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ARTICLE INFO ABSTRACT
Keywords: TASK-3 generates a background K* conductance which when inhibited by acidification depolarizes membrane
PH sensitivity potential and increases cell excitability. These channels sense pH by protonation of histidine residue H98, but

Hydrogen-bond network

‘ recent evidence revealed that several other amino acid residues also contribute to TASK-3 pH sensitivity, sug-
Remote tuning

Hos gesting that the pH sensitivity is determined by an intermolecular network. Here we use electrophysiology and

31 molecular modeling to characterize the nature and requisite role(s) of multiple amino acids in pH sensing by

mTASK-3 TASK-3. Our results suggest that the pH sensor H98 and consequently pH sensitivity is influenced by remote
amino acids that function as a hydrogen-bonding network to modulate ionic conductivity. Among the residues in
the network, E30 and K79 are the most important for passing external signals near residue S31 to H98. The
hydrogen-bond network plays a key role in selectivity or pH sensing in mTASK-3, and E30 and S31 in the
network can modulate the conductive properties (E30) or reverse the pH sensitivity and selectivity of the channel
(S31). Molecular dynamics simulations and pKj /2 calculation revealed that double mutants involving H98 + S31
primarily regulate the structure stability of the pore selectivity filter and pore loop regions, further strengthen the
stability of the cradle suspension system, and alter the ionization state of E30 and K79, thereby preventing pore
conformational change that normally occurs in response to varying extracellular pH. These results demonstrate
that crucial residues in the hydrogen-bond network can remotely tune the pH sensing of mTASK-3 and may be a
potential allosteric regulatory site for therapeutic molecule development.

1. Introduction K2P9.1) are members of the two-pore-domain family of potassium
(K2P) channels which generate a pH-sensitive background Kt conduc-
TWIK-related acid-sensitive K channels (TASK-1, K2P3.1; TASK-3, tance that contributes to membrane potential and the regulation of cell
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excitability. TASK channels are expressed widely, including in carotid
body type I cells [1], pulmonary arterial smooth muscle cells [2] and
renal arteries [3], and have roles in respiratory chemosensation, the
mechanism by which the brain regulates breathing in response to
changes in CO,/H™. In addition, small amounts are expressed in pe-
ripheral tissues, such as pancreas and small intestine [4], where a
steady-state alkaline environment is maintained and is critical for
enzyme function. Disruption of TASK channels has been implicated in
several human disorders [5]. For example, missense mutation or
reduced expression of TASK-1 has been identified in patients with pul-
monary hypertension [6,7], where loss of this channel is expected to
depolarize smooth muscle resting membrane potential which likely fa-
vors muscle contraction and hypertension. Overexpression of TASK-3
has been reported in a number of human carcinomas such as breast,
lung, colon, and metastatic prostate cancers [8], which may increase
resistance to hypoxia in cancer cells with acid-base disturbance [9].
TASK variants are associated with hyperaldosteronism and hypertension
[10], causing metabolic alkalosis. Missense mutation in the KCNK9 gene
encoding TASK-3 causes KCNK9 imprinting syndrome, a rare genetic
disorder characterized by dysmorphic facial features, intellectual
disability and hypotonia [11]. Electrophysiological studies revealed that
KCNK9 variants associated with imprinting syndrome display decreased
channel sensitivity to extracellular pH as well modulation by Gq
signaling [11]. These pathophysiologies underscore the need to better
understand the molecular mechanisms underlying pH-gating of wild
type (WT) or disease-associated TASK channels and to develop potential
targeted therapeutic strategies for management of those disorders.

The pH-response profiles of TASK-1 and TASK-3 are similar; currents
are maximal at pH ~8-9 but become progressively inhibited as the pH
drops. In addition, TASK-3 shares >50 % homology with TASK-1 at the
amino acid level [12]. However, these TASK subunits have different pH
sensitivities; the pKa of TASK-1 is ~7.2-7.5 whereas that of TASK-3 is
~6.0-6.7 [12]. A pore-neighboring, titratable histidine residue, H98,
plays a key role in pH sensing in TASK-1 and TASK-3 [13,14]. Recently,
it was reported that residues D204, Q77 and Q209 can be proton sensors
for mouse or human TASK-1 [15,16]. Mutation of D204, Q77 or Q209
largely abolishes the acidic pH sensitivity but still preserves the alkaline
PH sensitivity of the TASK-1 channel. Moreover, these three amino acids
are highly conserved among pH-sensitive TASK channels. However,
little is known regarding the interactions between the essential pH
sensor H98 and these more recently identified pH-sensitive residues
remote from H98. Nor is it known whether other candidate pH sensors
are present in the TASK-3 channel, which could further tune the pH
sensitivity of H98 in both acidic and alkaline extracellular milieux.

The structural and mechanistic basis for TASK-3 pH-gating remains
unknown. Recent work on another pH-sensitive K2P channel called
TWIK-1 showed that under acidic conditions, protonation of extracel-
lular H122 caused the residue to flip up and close the top of the selec-
tivity filter by displacing the helical cap which blocks extracellular ion
access and opens gaps for lipid block of the intracellular cavity [17]. The
proton-sensor histidine residue (H122) of TWIK-1 is conserved and is the
counterpart of H98 in the TASK subfamily. Whether the conformational
changes of TASK channels by pH-gating are similar to those of TWIK-1
remains unknown. Here, we wused a combined experimental-
computational approach, as described in previous studies [18-22], to
identify intermolecular interactions between the key pH sensor H98 and
other potentially important pH-sensing residues by molecular modeling
and voltage-clamp, and reveal a new pH-gating mechanism by molec-
ular dynamics (MD) simulations.

2. Materials and methods
2.1. Molecular modeling

The closed conformation homology model was generated using the
online sever SWISS-MODEL  (https://swissmodel.expasy.org/),
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employing the human TASK-1 crystal structure (PDB ID: 6RV2, 3.0 A) as
a template due to its highest homology identity (72.6 %) among the
reported structures [16]. The “user template” mode was utilized for
generating the homology model, resulting in a single model. The
model’s quality was assessed using QMEANDisCos (0.74 + 0.05) [23].
In comparison with the model generated from Alphafold, aside from the
flexible C-terminus, which appears as a large loop, the rest structure
closely resembles the model generated on SWISS-MODEL, with and
RMSD of 0.335 (212 to 212 atoms, aligned in PyMol). For the open
conformation homology model (data not shown), the mouse TASK-2
cryo-EM structure (PDB ID: 6WMO, 3.5 A) served as the template,
with a homology identity of 29.08 % [24]. The QMEANDisCos score for
the open model is 0.62 + 0.05.

Hydrogen bond formation in the mTASK-3 homology model was
assessed based on criteria including length (< 3.5 f\), angle (>120°) and
atomic type, where donor atoms (-FH, -NH, or -OH) form pairs with
acceptor atoms (F, N, or O).

2.2. Molecular biology and cell culture

WT and mutant DNA sequences of the mTASK-3 channel were cloned
into pCDNA3.0 vector with fused EGFP as a reporter. The mTASK-3
constructs were fully confirmed by DNA sequencing.

HEK293T cells were cultured in DMEM supplemented with 10 %
FBS. Cells were transfected with WT or mutant mTASK-3 using Poly-
Jet™ (SignaGen) according to the manufacturer’s instructions. Cells
were plated onto poly-i-lysine (Sigma-Aldrich) -coated coverslips
treated after 12-16 h of transfection. Individual and isolated cells
expressing green fluorescence were selected for recording.

2.3. Electrophysiology

Whole-cell recordings were performed at room temperature (21-24
°C) using a MultiClamp 700B amplifier and a Digidata 1440A (Molecular
Devices, San Jose, CA). Micropipettes were made from borosilicate glass
(B150-86-10; Sutter Instrument, Novato, CA) with 4-6 MQ resistances.
The bath solution contained (in mM): 130 NaCl (or N-methyl-D-gluc-
amine, NMDG), 3 KCl, 2 MgCly, 2 CaCl,, 10 HEPES, and 10 glucose, with
pH adjusted using NaOH or HCI to 9.0, 8.4, 7.3, 5.9 and 5.0. Internal
solution consisted of (in mM):120 KCH3SO3, 4 NaCl, 1 MgCly, 0.5 CaCly,
10 HEPES, 10 EGTA, 3 Mg-ATP, and 0.3 GTP-Tris, pH 7.2. The total
concentration of Na™ or NMDG" and K* in the external solutions is 133
mM. Bath solutions with different external K* concentrations were ob-
tained by exchanges of equimolar Kt and Na*. Voltage commands were
applied and currents recorded using pClamp software (Molecular De-
vices). Cells were held at —60 mV, and depolarizing ramps (0.2 V/s,
from —130 to +20 mV) were applied at 5 s intervals. Data were analyzed
with pCLAMP 10.6 (Molecular Devices) and Prism 9 (GraphPad Soft-
ware) software.

2.4. Molecular dynamics simulations and calculation of pK;/» values of
titratable amino acid

A model membrane in a periodic boundary condition box with water
molecules and ions was generated on the online server CHARMM-GUI
(https://charmm-gui.org/) [25]. The DOPC homology bilayer mem-
brane was specifically generated using CHARMM-GUI. Throughout the
MD simulations, the lipid force field model employed was lipid17.

Molecular dynamics (MD) simulations, with a time of 500 ns, were
carried out using Amber (version 2022). AMBER-ff19SB force field was
used to describe the protein and TIP3P was used for water molecules.
Geometry optimization was subsequently performed. The temperature
was maintained at 310 K using Langevin dynamics with a damping co-
efficient of 1 ps ™, while the pressure was fixed at 1 atm by the Langevin
piston method. Each simulation was conducted with a time step of 2 fs.
The protonation states of the titratable residues during MD simulation
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were determined with a default pH of 7.0 according to CHARMM-GUI
recommendations. For the WT, residue H98 was assigned the proton-
ation state HIE, while residues E31 and D204 were in the deprotonated
state. For the double mutant H98K + S31E, residue K98 was protonated,
and residues E30, E31 and D204 were deprotonated. For the double
mutant HI98N + S31E, residues E30, E31 and D204 were deprotonated.
Each model, including the WT and the mutants H98K + S31E and H98N
+ S31E, underwent three separate MD simulations, with each simulation
lasting 500 ns.

The root mean square deviation (RMSD) and distances between
hydrogen bonds were computed for both WT and the mutants H98K +
S31E and H98N + S31E.

Local pH conditions within the protein can influence the interactions
by altering the protonation states of ionizable residues [26]. In this
study, to assess the protonation of residues E30 and K79, we determined
the predicted pKj,» values using the H++ online server (http://
newbiophysics.cs.vt.edu/H++/index.php), following  previously
described methods [27]. The pKj 2 results are based on the initial ho-
mology model, with a pH setting of 7.0 for the protonation calculations.

2.5. Statistical analysis

Results are presented as mean + SEM. One-way analysis of variance
(ANOVA) with Dunnett’s multiple post hoc test as appropriate was used
to determine significant differences. Statistical significance was assumed
if P < 0.05 in a two-tailed analysis.
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3. Results

3.1. Homology modeling and intermolecular interactions of pH-sensing
residues in mTASK-3 channels

To gain a better comprehension of the proton-gating process, we
generated a homology model of the mouse TASK-3 (mTASK-3) channel
by using the human TASK-1 (PDB ID: 6RV2) structure as a template. As
shown in Fig. 1A, mTASK-3 is a homodimer, consisting of four trans-
membrane helices (M1-M4), two extracellular caps (EC1 and EC2) and
two inner pore domains (P1 and P2). The transmembrane helices and
extracellular caps form a scaffold that supports and stabilizes the inner
pore domains. The inner pore domains include the selectivity filters (SF1
and SF2) and helices (P1-H1 and P2-H2) suspended like a cradle on the
scaffold. The inner pore domains and the scaffold are connected by loops
(P1M2-L and P2M4-L). The suspension point of this cradle structure is
located in the extracellular entrance, and residues E30, S31, E34 and
K79 are the key amino acid residues responsible for formation of the
suspension structure. Our model suggests that residues E30 and S31 on
the top of M1; E34 on EC1; Q77, W78 and K79 on the loop between EC2
and P1-H1; G102 and T103 on P1M2-L; K107 on M2; D204 adjacent to
SF2; and Q209 on P2M4-L mediate the interactions between the pore
structures and the scaffold (Fig. 1B). In the WT mTASK-3 model
(Fig. 1C), three hydrogen bonds (H-bonds) are formed between E30% -
G102® and E30% - T103B, one between D204 - K107, another between
S314 - w788, two between E34% - Q77® and E34% - w788, and one

TASK-3 channel
entrance

Fig. 1. The overall structure and the interaction network between the scaffold and inner pore domain from the homology model of the mTASK-3 channel. (A)
mTASK-3 is shown as a ribbon diagram. The transmembrane helices M1-M4, EC1 and EC2 are colored green; P1-H1, SF1 and P1M2-L are shown in cyan, blue and
magenta, respectively; P2-H2, SF2 and P2M4-L are shown in yellow, purple and orange, respectively. Residues E30, S31, E34, K79 and H98 are shown as sticks and
labeled. (B) Membrane topology of the mTASK-3 channel showing essential residues in M1-M4, EC1, EC2, P1, P1-H1, SF1, PIM2-L, P2, P2-H2, SF2, and P2M4-L. OUT
and IN indicate the extracellular and intracellular compartments, respectively. (C) Hydrogen-bond network in wild type mTASK-3. (D) Hydrogen-bond network in
mutant H98K + S31E. (E) Hydrogen-bond network in mutant H98N + S31E. (F) H-bond networks link S31 with the pore entrance residues H98 and D204 in WT
mTASK-3 and the mutants H98K/H98N + S31E. H-bonds are indicated by black dashes in WT mTASK-3 and red ones in mutants H98K/N + S31E.
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between Q775 - Q2098 (The superscript A/B indicates that the residue is
in chain A or B).

In our model, those H-bonds constitute a large hydrogen-bonding
network which can be divided into two parts: one is mediated by resi-
dues E30, G102, T103, K107 and D204 and the other by residues S31,
W78, E34, Q77 and Q209. This hydrogen-bonding network connects the
pore structures and scaffold. Our model identified external residues E30,
E34 and S31 (especially E30 and S31) as putative suspension points and
essential to the suspension system. Based on this model, we speculated
that E30 and S31 (adjacent to E30 and interacting with W78) can
remotely fine tune H98 via the hydrogen-bonding network (Fig. 1C). To
verify this hypothesis, we built the double mutant models H98K + S31E
(Fig. 1D), H98N + S31E (Fig. 1E) and H98N + E30A (Fig. S1, A).
Compared to WT mTASK-3, in these two double mutants (K98/N98 +
E31), a H-bond is formed between E31* and K79®. Also, additional H-
bond is formed between K982 and Q209® in H98K + S31E, or between
N98® and Q77% in H98N + S31E, thereby further stabilizing the SF re-
gion. For clarity and comparative purposes, the H-bond networks are
schematized in Fig. 1F, which shows S31 linking with the pore entrance
residues H98 and D204 in WT mTASK-3, or the mutant residues H98K/
N + S31E. Compared with WT mTASK-3, the combined mutation of E30
and H98 would lead to loss of the H-bonds between A30* and G102B and
T103® (Fig. S1, A).

To functionally evaluate our hydrogen-bonding network model of
TASK channel modulation, we mutated the predicted essential residues
of the hydrogen-bonding network and conducted electrophysiological
recording experiments to examine a possible remote fine-tuning effect
on the pH-sensor H98 of the TASK-3 channel, as described next.

3.2. Double mutations involving H98 in combination with remote essential
residue S31 in the hydrogen-bonding network show a fine-tuning effect on
the pH sensitivity of the mTASK-3 channel

We transfected HEK293T cells with WT or mutant mTASK-3 channel
constructs and tested the transfectants for responsiveness to changes in
extracellular pH in physiological K* bath solutions (Fig. 2). As expected,
WT TASK-3 exhibited a characteristic pH response profile; channels
were maximally active at an alkaline bath pH of 9.0 and fully inhibited
at pH 5.0, and show graded degrees of inhibition at intermediate pH
values spanning this range (Fig. 2A). Importantly, all pH responses were
reversible. We then systematically mutated residues predicted by our
model as being important elements of TASK-3’s hydrogen-bonding
network and reassessed the pH sensitivity of HEK cells expressing
these channel mutants. Single point mutations at E30 (Fig. S1, B), S31 or
K79 resulted in a pH sensitivity indistinguishable from that of WT
channels. It should be noted that E30A decreased peak current to ~1/3
that of WT (Fig. S1, B), whereas mutation of S31, K79 and H98 had
negligible effects on channel conductance. As previously reported, the
mutant channels H98K and H98N displayed reduced proton sensitivity
(Fig. 2B and C). Importantly, we also found that expression of H98N
together with mutations in other pH-sensing residues further decreased
channel conductance and pH sensitivity. For example, the expression of
HOI8N, together with E30A (Fig. S1, C), K79A (Fig. 2D) or S31E (Fig. 2F),
reduced channel conductance and altered ion selectivity (H98N +
E30A), or decreased pH sensitivity (H98N + K79A/S31E). The mutation
of H98N + E30A led to a significant shift of the reversal potentials to-
wards more depolarized values in Na'-based bath solutions under
alkaline, neutral or acidic pH conditions. Removal of external Na™ by
NMDG™ resulted in a leftward shift of the reversal potentials at all pHs
(—38.1 £ 14 mV vs. —14.8 + 6.5 mV for pH 8.4, —47.0 & 10.4 mV vs.
—11.9 £ 6.2 mV for pH 7.3, —37.4 £ 10 mV vs. —9.4 &+ 8.7 mV for pH
5.9, n = 6; Fig. S1, D), indicating a loss of channel properties of mTASK-3
which becomes permeable to Na™ primarily at acidic pH. Surprisingly,
the effect of extracellular pH change on the mutated channel was
reversed in double mutants of H98 with S31 (Fig. 2, E and D), which
showed a complete blocking effect of inhibition by extracellular
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acidification (pH 5.9 and 5.0) and a partial blocking effect of activation
by extracellular alkalization (pH 9.0 and 8.4).

The changes in ion selectivity of WT mTASK-3 and mutant H98N +
S31E were measured at alkaline and acidic pH in Na*-based solutions
under various external K' conditions and in NMDG"-based bath solu-
tions (Fig. 3A-G). At normal K" concentration (3 mM), the reversal
potential for WT was more depolarized at pH 5.9 than at pH 8.4: —45.8
+ 11.5 mV vs. —89.5 + 2.4 mV, n = 4; (Fig. 3A), suggesting that acid-
ification disrupts WT channel selectivity probably by increasing Na*
permeability. This switch in ion selectivity of the channel by extracel-
lular acidification was also retained in high extracellular Kt (120 mM)
bath solution (Fig. 3B). In contrast, the double mutant H98N + S31E
eliminates the dynamic ion selectivity of the channel. At physiological
Kt concentration, upon acidification from 8.4 to 5.9 pH, the reversal
potential for the mutant was more hyperpolarized (—53.6 &+ 10.5 mV vs.
—68.3 + 8.5 mV, n = 6; Fig. 3C), implying the double mutant rescues K"
selectivity at extracellular acidification and becomes permeable to
external Na' in response to external alkalization. At high K concen-
tration, the mutant channel displayed altered ion selectivity at both pH
5.9 and pH 8.4 (Fig. 3D). As shown in Fig. 3E, the reversal potentials of
both the WT and mutant channels are shifted to more depolarized po-
tentials with increasing extracellular K* concentration. The reversal
potentials for WT mTASK-3 recorded in pH 5.9 bath solutions with 10
and 30 mM K" are also more depolarized than those obtained in pH 8.4
and 7.3. Conversely, the reversal potentials for channels expressing
H98N and S31E recorded in pH 8.4 and 7.3 bath solutions with 10 and
30 mM K7 are still much more depolarized than those in pH 5.9. When
extracellular Na™ was replaced with equimolar NMDG™, the reversal
potentials of WT mTASK-3 shifted to the left upon acidification
compared with those in Na'-based solution (—68.1 + 13.8 mV vs. —45.8
+ 11.5mV, n = 6; Fig. 3F), implying a significant increase in the Na™ to
K' relative permeability of the channel at acidic pH. In contrast, the
reversal potential of HO8N + S31E did not shift at pH 5.9 (—69.5 + 10.4
mV vs. —66.9 &+ 8.6 mV, n = 9), but shifted to the left at pH 8.4 (—67.0
+12.4mVvs. —53.6 + 10.4 mV, n = 9) in NMDG "-based bath solutions
compared to those in Nat-based bath solution (Fig. 3G). This indicates
that this mutant exhibits no permeability to Na™ at acidification and a
relatively increased Na™ to K* permeability at alkalization.

The pH inducing 50 % of the maximal current amplitude (pHso) and
the percentage inhibition at different pH levels relative to I,y were
determined for the WT and mutant channels (Fig. 4). The pH titration
curves show effects of varying extracellular pH on HEK cells expressing
each channel construct (Fig. 4A). Single or double mutations involving
site H98 exhibit significant shifts in pHsg values compared with WT. The
pHso is reduced for H98K, H98N and H98N + K79A mutants (Fig. 4B).
These mutations decrease acid responses as reflected in decreases in the
degree of inhibition at pH 5.9 and 5.0, but with preserved sensitivity to
bath alkalization (pH 8.4 and 9.0) like WT (Fig. 4C). In contrast, double
mutation of H98 and the remote residue S31 elevate the channel pHsg
(7.7 £ 0.2, n =11 for H98K + S31E and 7.7 + 0.2, n = 6 for H98N +
S31E vs. 6.8 + 0.1, n = 9 for WT, P < 0.001), resulting in channels that
do not respond to extracellular acidification and are only modestly
activated by alkalization. Strikingly, these results show that the pH
sensitivity of H98K + S31E and H98N -+ S31E is opposite to that of WT
channels (inhibition at alkalization and activation at acidification)
(Fig. 4A), suggesting that residue S31 can remotely fine tune the
mTASK-3 pH sensor H98. Furthermore, H98 mutation combined with
mutation of the remote residue K79 results in a further reduction in pH
sensitivity, as shown by the lower pHsg (4.3 &+ 0.6, n = 7 for H98N +
K79A and 5.6 &+ 0.2, n = 7 for H98N, P < 0.001) and the decreased
inhibition degree at pH 8.4, 7.3, and 5.9, compared with H98N, indi-
cating K79 also plays a role in remote fine-tuning of the pH sensor H98.



X. Fan et al.

A
i) (WT] ii)
682084 59 73 5, 7.3 b4
<
£ 4
-
E 2
=
(8]
0

02 4 6 8 1012 14 16 170-90 60 30 | 30

B Time (min) Membrane potential (mV)
/B )
642:084 5973 50 -3 pH
< H=9.0
£ 4 gH =84
= pH=7.3
@ pH=59
= 2.
a pH=5.0
0 2 4 6 810 1214 .20 90 -60 30 | 30
& Time (min) Membrane potential (mV)
i i)
62084 59 7.3 54 7.3pH
< H=9.0
< 5] g PH=84
b = pH=7.3
4 g pH=59
£ T wH=s0
> (J §
(3}
0 2 4 6 8 -120-90 -60 -30
D Time (min) Membrane potential (mV)
i) HI8N + K79A ii)
82084 59 13 54 13,4
- H=9.0
< s 6 PH=B4
= = pn =73
t 4 = pH=5.9
g HO8N + K79A| £
> 2 =
3 £ pH=5.0
0 — T T T — —r
0 2 4 6 8101214 -$Z0790 -60 -30 | 30
Time (min) Membrane potential (mV)
E
i) HI8K + S31E ii)
1042084 59 7.3 5,734
< H=59
< < 06 bH = 3.0
£ 05 £ pH=73
o = 044/ pH=84
= S pH=9.0
S £
o =3
0.0 T T T T T T
0 2 4 6 8 10 12
Time (min) Membrane potential (mV)
F. -
i) H98N + S31E ii)
‘é .20
= z
= =
2 HO8N + S31E] 5 1.
3 5
o

1.0+ T T T

-120-90 -60 -30
Membrane potential (mV)

30
Time (min)

Fig. 2. Sensitivity of WT and mutant mTASK-3 channels to external pH. HEK
293 cells were transfected with WT and mutant constructs. Ramp voltage
commands (—130 mV to 20 mV, 0.1 V/s at 0.2 Hz, at a holding potential of
—60 mV) were used to elicit currents in response to variations in pH (9.0, 8.4,
5.9, 7.3 and then 5.0) at an intracellular [K"] of 120 mM throughout. Repre-
sentative peak current traces recorded in extracellular medium of 130 mM Na*
and 3 mM K* for the WT (A) and mutants HO8K (B), HI98N (C), H98N + K79A
(D), H98K + S31E (E) and H98N + S31E (F). Time series of peak WT mTASK-3
and mutant currents obtained under the indicated conditions (i). I -V curves of
WT mTASK-3 and mutant currents under the indicated conditions (ii).
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Fig. 3. Selectivity of WT mTASK-3 and mutant H98N + S31E to external pH in
Na'-based solution under normal and high extracellular K* conditions, and in
NMDG"-based solution. (A-D) Current-voltage relations for WT mTASK-3 and
the mutant H98N + S31E in Na*-based solution at high and low extracellular
pH under different external K™ concentrations (3 mM K* and 130 Na™, and 120
mM K" and 13 mM Na* for the medium). (E) Reversal potentials of WT mTASK-
3 and the mutant H98N + S31E in Na*t-based solution at different extracellular
pH (8.4, 5.9 and 7.3) under varying external K™ concentrations (3, 10, 30, 60
and 120 mM K™). Extracellular Na* was replaced with an equimolar amount of
K*. (F-G) Current-voltage relations for WT mTASK-3 and the mutant H98N +
S31E in NMDG"-based solution at high and low extracellular pH (3 mM K* and
130 NMDG™).

3.3. Molecular dynamics simulations — combined mutation of H98 with
S31 primarily regulates the stability of the pore selective filter and pore
loop

Next, we used MD simulations (500 ns, 3 times) to analyze the sta-
bility of the suspension structure and interactions between residues of
the hydrogen bond network that appears to control the pH sensor H98 of
mTASK-3. Considering the limited resolution of the template structure
(6RV2) at 3.0 A with poor water molecule densities, we did not intro-
duce water molecules into the homology model. We found the RMSD
values of the central pore structures including the pore selective filter (P-
SF) and the pore-Loop (P-Loop) to be significantly affected by the double
mutations. Compared to WT, in double mutant H98K + S31E, the
average RMSD for three replicas of P-SF increased from 1.94 A to 2.22 A,
while that of P-Loop decreased from 3.49 Ato2.88A (Fig. 5A). In double
mutant H98N + S31E, the average RMSD for three replicas of P-SF
decreased from 1.94 A to 1.48 i\, with no clear difference observed for P-
Loop (Fig. 5B). The pore-helix (P—H) region (Fig. 5C) and the external
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H98N + K79A, and relative to pH 5.9 for H98K + S31E and H98N + S31E. *,
compared with H98K (P < 0.001).

scaffold helices M1-M4 (M—Helix) (Fig. 5D) demonstrated RMSD values
similar to those of WT. The root mean square fluctuation (RMSF) values
for three replicas of WT and double mutant mTASK-3 channels exhibited
variation across different regions (Fig. S2). The P-Loop demonstrated the
highest average values, whereas the P-SF displayed the smallest.
Notably, the fluctuation within the P-SF was higher in H98K + S31E
(H98K + S31E™ 1.87 + 0.06 A and H98K + S31E®: 2.01 + 0.14 A)
compared to WT (WT?: 1.68 + 0.04 A and WT®: 1.87 + 0.05 A).
Conversely, the fluctuation within P-Loop was more pronounced in
H98N + S31E (H98N + S31FEA: 2.92 4 0.12 A and H98N + S31EP: 3.32
+ 0.18 A) compared to WT (WT?: 2.46 + 0.09 A and WT®: 2.89 + 0.15
A). Based on the RMSD and RMSF analyses for three replicas of P-SF,
P—H, P-Loop and M—helix, it appears that the M—Helix and P—H
contribute relatively to maintaining the stability of the entire protein.
However, the P-SF and P-Loop regions, crucial for channel selectivity
and permeability, exhibit proper flexibility in response to changes in the
surrounding environment. This delicate structure enables the external
signals to transmit to the pore without inducing drastic global confor-
mational changes in the channel. Therefore, our modeling suggests that
double mutation of H98 and S31 could regulate the structural stability of
P-SF and P-Loop, which is highly related with the function of this ion
channel.

Our model also suggests that in WT, the distance between the side
chain hydroxyl of $31 and the side chain amino group of K79® remains
at ~5 A throughout the 500 ns of MD simulation (Fig. 5E), suggesting
that the H-bond $31* - K79® may not be essential for maintaining the
suspension system, but could be a potential regulatory site. In contrast,
in the H98K + S31E mutant, the distance between the side chain
carboxyl of E31% and the side chain amino group of K79® was < 3.5 A for
38 % across the entire 500 ns simulation (distance frequency) (Fig. 5F).
Additionally, in the H98N -+ S31E mutant, this distance was < 3.5 A for

Statistical significance compared with WT (P < 0.01). #, Statistical significance

73.0 % of the 500 ns simulation (Fig. 5G). This supports the finding that
the hydrogen bond frequencies between E31% and K798 in these mutants
were higher compared to WT mTASK-3 (89.6 % for H98N + S31E, 45.9
% for H98K + S31E, and 3.5 % for WT, Fig. S3, A). These results suggest
that the H-bond interaction between E31# and K79® contributes to the
stability of the mutants. Moreover, in the mutants, the side chain
carboxyl of E31% and the side chain amino group of K798 can form two
hydrogen bonds in some frames, resulting in a slightly higher hydrogen
bond frequency than the distance frequency (< 3.5 ;\). Furthermore, the
simulations revealed that three H-bonds (one E30” - G102® and two
E30” - T103®) were stable in both WT and H98N + S31E channels.
However, only the E30” - G102B H-bond remained stable in the H98K +
S31E mutant (Fig. 5I). The hydrogen bond frequency for E30” - G102B or
E30% - T103® showed no significant differences among the variants (Fig.
S3, B and C). The H-bond network consisting of E30, G102, T103, K107,
D204, S31, W78, E34, Q77 and Q209 can play an important role in
transmitting the external signals to the central pore domain when this
ion channel functions. More importantly, the RMSD for three replicas of
the pH sensor K98 or N98 in the double mutant H98K+ S31E or H98N -+
S31E is comparable to that of the pH sensor H98 in WT (1.35 + 0.01 A
and 1.45 + 0.01 A vs. 1.38 + 0.01 10\) (Fig. 5K). This suggests that sub-
stitution of S31 by glutamic acid can influence the ion permeability of
this channel primarily through conformational changes in the P-SF and
P-Loop regions, rather than solely affecting the sensor residue (H98, K98
and N98, for wild type, double mutant H98K+ S31E and H98N + S31E,
respectively).

3.4. Combined mutation of S31 with H98 alters the ionization state of
titratable residues E30 and K79 adjacent to S31

The remote fine-tuning effect of residue S31 on the pH sensor H98
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may be mediated by change of the pKj s of the residues E30 and K79. To
test this hypothesis, we calculated the pK;, , values of those ionizable
residues in WT and mutant channels (H98K + S31E and H98N -+ S31E)
using the H++ online server [27]. Subsequently, we estimated the pK; /2
values of E30 and K79 for WT and H98K + S31E and H98N + S31E
mutants of the mTASK-3 channel (Fig. S4). Consistent with our model’s
prediction, the proportions-pH curves show a right shift for the double
mutants, with increases in pKj /2 values of E30 and K79 for H98K + S31E
(8.1 and >12 respectively) and H98N + S31E (8.2 and >12 respectively)
compared with WT (6.1 and 8.5 respectively). These results indicate that
double mutation of H98 and S31 can increase the pKj /» for the essential
titratable residues E30 and K79 in the H-bond network. These results
suggest that the ionization state of E30 affects the conformational
change of N98/K98 as the extracellular pH drops from 9.0 to 5.0, which
in turn affects the conductivity of SF of the mutants.

4. Discussion

TASK-3 is a member of the K2P channel family that is sensitive to
changes in extracellular pH. Despite identification of many pH-sensing
amino acids of TASK-3 such as H98, D204, Q77 and Q209, little is
known about the intermolecular interactions between the key pH sensor
H98 and the recently described remote residues involved in pH sensing.
In addition, mutation of the currently identified pH sensors for TASK
channels causes only reduced sensitivity to extracellular acidic pH and a
normal response to extracellular alkaline pH rather than complete loss of
pH dependence. Nor is it known whether there are other candidate pH
sensors present in TASK channels that could remotely tune H98 and
influence the response to both lower and higher pH. Using molecular
modeling and voltage-clamp, we identified that an H-bond network links
H98 with remote titratable residues, including previously reported
proton sensors, and that mutation of residue E30, S31 or K79 combined
with mutation of H98 can change the conductive properties of the
channel, with H98N + E30A causing reduced K conductance and
H98N + K79A and H98K/H98N + S31E disrupting pH sensitivity. Sur-
prisingly, mutation of both S31 and H98 nearly completely abolishes the
response to extracellular pH and causes loss of ion selectivity from
acidification to alkalization. To understand the molecular mechanism
underlying the functional loss of pH sensitivity by mutation of S31
coupled with H98, we performed MD simulations and pKj /, calculations
and found that these double mutations primarily modulate the flexibility
of the P-SF and P-Loop regions in the pore domain, and the H-bond
interaction between E31% and K79® contributes to the stability of the
mutants. The ionization state of E30 and K79 (which are adjacent to and
interact with S31) may affect the H-bond network that is an important
linkage between external scaffold and inner pore domain. Consequently,
changes in the external environment transmit to the pore region through
this H-bond network, regulating the pH response of this ion channel.
Overall, our findings confirmed that the critical sites can remotely exert
fine-tuning effects on the mTASK-3 pH sensor H98 via a hydrogen-
bonding network.

H-bond networks play key roles in the stabilization of inter- and
intramolecular packing and functions of molecules [28]. In our molec-
ular modeling, we found that a hydrogen-bonding network of mTASK-3,
constituted of E30, G102, T103, K107, D204, S31, W78, E34, Q77 and
Q209, links the pH sensor H98 with external residue S31. In agreement,
the pH sensitivity of mouse or human TASK-1 [15,16] can be affected by
mutation of D204, Q77 or Q209, which are among the conserved resi-
dues of the hydrogen-bonding network we identified in our mTASK-3
model. In addition to modeling, we confirmed that the essential sites
in the network are functionally involved in the pH-sensing of mTASK-3
via remotely tuning H98. Furthermore, based on our MD simulations of
WT mTASK-3 and mTASK-3 mutated at H98 and S31, H-bond frequency
analyses, coupled with pKj /2 estimations of the relevant titratable resi-
dues of the network, we further demonstrated the important role of the
H-bond network in stabilization of pore structure and modulation of the
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pH sensor H98 by S31 in the channel. A similar hydrogen-bonding
network involved in pH sensing may also exist in other K2P family
members, including TASK-2, TWIK, TALK, TREK and TRAAK, because
those critical residues are highly conserved among pH-sensitive K2P
channels (Fig. S5) and several have been found to be important in pH
gating based on functional studies, for example E27 (E28) of TASK-2
[29], E84 of TREK-1 [30] and D230 of TWIK-1 [17]. Taken together,
we proposed that the critical residues E30 and K79 in the H-bond
network play an important role in remote tuning of pH sensing by S31,
and verified that hypothesis by electrophysiology, MD simulations, H-
bond frequency analyses and pKj 2 calculations of essential residues.
Utilizing homology modeling, we also identified that the hydrogen-
bonding network connects the pore and scaffold structures, and resi-
dues E30, S31, E34 and K79 (particularly E30 and S31) in the network
are essential for the formation of the suspension points that allow SF to
be suspended on the scaffold. Consistent with previous reports [31],
mutation of E30 in TASK-3 reduces the current amplitude, whereas
double mutation of E30 and H98 compromises K' selectivity, as evi-
denced by a shift to more positive reversal potentials whether in Na*- or
NMDG *-based solution (Fig. S1, C and D). As reported before, this
glutamate residue (E30) is highly conserved among K2P channels and is
presumably involved in gating in all family members [29]. The homol-
ogous amino acid in TASK-2 is E27 [29] while in TREK-1 it is E84 [30].
Mutation of the corresponding glutamate site leads to a reduction in
current density, possibly via breaking H-bonds between E27 and K107/
T108 for TASK-2, or via facilitating a collapse of SF by protonation of
extracellular histidine residues for TREK-1. Consistent with those find-
ings, replacing E30 in mTASK-3 with an alanine residue causes a change
in ion selectivity, possibly via a similar mechanism in which the H-bonds
between A30” and G102® and T103® are broken (Fig. S1, A), implying
that the whole hydrogen-bonding network is critical for natural
conformational change of the K2P channel pore, and breaking of E30-
mediated H-bonds in the network could affect gating of the channel.
As reported for TASK-2 [29], the conserved E30 residue in mTASK-3
is critical for the H-bond network consisting of E30” - G102® and T103%
~ K107® - D204* and responsible for maintaining and stabilizing the
cradle suspension system. S31, adjacent to E30, connects to the pH-
sensing residue H98 by another H-bond network which is composed of
S314 - w78B, E34* - Q778, E34” - w788 and Q77® - Q209° in WT
mTASK-3. Neither the E30-involved H-bond network nor the S31-
connected H-bond network is broken when in double mutants of S31
with H98. However, the E31-connected H-bond network of the double
mutants differs from that of WT due to the additional formation of H-
bond in H98K + S31E (K98® - Q209%) and in H98N + S31E (N98E -
Q77%), coupled with increased H-bond interactions between E31% and
K79®%. The additional H-bonds interactions in the double mutants,
further strengthen the stability of the cradle suspension system,
rendering the pore structure unable to collapse in response to extracel-
lular acidification and difficult to fully activate by alkalization. This
result is supported by the identification in MD that double mutation of
H98 and S31 markedly improved the structural stability of the P-SF
(H98N + S31E, Fig. 5A) and P-Loop (H98K + S31E, Fig. 5B) by a
reduction in RMSD, blocking the conformational change of the SF and P-
Loop in response to pH changes. Recently, Turney et al. [17] reported
both the open conformation (pH 7.4) and the closed conformation (pH
5.5) cryo-EM structure of TWIK-1. A key difference between the open
and closed conformations is that the side chain of H122 is flipped from
the inside (Fig. S6, A, open conformation) to the extracellular solvent-
accessible side of the ion channel (Fig. S6, B, closed conformation).
Interestingly, our 500 ns MD simulations showed a similar flip for the
side chain of H98 in WT mTASK-3. However, in the double mutants
H98K + S31E and H98N + S31E, neither K98 nor N98 displayed this
kind of flip, as demonstrated by the corresponding trajectories of H98,
K98 and N98 in WT and double mutants (Video S1). The trajectory
difference of residue H98/K98/N98 in WT and double mutants helps
explain the electrophysiology result, that those double mutants showed
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acidic enhancement of current, instead of inhibition.

The H-bond network (E30 is the critical residue in one branch and
K79 in the other branch) for the mTASK-3 channel, between the central
filter region and the outer helix skeleton, can transmit external changes
to the filter region and thus cause changes in the conductive properties
of the channel. The S31E mutation alters the local microenvironment of
E30 by changing its pKj /2, which in turn affects the conformation of the
pH sensor K98/N98 by impacting the hydrogen-bonding network, thus
affecting the sensor’s response properties to extracellular pH. We spec-
ulate that the pKj /2 of E30 is related to the status of the channel. Spe-
cifically, the channel is in the closed state when extracellular pH is close
to the pKj 2 of E30 (6.1 for WT, 8.1 and 8.2 for H98K + S31E and H98N
+ S31E), possessing lower permeability to Kt over Na™ as demonstrated
in our study and reported previously [32,33], and in the open state when
the pH is far from the pKj,» of E30, showing more permeability to K*.
The mechanism underlying tuning of the pH sensor by a remote essential
residue in the H-bond network in mTASK-3 needs further investigation.

In this study, we evaluated the pKj/, of the ionizable residues E30
and K79 from the H-bond network using the H++ tool. It is important to
note that lower-resolution X-ray structures can reduce the accuracy of
pKa predictions. Our predictions were based on a homology model
derived from a low-resolution X-ray structure. However, as with all
computational methods, the computed differences are generally more
accurate than the absolute values. Consequently, the predicted pKj, 2
values of E30 and K79 for both wild type and double mutants are ex-
pected to reflect accurate trends. Our study used empirical approaches
to estimate protein residue pKa values from single structures, which do
not account for the dynamic nature of proteins. To gain a broader un-
derstanding of protein behavior, future studies should consider constant
pH simulations, which allow for pKa changes over time. Additionally,
K2P family proteins have been reported to exhibit various conforma-
tions in different structures. Generating multiple homology models
would provide a more accurate and comprehensive understanding of
these conformations. While the hTASK-1 structure (PDB ID: 6RV2)
demonstrates the highest homology identity at 72.6 % among all re-
ported K2P family structures, others exhibit much lower homology
identities of < 30 %. Despite potential limitations in using the hTASK-1
structure as a template, it remains a valuable resource for our investi-
gation. Another limitation arises from excluding water molecules in the
initial homology model due to the limited resolution of the template
structure. However, during the equilibration process of MD simulations,
water molecules did naturally flow into the channel permeation
pathway, allowing water molecules to move and interact with the
channel dynamically, contributing to a more realistic simulation of the
channel dynamics. Moreover, due to the lack of high-identity homolo-
gous structure in the open state, our study focused solely on the H-bond
networks in a homology model of the channel’s closed state. Further
studies, such as enhancing homology models of the open state to enable
advanced simulation analysis of the open state TASK-3 channel, will be
essential.

This remote tuning effect by a critical residue in the H-bond network
may not be limited to pH sensing in pH-sensitive K2P channels, but
could also have a role in sensing of temperature, tension or other
environmental signals. This suggests that critical residues in the H-bond
network of K2P channels could be potential allosteric regulatory sites for
modulating molecule development, where the effect of the molecule
would be passed through the P—H to the P-SF region and therefore
modulate the ion permeability of the channel.

5. Conclusions

Hydrogen-bonding is critical for selectivity and pH sensing in
mTASK-3. E30 and S31 are crucial residues acting as suspension points
for maintaining and stabilizing the cradle (inner pore domains) sus-
pension system (scaffold and P-Loops). When the E30-involved branch
of the H-bond network is disrupted, the channel shows altered
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selectivity, leading to an attenuated and shifted current amplitude.
However, when the S31/K79-involved branch of the H-bond network is
strengthened by additional H-bonds interactions together with an
altered ionization state of E30, then the conformational change of the
pore, especially the flipping-up rearrangement of residue-98, is
restricted, resulting in a loss and reversal of pH sensitivity and ion
selectivity. Those structural and corresponding functional alterations
suggest that the hydrogen-bonding network is important for maintaining
natural gating of mTASK-3, and residues E30 and K79 play critical roles
in the S31 remote fine-tuning of the pH-sensor K98/N98 by the network.
Moreover, E30 is involved in S31 fine tuning, possibly via change in its
pK1/2. The neighboring region of S31 might be a potential allosteric
regulatory site and a target for the development of new TASK-3 channel-
modulating molecules.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.132892.
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