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Background: Two-pore domain K* channels mediate background K* conductance and regulate cellular function.
Results: Low extracellular pH (pH,) significantly increases the Na™ to K relative permeability of TWIK-1, TASK-1, and

TASK-3 K™ channels.

Conclusion: TWIK-1, TASK-1, and TASK-3 channels change ion selectivity in lowered pH,,
Significance: The findings provide insights on the mechanism of regulation of acid-sensitive K2P channels by low pH,.

Two-pore domain K* channels (K2P) mediate background
K™ conductance and play a key role in a variety of cellular func-
tions. Among the 15 mammalian K2P isoforms, TWIK-1,
TASK-1, and TASK-3 K* channels are sensitive to extracellular
acidification. Lowered or acidic extracellular pH (pH,) strongly
inhibits outward currents through these K2P channels. How-
ever, the mechanism of how low pH,, affects these acid-sensitive
K2P channels is not well understood. Here we show thatin Na*-
based bath solutions with physiological K* gradients, lowered
pH, largely shifts the reversal potential of TWIK-1, TASK-1,
and TASK-3 K* channels, which are heterologously expressed
in Chinese hamster ovary cells, into the depolarizing direction
and significantly increases their Na* to K* relative permeabil-
ity. Low pH,-induced inhibitions in these acid-sensitive K2P
channels are more profound in Na*-based bath solutions than
in channel-impermeable N-methyl-p-glucamine-based bath
solutions, consistent with increases in the Na® to K* relative
permeability and decreases in electrochemical driving forces of
outward K™ currents of the channels. These findings indicate
that TWIK-1, TASK-1, and TASK-3 K* channels change ion
selectivity in response to lowered pH,, provide insights on the
understanding of how extracellular acidification modulates
acid-sensitive K2P channels, and imply that these acid-sensitive
K2P channels may regulate cellular function with dynamic
changes in their ion selectivity.

Two-pore domain K" channels (K2P)? comprise the newest
subfamily of K channels. Unlike other K channels that are
tetramers, K2P channels are dimers with each subunit contain-
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ing four transmembrane segments and two pore-forming loops
(P-loop) (see Fig. 14) (1). They mediate background K™ con-
ductance and play a key role in regulation of cellular excitability
as well as other cellular functions. Mammalian K2P channels
are encoded by 15 KCNK genes and subdivided into six subfam-
ilies, based on their sequence similarities and functional resem-
blance: TWIK, TREK, TASK, TALK, THIK, and TRESK. They
respond to various physical and chemical stimuli such as tem-
perature, mechanical stretch, arachidonic acid, lysophospho-
lipids, pH,, and volatile anesthetics (2, 3).

Several subtypes of K2P channels are sensitive to external
acidification. Decreases of pH, in physiological or subphysi-
ological ranges strongly inhibit outward currents of TWIK-1
(K2P1), TREK-1 (K2P2), TASK-1 (K2P3), TASK-3 (K2P9), and
TRESK-2 (K2P18) K* channels (4—11). The low pH,_-induced
inhibition is dependent on extracellular K* concentration
([K™1,), and increases in [K*], reduce the inhibition (7, 12).
Although histidine protonation has been identified as the pH,
sensor, the mechanism of how low pH, affects acid-sensitive
K2P channels is not well understood (2). The pH,-sensing his-
tidine in TREK-1 K™ channels is located in the first turret loop
of the outer pore. Such a histidine is also conserved in voltage-
gated K" channels (Kv1.1, Kv1.4, and Kv1.5) and inward recti-
fying K" channels (Kir2.1) (13, 14). External protons inhibit
TREK-1 K™ channels by inducing closure of the outer pore gate
(5), similar to the C-type inactivation of Kvl channels that has
been well studied under external acidification (15, 16). In con-
trast, the pH,-sensing histidine in conventional acid-sensitive
K2P channels, TASK-1 and TASK-3, along with TWIK-1 and
TRESK-2 K™ channels, immediately follow the K* channel
selectivity sequence TXGYG of the P1-loop, whereas other K2P
channels have an asparagine or methionine or tyrosine in the
corresponding residue (see Fig. 1, B and C). Site-directed
mutagenesis studies have identified the conserved histidine
that is primarily responsible for the pH,, sensitivity in TWIK-1,
TASK-1, and TASK-3 K* channels (4, 7, 8). Two related
hypotheses have been proposed to interpret the mechanism of
how lowered pH, results in inhibition of TASK-1 and TASK-3
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K™ channels: a pore-blocking mechanism by protons or pro-
ton-induced inhibition of the channel gating (2), based on the
effects of lowered pH, on open probability and/or unitary cur-
rent (6, 8,9, 17). These hypotheses face a challenge in interpret-
ing the [K™], dependence of low pH,-induced inhibition of the
channels (2). It was previously hypothesized that increases in
[K*], decrease low pH,-induced effects on open probability,
but it does not rule out the possibility that it is due to the reduc-
tion of [Na™], rather than the increase in [K™], (18).

We hypothesize that extracellular acidification modulates
the selectivity filter and influences ion selectivity of acid-sensi-
tive TWIK and TASK K" channels, based on previously
reported observations and the implications that are logically
derived from these observations. First, we recently demon-
strated that TWIK-1 K" channels change ion selectivity,
become permeable to extracellular Na™, and conduct inward
leak Na™ currents in response to decreases of [K*], in physio-
logical and subphysiological ranges (19), suggesting that the ion
selectivity of TWIK-1, and perhaps other K2P channels, can be
regulated by physiological stimuli (20), although it was gener-
ally thought that ion selectivity of highly selective K™ channels
does not change in response to external stimuli (21). Second,
acid-sensitive TWIK and TASK K" channels conserve a unique
K" channel selectivity sequence TYGYGH in the P1-loop (see
Fig. 1B). The conserved histidine confers the pH, sensitivity in
these TWIK and TASK K" channels, and substitution of this
histidine possibly influences ion selectivity of TASK-1 K™
channels (22, 23). Recently published crystal structures of
TWIK-1 K" channels confirm the location of the pH,-sensing
histidine in the extracellular mouth of the selectivity filter (24)
(PDB: 3UKM) (see Fig. 1C). Protonation of the pH,-sensing
histidine is likely to have an impact on the conformation of the
selectivity filter (25). Our previous work suggests that the rever-
sal potential of TWIK-1 K™ channels may move in the depolar-
izing direction in lowered pH, (26). Third, previously published
data indicate that lowered pH, potentially shifted the reversal
potential of TASK-1 and TASK-3 K* channels heterologously
expressed in Xenopus oocytes or mammalian cell lines (7, 27).
Such an effect was either noticed without further interpretation
or neglected possibly due to small inward currents in outward
rectifying TASK K channels. It was previously thought that
TASK-3 K* channels do not change ion selectivity in lowered
pH, because replacement of extracellular Na™ with channel-
impermeable choline or N-methyl-p-glucamine (NMDG) in
bath solutions does not alter the sensitivity of TASK-3 K*
channels to changes in pH, (18). However, definitive evidence
that could lead to this conclusion is not available.

TWIK-1 K™ channels are highly expressed in the brain, kid-
ney, and heart (28 -31). They contribute to a large passive K™
conductance in rat hippocampal astrocytes (26), conduct
inward leak Na™ currents in human cardiac myocytes under
pathological hypokalemia (32), and regulate phosphate and
water transport in mouse proximal tubule and medullary col-
lecting duct, respectively (33). Low pH,-induced changes in
TWIK-1 function may influence cardiac excitability and K™
homeostasis in astrocytes and renal cells. TASK-1 and TASK-3
K™ channels are mainly expressed in the brain but also in other
tissues, including heart and adrenal gland (1, 3). Homomeric
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and/or heteromeric TASK K" channels regulate membrane
potentials of several types of neurons that are involved in sens-
ing O, and CO, (34). Low pH,-induced functional alteration of
TASK K" channels may affect the activity of these neurons.

Here we report that TWIK-1, TASK-1, and TASK-3 K*
channels, which are heterologously expressed in Chinese ham-
ster ovary (CHO) cells, change ion selectivity and become per-
meable to extracellular Na™ ions in response to lowered pH, in
subphysiological ranges. These findings improve the under-
standing of the mechanism of how external acidification regu-
lates acid-sensitive K2P channels, provide another evidence of
dynamic ion selectivity of highly selective K* channels under
physiological conditions, and imply a potential mechanism
through which K2P channels influence cellular function by
changing ion selectivity.

EXPERIMENTAL PROCEDURES

Molecular Biology and Cell Culture—K2P cDNA (rat
TWIK-1, rat TREK-1, human TASK-1, human TASK-3, and
mouse TRESK-2) was subcloned into pRAT or pMAX, a dual pur-
pose vector for Xenopus oocyte or mammalian cell expression (4).
K2P mutations were created by Pfi-based mutagenesis kits (Strat-
agene) and confirmed by automated DNA sequencing.

CHO cells were maintained in DMEM supplemented with 10%
FBS in a 5% CO, incubator and seeded in a 35-mm dish 24 h prior
to transfection. Cells with at least 80% confluence were transfected
by Lipofectamine 2000 (Invitrogen) with 3 ug of K2P plasmids and
1 ug of pEGFP plasmids and studied 24 h later. GFP expression
was used to identify effectively transfected CHO cells.

Electrophysiology—Whole-cell patch clamp recordings were
performed, and data were analyzed as described previously (19).
Briefly, whole-cell voltage clamp recordings were performed
with the EPC-10 USB amplifier and a Dell 745 computer using
PatchMaster software (HEKA Elektronik). Patch pipettes with
resistances of 2.0 —3.5 megaohms were used. The resistance was
compensated at least 80% to minimize voltage errors. The cur-
rents were recorded with a 2.2-s voltage ramp from —140 mV
to +80 mV each 15 s. Data analysis was performed using Fit-
master (HEKA Elektronik), IGOR Pro (WaveMetrics), and
Excel (Microsoft). All data are presented as means = S.E. Two-
tailed Student’s ¢ tests were used to check for significant differ-
ences between two groups of data.

The pipette solution contained (in mm): 140 KCI, 1 MgCl,, 10
EGTA, 1 K,-ATP, and 10 HEPES (pH 7.4 adjusted with KOH).
The Na™-based bath solution contained (in mm): 135 NaCl, 5
KCJ, 2 CaCl,, 1 MgCl,, 15 glucose, 10 Hepes (pH 7.4, 6.8, 6.0
adjusted with NaOH). The total concentration of Na* and K™
in bath solutions is 140 mm. Bath solutions with various [K™],
were obtained by exchanges of equimolar K™ and Na™. The
NMDG *-based bath solutions were obtained by replacing
extracellular Na™ by equimolar NMDG™, and the pH of bath
solutions was adjusted with HCL.

RESULTS

TWIK-1 K" Channels Change Ion Selectivity and Become
Permeable to Na™ in Lowered pH,—We first examined the
influence of lowering pH, on the reversal potential and ion
selectivity of TWIK-1 K" channels heterologously expressed in
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FIGURE 1. Lowered pH, shifted the reversal potential and inhibited outward currents in TWIK-1 K* channels. A, topology of a TWIK-1-K274E subunit.
B, alignment of the selectivity sequences of P1-loops in five rat, human, and mouse K2P channels. C, the crystal structure of the selectivity filter (P1-loop) of
TWIK-1K* channels (24). D and E, whole-cell currents of TWIK-1-K274E K* channels are shown before (black or blue line) and after (red lines) change of pH from
7.4 t0 6.0 in Na*-based (D) or NMDG "-based (E) bath solutions with 5 mm K*. Quinine blockade confirmed TWIK-1 currents in pH, 6.0 in D (pink line).
F, comparison of low pH,-induced inhibitions of outward TWIK-1 K* currents in Na*-based and NMDG"-based bath solutions. Currents at 60 mV obtained in
Na*-based or NMDG "-based bath solutions with pH 6.0 were normalized (Norm.) by those recorded in pH 7.4 from a group of experimentsin Dor E.*,p < 0.001.
G, reversal potentials (£,,,) of the channels were plotted as a function of [K*], in Na *-based solutions with pH 7.4 (black circles) or 6.0 (red circles) (n = 4-11). The
continuous curves are fits with the Goldman-Hodgkin-Katz equation: E,., = RT/zF X In((p[Na*1, + [K*1,)/(p[Na™]; + [K*])), yielding a Na™ to K* relative
permeability p of 0.005 at pH 7.4 and 0.09 at pH 6.0, respectively. Whole-cell currents in all figures were obtained in transfected CHO cells. The currents

measured in lowered pH, represent those at equilibrium in all figures, unless indicated specifically.

CHO cells under physiological K* gradients. TWIK-1 wild type
K™ channels produced small detectable macroscopic currents
in only about 1 of 18 transfected CHO cells because the
TWIK-1 K™ channels in the cell surface are silenced by sumoy-
lation, a posttranslational modification of lysine residues by
conjugation of a small ubiquitin modifier protein. Desumoyla-
tion in TWIK-1 Lys-274 residue leads to the opening of
TWIK-1 K" channels (4). Thus, we employed TWIK-1-K274E
mutant K* channels, which contain an intracellular point
mutation that disrupts the sumoylation motif and enables the
detection of TWIK-1 currents (Fig. 1A4), as a tool for this study;
these channels had been used in our previous study (19).
TWIK-1-K274E mutant K™ channels maintain the K™ selectiv-
ity in physiological pH,and K gradients, and the K274E muta-
tion does not change ion selectivity of TWIK-1 K™ channels
(19, 32). We monitored the reversal potential of the channels
before and after the change of pH from 7.4 to 6.0 in Na™*-based
bath solutions with 5 mm K because such a change of pH,
caused an ~50% inhibition of outward TWIK-1 K™ currents in
transfected CHO cells (26). Lowering pH, from 7.4 to 6.0
shifted the reversal potential of the channels from —74.5 = 0.8
mV to —51.6 £ 1.0 mV (n = 10) (Fig. 1D), suggesting that the
Na™ to K™ relative permeability of the channels increased from
~0.005 into ~0.10. In contrast, the reversal potential of the
channels did not significantly move after the same change of pH
in NMDG " -based bath solutions (—74.2 = 1.1 mV versus
—72.5 *1.2mV, n = 6) (Fig. 1E). Thus, TWIK-1 K" channels
become permeable to Na* in Na*-based bath solutions with
pH 6.0. This result is reminiscent of altered ion selectivity of
TWIK-1 K* channels in lowered [K*], (19). We also investi-
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gated ion selectivity of TWIK-1 K™ channels in lowered pH, by
directly measuring reversal potentials in Na™-based bath solu-
tions with various [K™],. The reversal potentials recorded in pH
6.0 bath solutions with 10 and 20 mm K* were also much more
depolarized than those obtained in pH, 7.4, implying that the
Na™ to K" relative permeability of the channels significantly
increases (Fig. 1G). These results support the hypothesis that
TWIK-1 K* channels change ion selectivity and become per-
meable to external Na™ in response to lowered pH,,.

The altered ion selectivity and increase in the Na™ to K™
relative permeability of TWIK-1 K™ channels in lowered pH,
were also reflected by different inhibitions of outward TWIK-1
K™ currents in Na™-based and NMDG " -based bath solutions
with 5 mM K*. Lowering pH, from 7.4 into 6.0 in Na™-based
bath solutions induced an ~55% decrease of the TWIK-1 cur-
rent at 60 mV, whereas this reduction did not occur in
NMDG " -based bath solutions (Fig. 1, D—F). Such a difference
in low pH,-induced inhibitions is consistent with a significant
increase in the Na™ to K™ relative permeability and decrease in
the electrochemical driving forces for outward TWIK-1 K*
currents in Na™-based, but not NMDG " -based, bath solutions
with pH 6.0 because low pH, presumably has the same effects
on open probability and/or unitary currents of the channels in
Na™-based and NMDG *-based bath solutions.

We next attempted to examine whether substitution of the
pH,-sensing histidine (His-122, Fig. 1, Band C) could eliminate
the observed effect of lowered pH, on the reversal potential and
ion selectivity of TWIK-1 K™ channels as the mutations in the
His-122 position abolish the pH, sensitivity of TWIK-1 K"
channels (4). However, substitutions of the histidine with
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FIGURE 2. Kinetics of low pH, -induced changes in the reversal potential
lowered pH of Na™-based (A) or NMDG "-based (C) bath solutions on whole-c

and current amplitude of TWIK-1 K* channels. A and C, two-phase effects of
ell currents of TWIK-1-K274E K* channels. Whole-cell currents are each shown in

30 and 60 s in the left and right panels, respectively. B and D, kinetics of the changes in the reversal potential (filled circles and squares) and TWIK-1 currents at
60 mV (open circles and squares) after pH, was lowered in A or C. The superimposed single-exponential fit yields a time constant of 284 = 25 s (orange line, n =

9),94 = 8 s (pink line, n = 9), and 148 = 11 s (purple line, n = 6), respectively.

asparagine (H122N) or aspartic acid (H122D) did not produce
functional channels in transfected CHO cells, although
TWIK-1 K" channels with these mutations give measurable
currents in Xenopus oocytes (4, 35). In addition, direct mea-
surement of inward Na™ currents through TWIK-1 K™ chan-
nels in Na™-based bath solutions with pH 6.0 and 0 mm K™ is
not feasible because lowering normal [K*], alone can induce
large changes in ion selectivity of TWIK-1 K* channels (19).
We examined the permeability of divalent cation Mg>" in
TWIK-1 K" channels in lowered pH, in the absence of extra-
cellular K*. In pH, 6.0, TWIK-1 K* channels did not conduct
inward Mg>* currents in Mg>*-based bath solutions with 0 mm
K™ (see Fig. 4F). Therefore, TWIK-1 K* channels change ion
selectivity and increase the Na™ to K* relativity permeability in
pH, 6.0, but they do not simply lose the ion selectivity.
Kinetics of Changes in the Reversal Potential and Current
Amplitude Reveal Dynamic Ion Selectivity of TWIK-1 K+ Chan-
nels in Extracellular Acidification—We monitored the kinetics
of low pH,-induced effects on TWIK-1 K™ channels in Na*-
based bath solutions with 5 mm K. The effects of lowered pH,
on TWIK-1 K* channels were slow, and they took ~8 min to
reach the equilibrium. Lowered pH, induced two-phase effects
on the current amplitude and reversal potential of TWIK-1 K™
channels. In the first 2 min after the change of pH, from 7.4 into
6.0, whole-cell TWIK-1 currents increased transiently, the cur-
rent at 60 mV went up to the peak by 65 = 3% (1 = 10), and the
reversal potential moved toward the hyperpolarizing direction
by ~4 mV, indicating that the channels are highly K™ -selective
(Fig. 24, left panel). In the second phase, whole-cell TWIK-1
currents decreased progressively, and the current at 60 mV
went down to a steady-state level at 45 * 4% of the current
obtained in pH, 7.4 (Fig. 1F and Fig. 24, right panel), with a time
constant of ~94 s (Fig. 2B, open circles and pink line). The
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reversal potential began to shift in the depolarizing direction
until it reached the equilibrium at approximately —52 mV, indi-
cating that the channels altered their Na™ to K" relative per-
meability during this period. The time constant of the change in
the Na™ to K" relative permeability in the second phase was
~284 s (Fig. 2B, filled circles and orange line), reflecting the
process whereby the selectivity filter changes from a K™ -selec-
tive to a Na'-permeable conformation. We attempted to
restore the K™ selectivity of the channels by switching pH, back
to 7.4 from 6.0. The recovery of K™ selectivity was slow and took
~12 min. This hysteresis is not surprising as the recovery of the
K™ selectivity is extremely slow from lowered [K*], to normal
K], (19).

We studied kinetics of effects of lowered pH, on TWIK-1 K™
channels in NMDG " -based bath solutions with 5 mm K* to
differentiate the effects of low pH, on the reversal potential and
the current amplitude of the channels. As expected, lowering
pH, from 7.4 to 6.0 did not change the reversal potential of
TWIK-1 K™ channels (Figs. 1E and 2, Cand D). However, it still
induced two-phase changes in TWIK-1 K™ currents, similar to
those observed in Na™-based bath solutions (Fig. 2, A and B). In
the first phase, the current at 60 mV increased by 73 = 6% (n =
6), and in the second phase, the current at 60 mV reduced with
a time constant of ~148 s until it reached the levels similar to
thatin pH 7.4 (Figs. 1F and 2, Cand D). Dynamic changes in the
current amplitude reflect a process in which lowered pH, mod-
ulates the pore and alters the single channel properties of the
channels. In addition, the time constant of the current decay in
the second phase in NMDG *-based bath solutions is signifi-
cantly slower than that in Na™-based bath solutions, consistent
with the increase in the Na™ to K relative permeability and
decrease in the electrochemical driving force of outward
TWIK-1 K" current in Na™-based bath solutions with pH 6.0.
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FIGURE 3. Effects of lowered pH, on the reversal potential and outward currents of TASK-3 wild type and TASK-3-H98D mutant K* channels. A-D,
whole-cell currents are shown for TASK-3 (A and B) and TASK-3-H98D (C and D) K* channels before (black or blue line) and after (red lines) change of pH from 7.4
t06.0in Na*-based (A and C) or NMDG " -based (B and D) bath solutions. The dashed pink line in A represents the current after pH, was switched backed to 7.4
from 6.0. Insets: current traces are shown in shorter voltage ranges and narrow current amplitudes (—100 to +100 pA) so that the reversal potentials are clearly
visible. E, comparison of low pH,-induced inhibitions of outward K* currents in Na*-based and NMDG *-based bath solutions for the channels. Whole-cell
currents at 60 mV obtained in Na*-based or NMDG"-based bath solutions with pH 6.0 were normalized by those recorded in pH 7.4.*, p < 0.001. F, reversal
potentials of TASK-3 K* channels were plotted as a function of [K*], in Na™-based solutions with pH 7.4 (black triangles) or 6.0 (red triangles) (n = 11-29). The
continuous curves are fits with the Goldman-Hodgkin-Katz equation, yielding a Na* to K™ relative permeability of 0.006 at pH 7.4 and 0.13 at pH 6.0,

respectively.

TASK-3 K" Channels Exhibit Dynamic Ion Selectivity in
Lowered pH,—W e further examined the effects of lowered pH,
on the reversal potential and ion selectivity of TASK-3 K™
channels in Na™-based bath solutions under physiological K™
gradients in transfected CHO cells. Unlike those observed in
TWIK-1 K* channels, low pH_-induced effects on TASK-3 K™
channels were rapid, and they took just around 1 min to reach
the equilibrium. Lowering pH, from 7.4 to 6.0 shifted the rever-
sal potential of TASK-3 K™ channels from —77.7 + 0.4 mV to
—51.9 = 2.5 mV (n = 10), consistent with a previous study (27),
and such a shift was reversible (Fig. 34). In contrast, it did not
significantly change the reversal potential of TASK-3 K* chan-
nels in NMDG " -based bath solutions (—77.9 * 0.7 mV versus
=744 = 1.0 mV, n = 9; Fig. 3B). Surprisingly, lowering pH,
from 7.4 to 6.0 in Na*-based bath solutions had no significant
effect on the reversal potential of TRESK-2 K™ channels
(—78.8 0.6 mV versus —75.3 = 1.2 mV, n = 5; Fig. 4A4), which
also conserve the pH, -sensing histidine following the selectivity
sequence TXGYG of the P1-loop (Fig. 1B), although the cur-
rents at 60 mV of TRESK-2 K* channels were reduced by
~54%, consistent with a previous study (10) (Fig. 4, A-C). Thus,
TRESK-2 K" channels maintain the K" selectivity in low pH,,.
In another negative control, lowered pH, did not change ion
selectivity of rat TREK-1 K™ channels, which are insensitive to
pH, and do not conserve the pH,-sensing histidine in the selec-
tivity filter (Fig. 1B), because changes of pH from 7.4 to 6.0 in
Na™-based bath solutions did not influence the reversal poten-
tial (—76.2 = 1.0 mV versus —75.8 = 0.6 mV, n = 6; Fig. 4D).
TASK-3 K" channels are outward rectifying and conduct small
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inward K™ currents under physiological K* gradients, so it was
not always easy to precisely measure their reversal potentials in
5 mm [K™],. However, the trend of reversal potential move-
ments in negative controls was different from that in TASK-3
K™ channels, indicating that these measured reversal potentials
represent ion selectivity of TASK-3 K* channels. We also
directly measured the reversal potentials of TASK-3 K™ chan-
nels in Na*-based bath solutions with various [K*],. The rever-
sal potentials recorded in pH 6.0 bath solutions with 2.5 mm K™
were much more depolarized than those obtained in pH, 7.4,
implying that the Na™ to K™ relative permeability of the chan-
nels significantly increases (Fig. 3F).

We compared low pH,-induced inhibitions of TASK-3 K*
channels in Na™-based and NMDG " -based bath solutions with
5 mm K™ because increases in the Na™ to K™ relative permea-
bility in TASK-3 K* channels could cause more significant
inhibitions in Na*-based bath solutions than in NMDG™-
based bath solutions, as we observed for TWIK-1 K" channels
(Fig. 1F). Lowering pH from 7.4 into 6.0 in Na*-based bath
solutions decreased the TASK-3 current at 60 mV by 95 = 1%
(n = 10), whereas only 79 = 2% (n = 9) reduction was seen in
NMDG " -based bath solutions (Fig. 3E). In addition, we exam-
ined whether the mutation in the pH,-sensing histidine (His-
98) eliminated the effects of low pH, on the reversal potentials
of TASK-3 K™ channels. Lowering pH from 7.4 into 6.0 in Na " -
based bath solutions neither influenced the reversal potential of
TASK-3-H98D mutant K" channels (—74.3 = 2.2 mV versus
—73.7 = 1.4 mV, n = 4) nor induced significant inhibition of
outward TASK-3 K™ currents (Fig. 3, C—E). Similar to TWIK-1
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FIGURE 4. Negative controls for low pH,-induced changes in ion selectivity of TWIK-1, TASK-1, and TASK-3 K* channels. A and B, whole-cell currents of
TRESK-2 K™ channels are shown before (black or blue line) and after (red lines) change of pH from 7.4 to 6.0 in Na™-based (A) or NMDG *"-based (B) bath solutions
with 5 mmK*. C, comparison of low pH,-induced inhibitions of outward TRESK-2 K™ currents in Na*-based and NMDG "-based bath solutions. Currents at 60
mV obtained in Na"-based or NMDG " -based bath solutions with pH 6.0 were normalized (Norm.) by those recorded in pH 7.4 from a group of experiments in
Aor B (n = 4-5). D-F, whole-cell currents of TREK-1, TASK-3, and TWIK-1 K™ channels are shown before (black or purple lines) and after (red lines) change of pH
from 7.4t0 6.0 in Na™-based bath solutions with 5 mm K™ (D) or Mg?*-based bath solutions with 0 mm K™ (Eand F) (n = 5-8). Insets in A and B and D-F: current
traces are shown in shorter voltage ranges and narrow current amplitudes (— 100 to + 100 pA) so that the reversal potential or noinward Mg?* current s clearly

visible.

K* channels, TASK-3 K* channels did not conduct inward
Mg>" currents in Mg> " -based bath solutions with pH 6.0 in the
absence of extracellular K" (Fig. 4E), supporting that TASK-3
K™ channels do not simply lose the ion selectivity. These results
support the hypothesis that TASK-3 K™ channels change ion
selectivity and become permeable to external Na™ in response
to lowered pH,,.

TASK-1 K" Channels Show Dynamic Ion Selectivity in Sub-
physiological pH —W e examined the effects of lowered pH, on
the reversal potential and ion selectivity of TASK-1 K™ chan-
nels in transfected CHO cells by using the same strategies with
which we have studied TWIK-1 and TASK-3 K" channels.
TASK-1 K™ channels are more sensitive to changes of pH, than
TWIK-1and TASK-3 K* channels (2), so we studied the effects
of low pH,, in subphysiological ranges on the reversal potential
of TASK-1 K™ channels in Na™-based bath solutions with 5 mm
K*. TASK-1 K* channels did not yield detectable whole-cell
currents in most transfected CHO cells, so we used a TASK-
1-Ai20 mutant with a 20-amino acid deletion within the C-ter-
minal, which increases abundance at the plasma membrane rel-
ative to TASK-1 wild type channels (36), as a tool. Compatible
with those seen in TASK-3 K* channels, low pH,-induced
effects on TASK-1 K™ channels were fast, and they took ~1 min
to reach equilibrium. The reversal potential of TASK-1 K*
channels shifted from —75.2 = 1.2mV to —50.1 = 2.9mV (n =
10) (Fig. 5A) after changes of pH from 7.4 to 6.8 in Na™-based
bath solutions, implying that the Na™ to K™ relative permeabil-
ity of the channels is significantly increased. In contrast, the
movement of the reversal potential was not seen in NMDG -
based bath solutions before and after changes of pH, (—73.6 =
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1.2 mV versus —74.5 £ 1.6 mV, n = 6) (Fig. 5B). We directly
measured the reversal potential of the channels in Na™-based
bath solutions with various [K™],. At 2 mm [K*],, the reversal
potential measured in pH 6.8 was much more depolarized than
that obtained in pH 7.4. The fits of measured reversal potentials
in various [K"], with the Goldman-Hodgkin-Katz equation
indicate that the Na™ to K™ relative permeability of the chan-
nels significantly increases in pH 6.8 (Fig. 5D). Moreover, we
compared low pH,-induced inhibitions of TASK-1 K* chan-
nels in Na™-based and NMDG *-based bath solutions with 5
mM K. Lowering pH from 7.4 into 6.8 decreased the TASK-1
current at 60 mV by 80 = 1% (n = 10) in Na™-based bath
solutions, whereas it induced a reduction of only 64 = 3% (1 =
6) in NMDG " -based bath solutions (Fig. 5C), consistent with
increases in the Na™ to K™ relative permeability and decreases
in electrochemical driving forces of outward TASK-1 K™ cur-
rents in pH 6.8. These results suggest that TASK-1 K™ channels
change ion selectivity and become permeable to external Na™
in response to lowering pH,.

DISCUSSION

Dynamic Ion Selectivity of Acid-sensitive TWIK and TASK
K" Channels in Extracellular Acidification—We provided
three lines of evidence supporting that TWIK-1, TASK-1, and
TASK-3 K* channels change ion selectivity and become per-
meable to extracellular Na™ in lowered pH,. First, we investi-
gated ion selectivity of TWIK-1, TASK-1, and TASK-3 K"
channels in both normal and lowered pH,, by using the reversal
potential analysis and whole-cell current recordings in trans-
fected CHO cells. Our results indicate that the reversal poten-
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FIGURE 5. Effects of lowered pH, on the reversal potential and outward
currents of TASK-1 K* channels. A and B, whole-cell currents of TASK-1 K*
channels are shown before (black or blue line) and after (pink lines) change of
pHfrom 7.4t0 6.8 in Na™-based (A) or NMDG *-based (B) bath solutions. Insets:
current traces were shown in shorter voltage ranges and narrow current
amplitudes (—100 to +100 pA) so that the reversal potentials are clearly vis-
ible. The green line in A represents the current after pH, was switched back to
7.4from 6.8. C, comparison of low pH,-induced inhibitions of outward TASK-1
currentsin Na"-based and NMDG *-based bath solutions. Whole-cell currents
at 60 mV obtained in Na*-based or NMDG*-based bath solutions with pH of
6.8 were normalized (Norm.) by those recorded in pH of 7.4. *, p < 0.001.
D, reversal potentials of TASK-1 K channels were plotted as a function of
[K*1, in Na*-based solutions with pH 7.4 (black squares) or 6.8 (pink squares)
(n = 3-11). The continuous curves are fits with the Goldman-Hodgkin-Katz
equation, yielding a Na™ to K" relative permeability of 0.005 at pH 7.4 and
0.06 at pH 6.8, respectively.

tials of TWIK-1, TASK-1, and TASK-3 K* channels are signif-
icantly shifted in the depolarizing direction in Na™-based, but
not in NMDG™-based, bath solutions with lowered pH.
TWIK-1 K* channels have a nearly linear current-voltage
curve and conduct large inward K* currents in physiological
K™ gradients, so their reversal potential can be precisely mea-
sured during lowering pH, (19). Outward rectifying TASK-1
and TASK-3 K™ channels conduct very small inward K™ cur-
rents in physiological K* gradients, so precisely monitoring
their reversal potential is challenging. This may be the reason
why the effects of lowered pH, on their reversal potentials were
neglected. However, low pH-induced, reversible shifts of the
reversal potentials in TASK-1 and TASK-3 K™ channels should
reflect changes of their ion selectivity. Because the reversal
potential analysis on outward rectifying TASK-1 and TASK-3
K* channels may be challenged, we secondly compared low
pH,-induced inhibitions of outward currents of TWIK-1,
TASK-1, and TASK-3 K" channels in Na*-based and
NMDG " -based bath solutions with 5 mm K*. If the K2P chan-
nels become significantly permeable to external Na™ in lowered
pH, such as pH 6.0, the electrochemical driving force for out-
ward K™ currents should become smaller in Na™ -based, but not
in NMDG "-based, bath solutions. Such a difference could
result in more profound low pH,-induced inhibitions in Na™-
based bath solutions than in NMDG *-based bath solutions.
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This is exactly what we observed for TWIK-1, TASK-1, and
TASK-3 K* channels (Figs. 1F, 3E, and 5C). Third, we exam-
ined the effects of lowered pH, on TASK-3-H98D mutant K™
channels, in which the pH,-sensing histidine is substituted by
aspartic acid. Lowered pH, neither changes the reversal poten-
tial and ion selectivity of TASK-3-H98D mutant K* channels in
Na™-based bath solutions with 5 mm K™ nor induces different
inhibitions in Na™-based and NMDG ™" -based bath solutions
with 5 mm K* (Fig. 3, C-E).

A most recent publication reported that the TWIK-
1-K274E-1293A°1294A mutant (TWIK-1_, ) channels heterolo-
gously expressed in Xenopus oocytes, which largely increase
detectable TWIK-1 currents, exhibit altered ion selectivity in
lowered pH,, (35). However, whether TWIK-1_ . channels rep-
resent TWIK-1 wild type K channels is questionable in terms
of ion selectivity because the data presented in the study
showed that TWIK-1,,,, channels are K*-selective in pH 7.4
Na*-based bath solutions with 0 and 2 mm K™, not consistent
with previous observations that TWIK-1 wild type channels are
nonselective channels significantly permeable to extracellular
Na™ in 0 and 2 mm [K™], (19, 32). The TWIK-1-K274E mutant
K* channels, which we used in this study, share the same
behaviors as TWIK-1 wild type K" channels in ion selectivity
(19, 32). Therefore, our study suggests that TWIK-1 wild type
K" channels exhibit dynamic ion selectivity in lowered pH,.

How does protonation in the pH -sensing histidine change
ion selectivity of acid-sensitive TWIK and TASK K" channels?
A previous study with molecular dynamics simulations predicts
that protonation of the pH,-sensing His-98 residue of TASK-1
K™ channels induces rotation of the Tyr-96 and Gly-97 peptide,
and then the conformation of the selectivity filter changes (25).
Voltage-gated Kv2.1 channels change ion selectivity during
C-type inactivation (37). Extracellular acidification enhances
C-type inactivation in Kv1 channels (16, 38, 39). K2P channels
are thought to have a C-type inactivation gate at the selectivity
filter close to the extracellular side of the channels (40-42).
Extracellular acidification facilitates C-type inactivation in
human TREK-1 K" channels (5). Protonation in the pH,_-sens-
ing histidine of TASK-1 and TASK-3 K™ channels is likely to
involve enhancement of C-type inactivation.

Although TWIK-1, TASK-1, TASK-3, and TRESK-2 K*
channels contain the same selectivity sequence TXGYGH with
the pH,-sensing histidine in the P1-loop in the selectivity filter,
they show different responses to lowered pH,. TRESK-2 K*
channels maintain the K™ selectivity in lowered pH,, whereas
TWIK-1, TASK-1, and TASK-3 K™ channels become permea-
ble to external Na™. Extracellular acidification has rapid effects
on TASK-1 and TASK-3 K* channels, but it causes much
slower functional changes in TWIK-1 K™ channels. These four
acid-sensitive K2P channels belong to three different subfami-
lies of K2P channels, and their sequence similarities are very
low. Therefore, the other part of the channels contributes to
their different responses to lowering pH,.

Although it is generally thought that ion selectivity of highly
selective K* channels does not change in response to external
stimuli, recently we demonstrated that TWIK-1 K™ channels
change ion selectivity and become permeable to extracellular
Na™ in response to physiological decreases of extracellular K™
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levels (19). In this study, we showed another example of
dynamic ion selectivity of K2P channels under physiological
conditions; TWIK-1, TASK-1, and TASK-3 K" channels
change ion selectivity and become permeable to extracellular
Na™ under extracellular acidification. It will not be surprising
to find that other physiological stimuli regulate ion selectivity of
K2P channels.

In physiological or pathophysiological processes (e.g. hypoxia),
in which pH, is lowered to a range of 6.0—6.8, acid-sensitive
TWIK and TASK channels may behave with dynamic ion selectiv-
ity. TASK-1 and TASK-3 K™ channels conduct much smaller
background K™ currents in lowered pH, than in normal pH,,
whereas TWIK-1 K* channels conduct significant inward Na™
currents and contribute to the transportation of both K™ and
Na™ across the membrane, which are involved in cellular excit-
ability and/or electrolyte homeostasis.

Does pH, regulation of TWIK-1, TASK-1, and TASK-3 K*
channels in heterologous expression systems apply to these
channels in native tissues? These native channels should exhibit
low pH,-induced phenotypes that were observed in cloned
channels, as long as they reach the plasma membrane. How-
ever, many K2P channels including TWIK-1 and TASK-1 are
poorly expressed in the plasma membrane. One possible mech-
anism is that the channels conserve endoplasmic reticulum
retention motifs that hold the channels in the endoplasmic
reticulum (36, 43). Another possibility is that the channels may
lack accessory subunits and/or interacting proteins in the het-
erologous expression systems. In fact, interacting proteins such
as 14-3-3 determine the trafficking and expression levels of
TASK-1 K* channels (44).

The Mechanism of Regulation of Acid-sensitive K2P Channels
by Extracellular Acidification—Although the effects of extra-
cellular acidification on TASK-1 and TASK-3 K" channels
have been extensively studied, the mechanism of how low pH,,
affects these channels is not well understood (2). Previous stud-
ies showed that lowered pH, changes single channel properties
such as open probability and/or unitary current of TASK-1 and
TASK-3 K" channels (7, 8, 17). In this study, we show that
lowered pH, also modulates the selectivity filter and then influ-
ences ion selectivity of TWIK-1, TASK-1, and TASK-3 K™
channels. Therefore, low pH, affects both the ion selectivity
and the single channel property of these acid-sensitive K2P
channels. The effects of lowered pH, on the single channel
property of these channels alone could be studied in NMDG™-
based bath solutions, as we did in whole-cell current levels in
Figs. 1E, 2C, 3B, and 5B. Lowered pH, in NMDG *-based bath
solutions induced large reduction of TRESK-2, TASK-1, and
TASK-3 outward currents, whereas it did not significantly
change TWIK-1 outward currents. A possible mechanism of
such a difference is that lowered pH, inhibits unitary currents,
induces C-type inactivation, and dramatically decreases open
probability in TRESK-2, TASK-1, and TASK-3 K* channels,
whereas it may not cause C-type inactivation and may have
minor effects on unitary current and open probability in
TWIK-1 K" channels.

Previous findings that lowered pH, affects single channel
properties could not fully interpret a well known observation
that low pH,-induced inhibitions of acid-sensitive TASK K™

37152 JOURNAL OF BIOLOGICAL CHEMISTRY

channels are dependent on [K™],. Our findings provide a sup-
plemental interpretation on the observation. Low pH,
increases the Na™ to K* relative permeability and then
decreases the driving forces of outward K* currents, which are
determined by the electrochemical gradients of both K* and
Na*. Assuming that the effects of low pH, on single channel
property are constant, the driving forces of outward K™ current
became smaller with increases of [K*], or decreases of [Na™*]_
in Na™-based bath solutions. This will result in the observation
that low pH,-induced inhibitions depend on both [K*], and
[Na*],,
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