that the
presence of the extracellular cap confers resistance to K,p
channels against toxins,"> conventional K* channel-blocking
drugs such as tetraethylammonium (TEA), and 4-amino-
pyridine,*" as well as polyunsaturated fatty acids.'>** Recently,
we aimed at assessing whether there are structural differences
between the K,p channels that harbor a disulfide bridge in the
extracellular cap12’13’15’43’44 and those without it, such as
TASK-1 and TASK-3. Functional alanine mutagenesis screen-
ing of TASK-1 along with homology modeling was used to
build an experimentally validated model of the cap of disulfide-
bridge free TASK-1 channels. The evidence presented suggests
that the Cys residues at the tip of the cap structure in K,p
channels are not essential for channel assembly. It was
proposed then that hydrophobic residues at the inner leaflets
of the cap domains can interact with each other and that this
way of stabilizing the cap is most likely conserved among K,p
channels.”

In 2014, Brohawn et al.** proposed a physical mechanism
for the gating and mechanosensitivity of the human TRAAK
channel. In these TRAAK crystal structures (PDB codes
4WFE, 4WFF, 4WFG, and 4WFH) the K" ion occupancy was
associated with the conductance of the K,p channels as well as
the conformation of the side-fenestrations. Crystal structures
where K ions were found at the inner cavity have a closed
side-fenestration; for this reason, the closed side-fenestration
or “up state” was associated with the “conductive state”, and
the opened side-fenestration or “closed state” was associated
with the “nonconductive state”. In the conductive state,
conformational changes in the M2, M3, and M4 trans-
membrane helices seal the side-fenestrations to prevent lipid
access allowing the ion conduction through the channel. In
2013, Dong et al. deposited the structure of TREK-2 (PDB
code 4BWS) with both fenestrations closed and the cap in a
domain-swapped conformation.'® In 2014, they deposited the
crystal structure of TREK-1 (PDB code 4TWK) with the same
conformation (both fenestrations closed and domain-swap-
ped), and in 2015 the other three crystal structures of TREK-2
were deposited, all of them with the domain-swapped
conformation and with both fenestrations opened (i) without
ligand (PDB code 4XDJ), (ii) in complex with norfluoxetine
(PDB code 4XDK), and (iii) in complex with brominated
fluoxetine (PDB code 4XDL)."® These last structures revealed
insights into the binding site of the crystallized ligands and the
role of the fenestrations in the binding mode and ion
conductivity, since the conductive and nonconductive states
of TREK-2 were also associated (as it was associated for
TRAAK) with the ion occupancy at the selectivity filter. In this
report, Dong et al. also studied the coordinated movement of
all three involved helices (M2, M3, and M4) by molecular
dynamics simulations (MDs). These simulations exhibited a
downward movement of M2, M3, and M4 from the
nonconductive state (side-fenestrations open) to adopt a
conformation similar to the conductive state (side-fenestra-
tions closed), thus indicating the occurrence of movements
between the states. They described for the very first time (by
crystal structures) the binding site of drugs such as
norfluoxetine and brominated fluoxetine within a K, channel.
These drugs bind within the side-fenestrations but do not bind
into the inner cavity to directly block the ion path. The
fenestrations provide a hydrophobic environment close to the
selectivity filter in which both ligands promote the non-

conductive state (open fenestrations).'> In 2017, Lolicato et
al.*® obtained three crystallographic TREK-1 structures (PDB
codes 6CQ6, 6CQ8, and 6CQY) revealing a new binding site
of small activators called “cryptic binding site”. The cryptic
pocket lies behind the selectivity filter where the binding of
activators ML335 and ML402 is directly related to the
regulation of a C-type-like inactivation gating.** These
structures exhibit closed fenestrations consistent with Brohawn
et al.” hypothesis stating that the “up state” is associated with
a “conductive state.” However, in 2014, the same group
published crystal structures of two TRAAK channel mutants
(G1241 and W262S) gaining function and open fenestrations
and providing contradicting results on gating regarding the
Brohawn et al. hypothesis. In 2016, this contradiction was
solved by McClenaghan et al.”’ When analyzing TREK-2
channels, they proposed that the K,p channel gate is at the
selectivity filter, as described by Schewe et al.*® and that the
filter can open independently from both the down and the up
states. TREK2-G1671 and TREK-W306S mutants, homo-
logues to TRAAK-G124I and TRAAK-W262S mutants,
respectively, directly activate the filter gate without closing
fenestrations.

B PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL
ROLE OF TASK CHANNELS

Some studies have shown that TASK channels are not involved
in the regulation of breathing by hypercapnia in the brain
stem.”” However, TASK-1 (not TASK-3) channels may be
involved in hypoxic ventilatory driven by the carotid bodies,*
playing a role in sensing acidosis and hypoxia in glomus cells.>!
Both channels play an essential role in the central nervous
system, in the cardiovascular system,” and in the regulation of
the immune system.”” The adrenal gland is also a significant
site for TASK-1 and TASK-3 expression in both rodents and
humans. TASK-1 null mice (TASK-17/") show hyperaldoster-
onism, a pathological condition where an excess of aldosterone
is produced by the adrenal gland.”> TASK-1 and TASK-3
channels are also relevant for neuronal excitability, confirmed
by the fact that TASK knockout mice are resistant to the
hypnotic and immobilizing effects of halothane.”* Both
channels are activated by this volatile anesthetic.”> Besides,
TASK-37/~ mice exhibit pronounced sleep disorders and a
marked reduction in the sensitivity to the halothane hypnotic
effects.”

TASK-1 is present in many different tissues (pancreas,
placenta, kidney, lung, liver, ovary, prostate, and small
intestine) contributing to maintain the resting membrane
potential.”” This modulation appears to be important in some
physiological contexts, including the transmission and
anesthetic regulation of neuronal activity.55 Strikingly, loss-of-
function mutations in TASK-1 (KCNK3) cause pulmonary
arterial hypertension (PAH).>® However, it currently remains
unclear whether TASK-1 inhibition, by drug-targeting this
channel, will cause PAH side effects in animal model or
humans.””®” TASK-1 was identified as a built-in rheostat
negatively regulating thermogenesis, antagonizing norepi-
nephrine-induced membrane depolarization by promoting K*
efflux in brown adipocytes.®'

TASK channels have been implicated in apoptosis and
tumorigenicity.62’63 TASK-3 has also brought considerable
attention as a channel involved in carcinogenesis and tumor
progression. TASK-3 was verified as an effective oncogene; its
overexpression accelerates breast tumor formation and confers
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Table 1. Principal Human TASK Channels Modulators

no.

1

AN »n AW

10
11
12
13
14

15
16
17
18

19
20
21
22
23

24
25
26
27
28
29

30

31
32
33
34
35

36

compound

A1899

A293

alphaxolone

anandamide

AVEQ0118
(#)-octoclothepin maleate
Ba

bupivacaine

Cs*
diethyl ether

dihydro-f-erythroidine hydrobromide
dihydropyrrolo[2,1-a]isoquinolines

1
2
3
3

doxapram

etidocaine
glibenclamide
GW2974
halothane

ICAGEN-4
isoflurane
ketamine
L-703,606 oxalate

lidocaine

loratadine

mepivacaine
methanandamide
mevastatin

mibefradil dihydrochloride
ML308

ML36S

MSD-D
NPBA
oligomycin A
pentobarbital

quinidine

quinine

activity

% inhibition

100 uM — 492 + 6.2%

100 uM — 11.0 + 5.0%
100 uM — 502 + 10.9%
100 uM — 56 + 13%

1 mM — 7.7 + 7.6%1
0.6 mM — ~40%

100 uM — 3.6 + 2.7%

I mM — 65.6 + 15.2%7
1 mM — ~60%1

2 mM — ~25%1
100 uM — 7.3 + 2.2%

1 mM — 62 + 9%

10 uM — =6-fold?

100 uM — 4.3 + 2.6%
100 uM — 42.2 + 10.4%
100 uM — 37 + 6%

100 uM — 36.9 + 6.9%
100 uM — <20

IC;, (uM)
0.035 + 0.003
0.318 + 0.030
0.007 + 0.001
0.070 + 0.009
12.0 £ 2.2
8.1+23
0.036
1.6
0.222 + 0.038
0.95 £ 0.1
0.22

3
0.6
73.8 £ 204

41 + 10

73.8 £ 204

189.2 + 27.0
96.7 + 6.9
268.1 +47.4
83.5 £ 87
0.41

37

16

22

39+9

50.1 £ 41.8

1.0

48.5 + 337
222 + 46

634 + 39.6
709 + 190
0.1

159 + 154
24.6 + 217
0,413

3.2

0.016

0.99

0.35

47.7 + 6.77

target
TASK-1°
TASK-3¢
TASK-1¢
TASK-3¢
TASK-2¢
TASK-44
TASK-3*

TASK-1°
TASK-3¢
TASK-1°
TASK-3“
TASK-1¢
TASK-1°
TASK-3¢
TASK-3“
TASK-3“
TASK-3*?
TASK-1°
TASK-3
TASK-1°
TASK-3¢

TASK-3¢
TASK-1°
TASK-3¢
TASK-1°
TASK-1%°
TASK-3*°
TASK-3%

TASK-1°
TASK-3°
TASK-3¢
TASK-3°
TASK-1¢
TASK-1°
TASK-1°
TASK-3“
TASK-3¢
TASK-1°
TASK-3*?
TASK-3¢
TASK-1°
TASK-1°
TASK-3¢
TASK-3¢
TASK-3¢
TASK-1°
TASK-1°
TASK-3¢
TASK-1°
TASK-3¢
TASK-38
TASK-3“
TASK-3“
TASK-3*?
TASK-3“
TASK-1°

cell line ref
X. oocytes
CHO cells 17
X. oocytes

(FRT) epithelial cells 19

X. oocytes

X. oocytes
COS-7 cells
X. oocytes
HEK293 cells
X. oocytes

X. oocytes
COS-7 cells
X. oocytes

X. oocytes
COS cells
HEK293 cells
X. oocytes

X. oocytes

98
93

69
79
82
69
97
79
79
24
88
79
84
97
95

96

(FRT) epithelial cells 18

X. oocytes

X. oocytes
HEK293 cells
X. oocytes
COS cells

X. oocytes
COS cells

X. oocytes
HEK293 cells
X. oocytes
COS-7 cells
HEK293 cells
X. oocytes
COS-7 cells
HEK293 cells
HEK293 cells
HEK293 cells

CHO cells

X. oocytes
CHO-K1
HEK293 cells
X. oocytes

X. oocytes
COS-7 cells
X. oocytes

X. oocytes

72
88
79
97
79
84
17
84
79
97
88
24
97
88
82
97
97
94

99

17
86
97
79
79
24
79
21
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Table

no.

37

38
39
40
41

42

43

1. continued

compound
ropivacaine
R
S
59947
TEA
terbinafine
tetracaine
THPP series

PK-THPP (23)

Zn

activity
% inhibition ICy, (uM)

51+ 13
S3+15
0.2

1uM — 6.1 + 3.3%

1 uM — 30%1
668 + 214

100 uM — 11 + 4%
100 uM — 87 + 2%

(0.035 + 0.00S to >100)
(0.19 + 0.02 to 0.96 + 0.02)
0.035 + 0.00S

0.30 + 0.02

0.01

0.042

0.243 + 0.02

target

TASK-1°
TASK-1¢
TASK-1°
TASK-3“
TASK-3"
TASK-1°
TASK-3¢
TASK-1°
TASK-3¢
TASK-1°
TASK-3*

TASK-3°
TASK-1°
TASK-3°

cell line ref
X. oocytes 88
X. oocytes 17
X. oocytes 79

tsA201 cells 100
X. oocytes 88
HEK293 cells 18
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Figure 3. K,p channels known binding sites. (A, B) Bupivacaine and A1899 binding sites in TASK-1 channels. (C) PK-THPP binding site in
TASK-3. All interaction modes were described by functional mutagenesis screening and molecular dynamics simulations. (D) Norfluoxetine
binding site in TREK-2 channels described by crystallographic structures. (E) TASK-1 in complex with bupivacaine (green) at lateral fenestrations
before (gray) and after (orange) 100 ns of molecular dynamics simulations, illustrating how the drug prevents the “down” to “up” transition due the
concerted movement of the M2, M3, and M4 transmembrane segments. (F) TASK-1 in the absence of bupivacaine before (gray) and after 100 ns
(orange). Green arrows indicate the concerted movement of M2, M3, and M4 transmembrane segments causing the closure of lateral fenestrations.
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Figure 4. TASK modulators.

resistance to both hypoxia and serum deprivation.”> Point
mutations abolishing TASK-3 channel activity abrogate these
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. . 64,65
oncogenic functions,””* and TASK-3 blockers caused a
significant reduction in cell proliferation and an apoptosis
. . . .66
increase in ovarian cancer cell lines.

B TASK BLOCK MECHANISM AND BIOPHYSICAL
CHARACTERISTICS

TASK channels evolved as promising drug targets against atrial
fibrillation,”” """ sleep apnea,” diabetes,”’ pulmonary hyper-
tension,”” and cardiac conduction disorders.”* Thus, there is a
high medical need for specific TASK channel blockers or
activators. As for other potassium channels, K,p channel
blockers described so far preferentially bind to a conserved
binding site located in the central cavity. Thus, the TASK-1
inhibiting compounds A1899"” and A293”* are classical open
channel blockers binding to the central cavity of channels
(Table 1).

We recently found that the local anesthetic bupivacaine
causes a voltage dependent block of TASK-1 and TASK-3
channels® (Figure 3A). This feature was not previously
observed for any other TASK blocker described so far, such as
A1899'73% and PK-THPP;”° both blockers were found
interacting in the central cavity (Figure 3B,C). For this reason,
we subsequently mapped the bupivacaine binding site, using a
functional alanine mutagenesis scan approach combined with
molecular modeling experiments, and identified a novel
allosteric binding site in the lateral fenestrations of TASK-1*
(Figure 3A). Most importantly, bupivacaine is positioned too
far lateral in the fenestrations to cause a classical open channel
block by preventing K' passage through the central cavity.
Thus, the drug uses a novel allosteric mechanism to cause a
voltage dependent inhibition, which is specific to TASK-1 and
TASK-3 but not for other K,p channels tested.”” We described
that TASK-1 channels convert from the down to the up state
during molecular dynamics simulations (MDs) which causes
the putative TASK-1 side-fenestrations to close.” However,
this conversion did not occur in the presence of the drug
(Figure 3E,F). A similar conversion was also described for
TWIK-1 by MDs,”” where the movement of the trans-
membrane segments to open the fenestrations creates a
hydrophobic barrier deep within the inner pore restricting full
hydration of the inner cavity and, therefore, generating an
energetic barrier limiting ion permeation.76 Using MDs, Dong
et al. also described how TREK-2 converts from the down to
up state after 200 ns MDs and reported the norfluoxetine
binding site at the fenestrations (Figure 3D)."* In 2018,
Brennecke and de Groot described by MDs how the TREK-2
up state (with the fenestration closed) stabilizes the selectivity
filter, 1eadin§ to a more conductive channel as compared to the
down-state.”” Nevertheless, it remains unknown whether
TASK-1 channels gate in a comparable way as members of
the TREK/TRAAK subfamily of K,p channels and whether
they physiologically convert into an “up”-state-like conforma-
tion. Thus, it also remains an open question whether the effects
of bupivacaine on the state of fenestrations contribute to the
mechanism of voltage-dependent inhibition.*®

In TASK-1 homology models, the conversion to the up-state
was avoided when bupivacaine was located in the binding site
of the fenestrations. The transition is caused (like in other K,p
channels describe above) by a coordinated movement of M2,
M3, and M4 helices (Figure 3E,F). These findings might lead
to the hypotheses that the fenestration gating might be similar
in all K,p channels. However, the allosteric inhibition of
bupivacaine in TASK-1 and TASK-3 channels (discussed

above) suggests that these channels might gate in a different
manner.”

K,p channels were recently described to operate as K'-
activated potassium channels, in a way that K* ions can sense
the voltage, causing a voltage-dependent K'-efflux that
removes a C-type-like inactivation of the selectivity filter."
Schewe et al. proposed a model in which the selectivity filter of
K,p channels acts as a one-way check valve, unidirectionally
opened by potassium efflux.*® Strikingly, we found that
bupivacaine allosterically prevents this voltage-dependent K*
flux gating in TASK-1 channels leading to a voltage dependent
block. The fact that bupivacaine causes a voltage-dependent
inhibition exclusively to TASK-1 and TASK-3 channels
suggests that these channels might gate in a different manner.”
This is also supported in literature, since for TASK channels it
was not possible to determine a value in inside-out patches for
the voltage of half-maximal activation®® and Rb* did not
strongly activate the channels but inhibited them.** On the
other hand, and maybe even more straightforward as an
explanation, the TASK-1/3 channel subtype specificity of the
voltage-dependent inhibition might simply result from a
specific set of amino acids determining a binding site
exclusively located in the lateral fenestrations of TASK-1 and
TASK-3.

Although local anesthetics are notoriously promiscuous and
only show a low affinity block of TASK-1/3 channels, the new
allosteric block mechanism might provide the molecular basis
to develop highly potent subtype specific Kyp channel blockers
with specific biophysical characteristics.

B PHARMACOLOGY OF TASK CHANNELS

The pharmacology of TASK channels has been poorly studied
over the past years. Here, we compile the TASK modulators
reported in recent years (Table 1, Figure 4). TASK channels
are insensitive to typical K channel blockers such as Cs’,
tetraethylammonium (TEA), and 4-aminopyridine (4-AP).”®”
Several molecules regulate these channels as neurotransmit-
ters,*® hormones,”® alkaloids,®’ cannabinoids,®> divalent
cations,® and volatile anesthetics such as halothane and
isoflurane;** none of these compounds are selective for TASK
channels. TASK channels are stimulated by halothane at the C-
terminal region, where 0.1—1.0 mM halothane increases more
than 60% the TASK-1 channel activity and 1.0 mM halothane
increases 66% the TASK-3 channel activity.””** TASK-3
channels are also stimulated by other general anesthetics
(halogenated agents) such as 2,2,2-tribromoethanol, 2,2,2-
trichloroethanol, carbon tetrabromide, and carbon tetrachlor-
ide.® Recently, Tian et al. described that N-(2-((4-nitro-2-
(trifluoromethyl)phenyl)amino )ethyl)benzamide (NPBA) ac-
tivates TASK-3 channels by interacting with two distant
clusters of residues, one located at the extracellular end of
TM2 and the other cluster at the intracellular end of TM3.%

Regarding the study of the K, channels blockage, several
authors have studied the effect of local anesthetics such as
lidocaine and bupivacaine in K,p channels such as TASK,
TREK, and TALK.*'*'?*"= Lidocaine poorly inhibits TASK
channels (ICgy &~ 220 uM),'® and bupivacaine presumably
binds TASK-1 channels at the side-fenestrations,” making it a
perfect candidate to study the fenestrations role in the
modulation of TASK. Bupivacaine is a voltage-dependent
blocker inhibiting rTASK-1 (ICy, = 41—68 uM) and rTASK-3
(ICs, = 100 uM) channels.”**”!
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Other molecules can also bind TASK channels at the
extracellular ion pathway (EIP) (Figure 2) such as Zn>* and
ruthenium red (RR). Zn** selectively blocks TASK-3 under
physiological conditions by binding the residues His98 and
Glu70.”” The inhibition of TASK-3 by Zn*", just as pH,, gating,
is cooperative and strongly impeded by increasing the
extracellular K* concentration. Molecular dynamics simulations
suggest that two Zn** ions might plausibly bind at sites defined
by neutral His98 side chains flipped upward into the EIP at
both sides of the pore entrance. Blockade of TASK-3 by Zn**
and RR is K'-dependent and shows virtual voltage
independence, as expected from the interaction with superficial
sites at the selectivity filter. Both Glu70 and His98 are
proposed to form the blocker-binding site. Additionally, it is
also possible that Glu70 side chain favors the blockers
interaction by electrostatically increasing their local concen-
tration.**

In recent studies, organic compounds such as A293,°
A1899,"” ML308,”* and pyrido[4,3-d]pyrimidine derivatives'®
selectively inhibit TASK-1 and TASK-3 channels. Recently,
Noriega-Navarro et al.”” reported the application of
dihydropyrrolo[2,1-alisoquinoline derivatives (DPIs) as novel
TASK inhibitors. Doxapram, on the other hand, blocks
*TASK-1 with ICg, = 0.4 uM°® and rTASK-3 with ICy, =
37 uM.’® In addition, Bruner et al. described several
compounds presenting inhibitory activity against TASK-3,
such as loratadine (ICs, = 63.4 M), mibefradil (IC;, = 24.6
uM), oligomicine A (ICy, = 47.7 uM), octoclothepin (ICs, =
73.8 uM), L-703,606 oxalate (ICg, = 45.5 uM), mevastatin
(ICso = 159 M), dihydro-f-erythroidine (ICs, = 73.8 uM),
and GW2974 (IC4, = 50.1 uM).”” All these small compounds
present physicochemical similarities (Figure 4) such as notable
presence of aromatic rings, hydrogen-bond acceptors, and
hydrophobic groups. These last groups are very important
since their central cavity and side-fenestrations binding pockets
are mostly hydrophobic.'*****” We discussed below how the
common physicochemical characteristics along these molecules
allow them to interact with TASK channels.

Previous studies completed by our groups using computa-
tional and electrophysiological approaches showed that some
known aromatic K,1.5 blockers studied by the pharmaceutical
industry (Sanofi-Aventis GmbH, patent WO2007/124849) are
more effective against TASK-1 than K,1.5 channels.”” The
inhibition of TASK-1 and K,1.5 is caused by drug binding to
the lipophilic residues facing the central cavity. Despite the
physicochemical and sterically similarities in both drug binding
sites, there are well-defined differences in their geometry,
primarily arising from the dimeric structure of TASK-1 versus
the 4-fold symmetry of Kv1.5 channel.”” The most efficient
aromatic K,1.5 blocker in TASK-1 is A1899 since it is 68-fold
more effective on TASK-1 than on K,1.5,% blocking TASK-1
channel expressed in CHO cells with ICs, = 7 nM;'” while
A1899 blocks TASK-3 channel with IC;, = 70 nM. The
binding site of A1899 in TASK channels was already identified;
the only difference between TASK-1 and TASK-3 is a Met247
residue since TASK-3 has a leucine in this position.'” In 2017
our group demonstrated by computational methods that
A1899 is not facing the central cavity entirely and saw the
relevance of the side fenestrations for the drug binding. It was
proposed that A1899 binding at the inner cavity (Figure 3B)
may provide an energetically favored conformation for the
closed state of the channel.>® In 2012, Coburn et al. described
the a 5,6,7,8- tetrahydropyrido[4,3-d]pyrimidine (THPP)

series as novel TASK-3 antagonist.18 From that series, the
compound PK-THPP was presented as the most potent
TASK-3 blocker (ICs, = 35 nM). By molecular docking and
site-directed mutation screening, it was proposed that PK-
THPP, A1899, and doxapram bind in the central cavity of
TASK-3 with the residues Leul22, Gly236, and Leu239."” We
recently redefined the PK-THPP binding site into TASK-3 by
alanine mutagenesis and molecular simulations and found that
the residues Thr93, GIn126, Gly231, Ala237, Leu244, Leu247,
and Thr248 are also part of the binding side at the central
cavity (Figure 3C), along with the residues Leul22, Gly236,
and Leu239 previously described.”” In this sense, the use of
fused heterocyclic compounds attracted the attention as new
TASK blockers. Therefore, it is necessary for the development
of more straightforward theoretical/experimental method-
ologies to find new heterocyclic derivatives with potential
applications as TASK modulators.

B CHALLENGES AND FUTURE DIRECTIONS

Ion channels play fundamental roles in several cellular
functions and are involved in numerous pathologies underlying
various diseases. Consequently, they constitute an “attractive”
target with a substantial potential for drug discovery for a large
number of diseases. However, despite their potential, some ion
channel families such as K,p channels are still scientifically and
economically poorly exploited, and despite the considerable
investment in ion channel screening, the need for developing
potent Kyp channel modulators is yet to be achieved. There are
multiples challenges to address, such as the use of alternative
screening approaches like the phenotypic screen, since it is
known that the use of pore-forming subunits expressed in
heterologous cell system does not adequately represent how a
cell may behave under a specific disease condition.""''~'%
We could appreciate that ion channels are only one component
of various signaling complexes involving accessory subunits,
cofactors, enzymes, and other proteins involved in the
transport at the cellular membrane level.'”*'*® The evidence
now shows that the pharmacology of a given ion channel can
be strongly affected by the proteins associated with this
channel in the cell.'”® New and innovative systems have been
developed to overcome these problems, including two cell lines
that can develop themselves into any somatic cell type:
embryonic stem cells and induced pluripotent stem cells.
Those cell lines are marking a new era with potential
applications in drug design targeting ion channels.'*”'*®
Other challenges to face regarding ion channels drug design
are the poor chemical diversity available in databases;
additionally, screening combinatorial libraries of small
molecules could lead to difficulties since some moieties may
interact with several different target molecules, raising the
“selectivity” challenge. Here is when evolution tools are used
by scientists since natural products such as toxins have been
optimized by nature after millions of years for a phenotypic
effect, and as a consequence of the evolution, natural products
such as toxins can now eliminate target promiscuity and enrich
their potency at the primary target. This growth makes them
profitable for the design of pharmaceuticals targeting ion
channels, enhanced by the multidisciplinary research between
disciplines which are not traditionally linked to the ion channel
drug discovery.'””~"'* Another promising approach is the use
of functional antibodies against ion channels, such as the use of

monoclonal antibodies targeting nicotinic ion chan-
nels, 65113114

DOI: 10.1021/acs.jmedchem.9b00248
J. Med. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jmedchem.9b00248

Journal of Medicinal Chemistry

O %
Iz

Iz
s
=

Figure 5. A common pharmacophore of TASK blockers. As an example, we show the selective TASK blocker A1899. To generate the TASK
pharmacophore model, we first generated the 3D structures of all blockers and minimized the energy. The 2D structure of A1899 is displayed for
better representation (left). Then, the pharmacophoric features are mapped in all blockers (central), and finally we generated a pharmacophore
model by finding the common pharmacophoric features between ligands (right). Features are the following: H-bond acceptor (red), H-bond donor

(blue), hydrophobic (green), and aromatic ring (orange).

One of the most significant advances in the rational drug
design is the development of new computational methods and
algorithms to study protein—ligand interactions and to predict
if a given ligand will have activity against a specific target.''
Among the most used methods, we can find molecular
docking, molecular dynamics simulations, binding free energy
calculations, and de novo drug design.lb All those methods
are based on the structure of the target, the ligand, or both and
are usually combined with structure-based drug design
(SBDD) strategies. The SBDD is most potent when it belongs
to an entire drug lead discovery process, where the structure
information has one of the greatest impacts on drug-discovery
programs, improving the potency and selectivity of a lead
molecule. Structural data are also employed in the design of
small-molecule data sets with higher binding potential against a
particular target. Another computational method where the
pharmacophoric characteristics of a given set of ligands with
proven activity act against a common target is called
pharmacophore modeling. This computational approach
describes steric and electronic characteristics needed for the
interaction between a drug series and its target. “The
pharmacophore can be considered as the largest common
denominator shared by a set of active molecules.”''® Methods
such as protein structure-based or ligand-based pharmaco-
phore modeling''” were implemented in pharmacophore
modeling. While the protein structure-based modeling needs
the 3D structure of the target or the complex to extract the
chemical features in the active site and its relations, the ligand-
based modeling extracts this information from a set of known
ligands with the specific interactions with the target. In this
method, pharmacophoric descriptors (H-bond acceptors, H-
bond donor, aromatic ring, hydrophobic moieties, negative,
and positives residues) are mapped between all the given
ligands to generate a pharmacophore model. This model might
be used either to search in a database of molecules for possible
hits''® or to design de novo ligands.''” This approach has been
widely used in drug discovery targeting ion channels, such as
the K,p family, where pharmacophore modeling and other
computational tools identified new blockers such as NC30
with activity against TREK-1 channels."”” Other ion channels
inhibitors, like GAL-021 (a BK modulator), were also
synthesized by modifying moieties of the almitrine pharmaco-
phore."”’

Here we explore the pharmacology of TASK channels, and
by reviewing the structures of the reported TASK modulators
and its activity against TASK channels (Table 1, Figure 4), we
constructed the common ligand-based pharmacophore model

between TASK modulators. Briefly, the blockers with reported
ICy, (Table 1) were sorted into two groups, TASK-1 (A1899,
A293, AVEO(118, doxapram, etidocaine, ICAGEN-4, ML308,
ML365, MSD-D, $S9947, and PK-THPP) and TASK-3
(A1899, A293, dihydro-f-erythroidine, doxapram, GW2974,
L-703.606, loratadine, mevastatine, mibefradil, ML308,
ML36S, and oligomicine-A) blockers; we excluded bupivacaine
since this drug has a known different binding site. The
molecules were taken separately in each group for hypothesis
generation using energy-optimized pharmacophore (e-pharma-
cophore). e-Pharmacophore is an approach to generate
structure-based pharmacophores,'”* which uses a scoring
function to accurately characterize protein—ligand interactions,
resulting in improved database screening enrichments.
Structures were sketched and processed using LigPrep with
the force field OPLS-2005;'** possible states of ionization at
pH 7.0 + 2.0 were generated with Epik. For both groups, the
compounds were classified as active or inactive according to
their ICy, (active, <20 uM; inactive, >20 uM).

Then, the pharmacophoric features were mapped for all the
ligands in both groups with the software Phase,'** using six
pharmacophore features: hydrogen bond acceptor (A), hydro-
gen bond donor (D), hydrophobic group (H), negatively
charged group (N), positively charged group (P), and aromatic
ring (R). Each feature is defined by a set of SMARTS patterns
(with the exception of the H and R features); then, the active
and inactive ligands are defined randomly to develop the e-
pharmacophore model. Stereochemical properties such as the
isomerism were preserved according to data reported in the
literature (Table 1). As expected, the same common
pharmacophore (Figure 5) was identified for both TASK-1
and TASK-3 channels although the pharmacophore modeling
was done in two different groups; this happens because the
binding site in the central cavity only differs in the residue 247,
where for TASK-1 is Met and for TASK-3 is Leu."”

One aromatic ring, one H-bond acceptor, and one
hydrophobic group compose the identified TASK pharmaco-
phore. This novel pharmacophore is common to all TASK
blockers with ICs, < 20 uM. Unfortunately, there is not
available information regarding TASK channels in complex
with modulators from crystallographic structures to corrobo-
rate our findings. However, when comparing the TASK
common pharmacophore reported here with the A1899
binding mode in TASKI1 described by our group in 2017, we
found that the carbonyl oxygen (H-bond acceptor in Figure 5)
interacts with residues Gly236 and Arg240 located in the
TASK-1 central cavity. Additionally, the aromatic ring interacts
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with the Ile118 and Leu239, and the fluoride (hydrophobic
feature) interacts with hydrophobic residues at the bottom of
the TASK-1 pore.*® These results allow us to hypothesize that
active TASK blockers share common physicochemical and
pharmacophoric features (Figure S), allowing them to interact
with TASK-1 and TASK-3 channels in a very similar way. On
the other hand, we are aware that the three-point
pharmacophore reported here is too general to guide the
design of novel TASK modulators. However, it might be used
as a molecular tool to understand the action mechanisms of
different TASK channels modulators, such as other three-point
pharmacophore models reported for K* channels modulators,
like the common pharmacophore of different Kv1.5 blockers
which preferentially inhibits TASK-1 channels,”” or to describe
a pharmacological master key mechanism that unlocks the
selectivity filter gate in K* channels."” The ligand-based
pharmacophore model reported here could also be used as a
starting point to explore existing small-molecule databases,
finding compounds with the same pharmacophoric character-
istics as the presented model with potential activity against
TASK channels. Thereby, the chemical space of molecules
with potential activity against these channels could be
expanded, enabling obtaining of new TASK channel
modulators through combinatorial chemistry and lead
optimization.
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