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Abstract

CLC-0, a prototype CI" channel in the CLC family, employs two gating mechanisms that con-
trol its ion-permeation pore: fast gating and slow gating. The negatively-charged sidechain
of a pore glutamate residue, E166, is known to be the fast gate, and the swinging of this
sidechain opens or closes the pore of CLC-0 on the millisecond time scale. The other gating
mechanism, slow gating, operates with much slower kinetics in the range of seconds to tens
or even hundreds of seconds, and it is thought to involve still-unknown conformational rear-
rangements. Here, we find that low intracellular pH (pH;) facilitates the closure of the CLC-
0’s slow gate, thus generating current inhibition. The rate of low pH;-induced current inhibi-
tion increases with intracellular H* concentration ([H*];)—the time constants of current inhibi-
tion by low pH; = 4.5, 5.5 and 6 are roughly 0.1, 1 and 10 sec, respectively, at room
temperature. In comparison, the time constant of the slow gate closure at pH; = 7.4 at room
temperature is hundreds of seconds. The inhibition by low pH; is significantly less prominent
in mutants favoring the slow-gate open state (such as C212S and Y512A), further support-
ing the fact that intracellular H* enhances the slow-gate closure in CLC-0. A fast inhibition
by low pH; causes an apparent inverted voltage-dependent activation in the wild-type CLC-
0, a behavior similar to those in some channel mutants such as V490W in which only mem-
brane hyperpolarization can open the channel. Interestingly, when V490W mutation is con-
structed in the background of C212S or Y512A mutation, the inverted voltage-dependent
activation disappears. We propose that the slow kinetics of CLC-0’s slow-gate closure may
be due to low [H*]; rather than due to the proposed large conformational change of the chan-
nel protein. Our results also suggest that the inverted voltage-dependent opening observed
in some mutant channels may result from fast closure of the slow gate by the mutations.
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Introduction

The CLC channel/transporter family consists of transmembrane proteins of two functional
categories: Cl” channels and CI/H" antiporters [1, 2]. These CLC proteins are expressed in var-
ious tissues to carry out critical physiological functions [3]. CLC-0, for example, is a Cl chan-
nel expressed in Torpedo electroplax [4], and the Torpedo fish exploits CLC-0’s function in the
electric organ for building an under-water stun gun. CLC-1, CLC-2, and CLC-Ks are mamma-
lian CLC channels important for normal functions of various organs, such as skeletal muscles,
kidney, heart and brain [5-7]. On the other hand, several bacterial CLC molecules, such as
CLC-ecl [8], function as CI'/H" antiporters [9], which enable bacteria to develop resistance to
H" entry to the cells in very acidic environments [10]. Mammalian CLCs other than those
mentioned above, such as CLC-5 [11], also function as CI'/H" antiporters [12]. They are
thought to be important in controlling the pH in the intracellular organelles, and mutations of
these CLC proteins have been known to be associated with human hereditary diseases such as
Dent’s disease [13, 14], osteopetrosis [15], and lysosomal storage diseases [16].

It is known that all CLC members are homodimers [8, 17], and recent efforts have unveiled
their molecular structures [18-25]. An example of the structure of a CLC protein most homol-
ogous to CLC-0 (i.e., CLC-1) is shown in Fig 1 (PDB accessing code: 6QVU). Because of its
well-characterized functional behaviors, CLC-0 is viewed as a prototype CLC molecule among
CLC family members. Early single-channel recordings suggested the presence of two identical
Cl™ conducting pores in CLC-0 [26-28], a double-barreled architecture later confirmed by
CLC proteins’ high-resolution structures. Two gating mechanisms have been identified in con-
trolling the opening and closing of CLC-0: “fast gating” and “slow gating.” Fast gating controls
the two pores independently, and operates on the millisecond time scale, while slow gating
operates on the order of ~seconds to hundreds of seconds [29]. Because the slow-gating mech-
anism appears to control the two pores simultaneously, it is also called “common” gating, and
the closure of the slow gate “inactivates” the channel. Based on single-channel behaviors of
CLC-0, when the slow gate closes, Cl" conduction through the channel pores is shut, and the
functional activities of the fast gate are not observable.

Various studies in the literature have characterized CLC-0’s fast-gating details. It has been
shown that CI” in the extracellular and intracellular solutions both favor the opening of the fast
gate of CLC-0 [30-32]. High-resolution CLC structures reveal three Cl™binding sites in the
ion-transport pathways of CLC proteins: the external (S.y), central (S.,) and internal sites
(Sine) [19]. However, S, can also be occupied by the negatively charged sidechain of a gluta-
mate residue (corresponding to E166 in CLC-0), which is thought to be the fast gate (called E
gate). Swinging this E-gate away from S, is considered to be the fast-gate opening mecha-
nism, and thus facilitating the fast-gate opening by Cl” could be due to a competition of Cl’
with the E-gate [33-35]. Extracellular and intracellular low pH also favors fast-gate opening
[36-39], presumably due to the protonation of the E-gate.

Compared to fast gating, the molecular mechanism of CLC-0’s slow-gating is less defined
despite being functionally characterized. Unlike the fast-gate opening, which is favored by
membrane depolarization [27, 28, 30, 31], the voltage-dependence of slow-gate opening is
opposite—the slow-gate’s open probability (P,*) decreases with membrane depolarization but
increases with membrane hyperpolarization [40-42]. Cl and H" also modulate CLC-0’s slow
gating [43, 44] and the slow gating is found to be very temperature-dependent [41, 42].
Because mutations at multiple sites on the channel protein alter the slow-gating [45-48], it has
been thought that slow gating may involve a large protein conformational change, including
relative movement of the two subunits at both the cytoplasmic and the transmembrane regions
[46, 49].
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Fig 1. Structure of vertebrate CLC channels. Structure of human CLC-1 molecule (PDB accessing code: 6QVU) is used to represent the structure of CLC-0, which is
still not available. CLC-0 residues mutated in this study are depicted by the colored and space-filled corresponding CLC-1 residues (in parenthesis): Blue, C212 (C277 of
CLC-1); Grey, V490 (I556); Green, Y512 (Y578). The “E-gate” residue, E166 of CLC-0 (E232 of CLC-1), is also shown as a space-filled residue (red). (A) Stereo-view of
hCLC-1 structure viewed from within membrane phospholipids (side view). Curved arrows depict the ion permeation pathways. Dotted lines indicate the extracellular
and intracellular edges of lipid membranes. (B) Stereo-view of hCLC-1 viewed from the cytosolic side.

https://doi.org/10.1371/journal.pone.0240704.9001

Because defective functions of mammalian CLC channels underlie human diseases, under-
standing CLC channel’s gating mechanisms is clinically relevant. For example, CLC-1 channe-
lopathy causes a hereditary muscle disease, myotonia congenita. The myotonia
pathophysiology is rationalized from the fact that CLC-1 constitutes 50-70% of the resting
muscle conductance and thus is critical for controlling sarcolemmal potential [50]. Similar to
CLC-0, membrane depolarization favors the opening of CLC-1. A defect in the CLC-1 opening
by depolarizing voltage therefore renders it difficult to bring the membrane potential back to
the resting level after firing action potentials [51], thus generating a myotonia condition.
Indeed, some CLC-1 myotonia mutants are opened by membrane hyperpolarization but not
by depolarization [52, 53]. Such an inverted voltage dependence of channel opening also
occurs in mutants of CLC-0. Using a voltage protocol shown in Fig 2A, for example, the volt-
age-dependent opening of wild-type (WT) CLC-0 and that of a point mutant, V490W, are

PLOS ONE | https://doi.org/10.1371/journal.pone.0240704 December 23, 2020 3/20


https://doi.org/10.1371/journal.pone.0240704.g001
https://doi.org/10.1371/journal.pone.0240704

PLOS ONE Intracellular pH effect on CLC-0's slow gating

B WT pH, 7.4 V490W pH, 7.4
ISI 4 s ISI 4 s
A - - T
100— Pre i Test ; Tail i ISI —
SO 5 nA 2 nA
O—Ir - E— H— 10 ms 10 ms
> 1 !
E 504 :
1S ] 1
> 1 )
100 5 C WT pH. 5.5 WT pH, 5.5
150+ : ISl 4 s ISI1s
-200 T Il T I l| I .I Il_ [ —

0 50 100 150
Sweep Duration (ms)

2 nA 1 nA

10 ms 10 ms

Fig 2. Voltage dependence of current activation of WT and mutant CLC-0. (A) Voltage protocol (protocol I) for recordings. A full protocol consists of 12 recording
sweeps. One sweep includes a prepulse voltage step at +60 mV (50 ms) followed by one of the various test voltage steps (70 ms) from +60 mV to -160 mV in -20 mV
voltage steps, and followed by a tail voltage step of 50 ms at 0 mV (colored in black) or -100 mV (colored in red). Vertical dashed lines are used to mark the switch of the
voltage steps (for example, between prepulse voltage step and the test voltage step, etc.). The voltage of the inter-sweep interval (ISI) was 0 mV and the duration was 1 or 4
sec. (B) Activation of WT CLC-0 and V490W mutant at pH; = 7.4, using the voltage protocol shown in A. ISI was 4 sec. Dash line: zero-current level. Notice the inverted
voltage-dependent activation in the mutant. (C) Activation of WT CLC-0 at pH; = 5.5. ISI’s are 4 and 1 sec for the recording on the left and right, respectively. Notice the
inverted voltage activation of WT CLC-0 in low pH;.

https://doi.org/10.1371/journal.pone.0240704.g002

compared in Fig 2B, where the current of the V4A90W mutant is activated by membrane hyper-
polarization but not by depolarization. Interestingly, we discover that such a hyperpolariza-
tion-induced channel opening can also occur in WT CLC-0 in the presence of low pH; (Fig
2C). In this paper, we study the relation between the inverted voltage-dependent channel
opening and the intracellular H" effect on the slow gating in CLC-0.

Materials and methods
Mutagenesis and channel expression

The cDNAs of the WT CLC-0 and various mutants of CLC-0 were subcloned in the pIRE-
S2-EGFP vector containing internal ribosome entry sites (IRES) and enhanced green
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fluorescent protein (EGFP). Mutagenesis was made using the Quick Change site-directed
mutagenesis kit (Strategene), and the mutations were confirmed via commercially available
sequencing services. All cDNAs were transfected into the human embryonic kidney 293
(HEK293) cells grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% Penicillin/streptomycin. The transfections were per-
formed using commercially available Lipofectamine 3000 kit (Invitrogen) following the stan-
dard protocol provided by the vendor. After transfections, cells were incubated in 37 °C and
5% CO, for 1-2 days before conducting experiments.

Electrophysiological recordings

Transfected HEK293 cells were identified by the green fluorescence under the Leitz DM IRB
inverted microscope (Leica) equipped with GFP filter (Chroma Technology) and the XT640-W
LED light source (Lumen Dynamics). Inside-out membrane patches were excised from the
green fluorescence-positive cells, and voltage-clamp experiments were conducted using the
Axopatch 200B amplifier (Axon Instruments/Molecular Devices). The recorded signals were fil-
tered at 2 kHz and were digitized at 4 kHz using Digidata 1440A digitizing board (Molecular
Devices/Axon Instruments). Occasionally, the 50/60 Hz noise signal was removed using Hum
Bug 50/60 Hz eliminator (Quest Scientific). Recording pipettes were fabricated from the
TW150-6 borosilicate glass capillaries (World Precision Instruments Inc.) using the pp830 ver-
tical puller (Narishige International). The electrode resistance was normally ~ 2-3 MQ when
filled with the pipette (extracellular) solution containing 130 mM NaCl, 5 mM MgCl,, 10 mM
HEPES, 1 mM EGTA, with the pH adjusted to 7.4. The intracellular solution is the same as the
extracellular solution except that 10 mM MES was used as the pH buffer when pH < =6.2.

Fast solution exchange was achieved using the SF-77B solution exchanger (Warner Instru-
ments/Harvard apparatus). Although the time for crossing the laminar flow barrier is esti-
mated to be several ms (Zhang et al., 2009), there is always a latency time of 20-50 ms due to
the time lag in initiating the crossing. Therefore, time constants of less than 50 ms estimated
from a current relaxation following a change of pH; were considered less accurate. Most of the
experiments were performed at room temperature (21-22 °C). When a higher temperature
was required, the solutions in the 10 ml syringe reservoirs were raised to a constant higher
temperature using the SW-10/6 multi-syringe warmer alongside with the TC-324B controller
(Warner instruments/Harvard Apparatus). The temperature of the solution, however, dropped
when it was flowing through the PE50 tubing and finally exited out of the SF-77 barrel tip
where the solution meets the excised inside-out patch. The reported temperatures in this study
were those recorded by a thermistor placed at the outlet of the SF-77 solution delivery barrel
after every recording experiment. It should be emphasized that such a temperature control was
not optimal, and the temperature variation can be up to 1-2 °C based on the variation among
multiple measurements with the same solution temperature in the syringe reservoir.

Experimental protocols and data analyses

Because the slow-gate opening of CLC-0 tends to be minimal at voltages of the resting mem-
brane potential of HEK293 cells or above (Chen 1998), WT CLC-0 was partially inactivated
when membrane patches were excised. To activate the current of CLC-0 for experiments, five
50-ms pulses of -100 mV at 1 Hz were applied to all patches expressing WT CLC-0 before
starting any experiment. The procedure was repeated multiple times until the slow gate was
maximally opened (based on the observation that the recorded current was no longer
increased by this current-activation procedure). For mutants with a mostly open slow-gate
(such as C212S or Y512A) no such current activation procedure was necessary.
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Three types of experimental protocols were employed for the experiments presented in this
paper. Protocol I was used for evaluating the quasi steady-state voltage-dependent current acti-
vation. Each recording sweep in this protocol has a total time of 170 ms, consisting of a +60
mV pre-pulse voltage step for 50 ms, followed by a test voltage step (from +60 mV to -160 mV
in a series of -20 mV voltage steps) for 70 ms, and finally a tail voltage (at 0 mV or -100 mV)
for 50 ms. The inter-sweep interval (ISI), namely, the time between the end of one recording
sweep to the beginning of next sweep was 1 sec or 4 sec. Membrane voltage of ISI was at 0 mV.
When this experimental protocol with a -100 mV tail-voltage was employed, analyzing the ini-
tial tail current (obtained at the beginning of the -100 mV tail voltage step) provides an esti-
mate of the relative open probability (P,) of the channel [46]. In WT CLC-0 recordings, the
largest initial tail current (negative current) occurred in the recording sweep with the +60 mV
test voltage step because the overall channel opening is favored by membrane depolarization.
On the other hand, for the mutant activated by membrane hyperpolarization (such as
V490W), the largest tail current was observed in the recording sweep with the -160 mV test
voltage [46]. In either case, the tail-current relaxation process was fitted to a single-exponential
function, and the initial tail current from each recording sweep was determined by extrapolat-
ing the exponential tail current relaxation to the beginning of the tail voltage step. The initial
tail currents from all recording sweeps were normalized to the maximal initial tail current,
which represents a relative P, of the channel at the end of the test voltages (relative to the P, at
the most positive voltage in the WT CLC-0 or to the most negative voltage in the mutant
V490W). Plotting the relative P, as a function of the test voltages illustrates the voltage depen-
dence of the channel activation.

To evaluate the process of the change of Cl current upon reducing pH;, we employed a
voltage protocol (protocol IT) containing a voltage step of +60 mV (50 ms) followed by a tail
voltage step at -100 mV for 70 ms. Such a voltage protocol was used to mimic the experimental
protocol of the previous studies using whole cell recording methods on channels expressed in
Xenopus oocytes [41, 42]. To present the experimental results, the current at the +60 mV volt-
age step was measured and plotted against the time of the recording. ISI, which was either 1 or
4 sec, also refers to the time interval between the end of one recording sweep and the begin-
ning of the following sweep. The membrane voltage at the ISI in this protocol was also 0 mV.

The third voltage protocol (protocol III), like protocol II, was also used to assess the current
inhibition process after applying a high [H"]; except that the application and removal of the
low pH; solution was conducted at a constant membrane voltage. For these experiments, the
membrane voltages ranged from +60 mV to -60 mV. However, experiments with a slow inhi-
bition process (in relatively high pH; conditions such as pH; = 5.5 or 6) at some negative volt-
ages were technically difficult due to stability problems of the excised patches. Estimates of the
time constant of such slow inhibition processes may thus be less precise.

Protocol IT & III were used for studying the kinetics of the current relaxation process fol-
lowed by the pH; perturbation. Both protocols started from a steady-state current level at pH;
=7.4. A lower pH; solution was then applied, and the current was inhibited to different degrees
at different speeds depending on pH; (or [H'];). After the current reached a steady state, pH;
was changed back to 7.4 and the current may or may not recover. The current relaxation pro-
cess (current inhibition or current recovery) was then fitted to a single-exponential function to
obtain the time constant of current inhibition (t;,;,) and the time constant of current recovery
(Trec)- However, for recordings of the WT CLC-0, current recovery was observed only at nega-
tive membrane voltages but not at the positive membrane voltages. The mean + S.E.M values
are used to plot the analyzed data points and error bars in all figures. Number of experiments
(n) for the summarized data are given in the figure legends.
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Results

The fast and the slow gating of CLC-0 have opposite voltage dependence. Membrane depolari-
zation increases the fast-gate open probability (P,)) but reduces the slow-gate P, (P,’). Using
protocol I (Fig 2A) in which the duration of a recording sweep is less than 0.2 sec, the change
of P,* of CLC-0, due to its very slow kinetics (tens to hundreds of seconds at room tempera-
ture), does not result in a dramatic current change in such a short time frame. Therefore, the
change of the WT CLC-0 current shown in Fig 2B (left panel) mostly reflects the activities of
the fast gating. When the membrane voltage is at 0 mV or above, P,,f of CLC-0 is maximal (P,
~ 1) [28, 31, 47, 54]. Therefore, the instantaneous current jump upon a change of the voltage is
due to the change of the driving force rather than an alteration of channel’s P,". On the other
hand, when membrane voltage is hyperpolarized, P,’ is reduced, and a current reduction with
a deactivation time constant of several milliseconds is observed (Fig 2B, left panel). The current
deactivation at hyperpolarization voltages reflects a reduction of P, with a kinetics in the mil-
lisecond time range.

In some mutant channels of CLC-0, such a normal voltage dependence of channel opening
is inverted. For example, using the same voltage protocol I (Fig 2A), WT CLC-0 (Fig 2B, left
panel) and the V490W mutant (Fig 2B, right panel), have opposite voltage dependence for cur-
rent activation [46]. In the V490W mutant, little current is observed at voltages > 0 mV, while
membrane hyperpolarization activates the current. Thus, membrane hyperpolarization but
not depolarization favors the opening of this mutant channel. Interestingly, when pH; is
reduced, even a WT CLC-0 channel can exhibit such an inverted voltage-dependent channel
activation. Fig 2C shows that at pH; = 5.5, voltage steps above 0 mV activate little current in
WT CLC-0, while membrane hyperpolarization induces current similar to that observed in the
V490W mutant at a neutral pH;.

When protocol I was used to activate the current of WT CLC-0 at low pHj, the duration of
the inter-sweep interval (ISI) (where the membrane voltage was held at 0 mV) played an
important role for the amplitude of the activated current. This can be observed by comparing
the two recordings of WT CLC-0 at pH; = 5.5 obtained with the same voltage protocol (proto-
col I) but different ISI durations: 4 sec versus 1 sec (Fig 2C left and the right panels, respec-
tively). Comparing the current at the +60 mV pre-pulse voltage step, the recording with 4-sec
ISI (left panel) shows little outward current while the pre-pulse current in the recording with
1-sec ISI retains some outward current. The difference in the outward current between these
recordings is also reflected by the instantaneous inward current when the membrane voltage is
changed from +60 mV pre-pulse voltage step to the various hyperpolarizing voltage steps. It
should be noted that the current at the +60 mV pre-pulse voltage depends on the channel con-
ductance at the end of the ISI following the previous recording sweep. We suspected that intra-
cellular H" may inhibit the current of WT CLC-0 at the 0-mV holding voltage during ISI.
Therefore, in a recording with 4-sec ISI, the channel conductance (after being activated by
membrane hyperpolarization) was nearly completely inhibited by H". On the other hand, with
1-sec ISI, the hyperpolarization-activated conductance has not been completely inhibited
before starting the following recording sweep.

To confirm this speculation, we employed a continuous recording protocol, in which a
sweep of recording contains only a +60 mV voltage step for 50 ms followed by a negative tail
voltage step of -100 mV for 70 ms (protocol II, Fig 3A). The holding voltage at ISI was 0 mV.
Typical experiments are shown in Fig 3B & 3C, where the ISI is 4 and 1 sec, respectively. These
experiments started with a steady-state recording at pH; = 7.4. An acidic intracellular solution
(pH; = 5 in these two experiments) was then applied, followed by a switch of solutions back to
pHi = 7.4. Each circle in Fig 3B & 3C represents the outward current measured at the end of
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Fig 3. Inhibition of WT CLC-0 by intracellular H". (A) Voltage protocol (protocol II) used for the experiments. (B & C) Inhibition of the CLC-0 current by
an intracellular acidic solution (pH; = 5). Circles represent the current measured at the steady state of the +60 mV voltage step as indicated by the downward
arrows shown in A. ISI = 4 s and 1 s for the experiments in B and C, respectively. Notice the incomplete inhibition when ISI = 1 sec. Insets show traces for
recording sweeps at the indicated time points.

https://doi.org/10.1371/journal.pone.0240704.9003

+60 mV voltage step. These experiments show that the outward current in the recording with
ISI = 4 sec (Fig 3B) is inhibited almost completely while the recording with ISI = 1 sec (Fig 3C)
still retains significant outward current.

The recordings in Fig 3B & 3C also show that the low pH;-induced current inhibition of
WT CLC-0 appears to follow an exponentially decaying process. To empirically evaluate the
kinetics of the current inhibition by intracellular H*, we fit the processes of the low pH;-
induced current inhibition and the current recovery upon removing low pH; with single-expo-
nential function (Fig 4A). The time constants of the current inhibition (t;,,) and those of the
current recovery (Ty..) are plotted against the values of pH; (and also [H'];) used for inhibiting
the current. Fig 4B shows that t;;, is pH;-dependent: the higher the [H"];, the smaller the value
of Tjun (namely, the faster the inhibition). The values of T, remain the same in all experiments
in Fig 4A because they reflect the current recovery to the same final pH; (namely, 7.4).
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Fig 4. Kinetics of the current inhibition and recovery of WT CLC-0 upon switching pH;. Voltage protocol was as that shown in Fig 3A. All currents measured
at +60 mV were normalized to that obtained right before the application of low pH; solutions. (A) Inhibition of WT CLC-0 currents by various low pH; solutions.
ISI = 4 s. The numbers above the horizontal lines (teal and red colors) indicate the values of pH;. (B) Time constants of the inhibition (red squares) plotted
against the values of pH; (and thus [H*];). Time constants of current recovery (at pH; = 7.4) are also plotted (sea green circles). Results were obtained from
recordings like those shown in A (n = 3-6).

https://doi.org/10.1371/journal.pone.0240704.g004

The experiments in Figs 3 and 4 were conducted using protocol II with a negative tail volt-
age step (at -100 mV) which activates the current of WT CLC-0 at low pH;. Assessing the
effects of membrane voltages on the kinetics of current inhibition and recovery was therefore
not accurate. We thus employed a different experimental protocol, namely, altering pH; at
constant voltages (protocol III). In such experiments (Fig 5A), the current inhibition can still
be reasonably fit to a single-exponential function. Nonetheless, no current recovery was
observed after switching back to the solution with pH; = 7.4 when the experiment was per-
formed at positive voltages. In comparison with the results obtained with protocol II (Fig 4),
the experiments using protocol III generate a faster current inhibition and a slower current
recovery (namely, T, is smaller while T, is larger). In addition, like those experiments in
Fig 4, Tj,p, from using protocol I11 also strongly depends on [H']; (Fig 5B) but not on mem-
brane voltages (Fig 5C). On the other hand, membrane voltages affect the current recovery
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https://doi.org/10.1371/journal.pone.0240704.9005

significantly in that the more hyperpolarized the membrane voltage, the smaller the value of

Trec (namely, the faster the current recovery rate) (Fig 5D).

It is interesting to note that extrapolating the value of T;,;, to a neutral pH; gives a T, value
of hundreds of sec (Fig 5B), which is similar to the relaxation time constant of the CLC-0 slow-
gate closure at pH; = 7.4 [41, 42]. This observation suggests an intimate relation between the
inhibition of CLC-0 by intracellular H" and the closure of CLC-0’s slow gate. To test this possi-
bility, we examine the intracellular H* inhibition on C212S, a point mutant of CLC-0 in which
the slow gate appears to be mostly open [47]. Fig 6A & 6B illustrate the inhibition of WT CLC-
0 and C212S by pH; of 5.5 and 4.5, respectively, while the steady-state dose-dependent H" inhi-
bitions between WT CLC-0 and C2128 are compared in Fig 6C. From this graph, it can be
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https://doi.org/10.1371/journal.pone.0240704.g006

clearly observed that intracellular H* exerts a much weaker inhibitory effect on the C212S
mutant than on WT CLC-0.

It has also been well documented that the temperature dependence of the slow gating in
WT CLC-0 is significant [41, 42], while that in C212S is weak [47]. The recording traces in Fig
7A show that the kinetics of the current inhibition by a low pH; (in this case, pH; = 5.5) is sen-
sitive to temperature in WT CLC-0. To test the temperature dependence of low pH;-induced
inhibitions in the C212S mutant (Fig 7B), pH; = 4.5 was used because this mutant channel is
much less sensitive to H" inhibition. Visual inspection of the three recording traces indicates
that the temperature dependence of the low pH;-induced inhibition in C212S is weak. The
averaged results shown in Fig 7C reveal a large difference of the temperature dependence of
Tinh between WT CLC-0 and the C212S mutant. In Fig 8A, the process of the current inhibi-
tion by pH; = 4.5 (pink area) and the process of current recovery upon removing high [H*];
(light blue area) for WT CLC-0 and the C212S mutant are illustrated. The voltage dependence
of the averaged values of 1;,,, between WT CLC-0 and the C212S mutant are compared in
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Fig 8B, while the comparison of those of T, are illustrated in Fig 8C. In CLC-0, it is T but
not Ty, that is voltage dependent—the more negative the membrane voltage, the smaller the
value of T, (namely, the faster the recovery from the inhibition). In C212S, a [H']; < 1 uM
(namely pH; > 6) generates very little inhibition (Fig 6), so it is technically necessary to employ
very low pH; (4-5) to generate inhibition for the experiments. The value of 1;,}, is small (fast

current inhibition) likely because of the high [H]; at pH; = 4.5. Interestingly, T,.. is also small
in C2128, reflecting a faster current recovery process than that in WT CLC-0. Fig 8B & 8C
show that the voltage dependence of t;,, and 1, are both weak for the C212S mutant.

If the lower sensitivity to intracellular H* inhibition in C212S is due to a reduced slow-gate
closure in this mutant, other mutations that also prevent the channel from closing the slow
gate may exhibit similar low sensitivity to intracellular H inhibition. In Fig 9A, we compare

the inhibition by low pH; solutions (pH; = 5.5 and 4.5 in the upper and lower panel, respec-
tively) between WT CLC-0 and another mutant, Y512A, which has also been shown to largely
prevent the slow gate from closing [48]. The steady-state [H"];-dependent current inhibition
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https://doi.org/10.1371/journal.pone.0240704.9008

in Fig 9B indeed shows that the mutant Y512A, like C212S, is also more resistant to the intra-
cellular H" inhibition than WT CLC-0.

On the other hand, if the inverted voltage dependent opening of the V490W mutant is due
to an excessive slow-gate closure in neutral pH;, the C212S mutation or the Y512A mutation
may reduce the excessive slow-gate closure caused by the V490W mutation. In Fig 9C, we
show the recording traces of two double mutants, V490W/C212S and V490/Y512A, at pH; =
7.4, using the voltage protocol I shown in Fig 2A. In Fig 9D, we plot the normalized instanta-
neous tailed currents of WT CLC-0 (black solid squares), V490W (red circles), the V490W/
C212S mutant (triangles), and the V490W/Y512A mutant (diamonds) obtained from record-
ings at pH; = 7.4. It can be seen that the inverted voltage-dependent opening in the V490W
mutant disappears in both the V490W/C212S and V490W/Y512A double mutants. The

PLOS ONE | https://doi.org/10.1371/journal.pone.0240704 December 23, 2020 13/20


https://doi.org/10.1371/journal.pone.0240704.g008
https://doi.org/10.1371/journal.pone.0240704

PLOS ONE Intracellular pH effect on CLC-0's slow gating

Ais — 55 __r4 C V490W/Y512A
7 L
1.0 —¥ 2 I_
£ -
205 — - -1 _
- WT
00 — = = o —mtmwem e
- 2s
1.5 =— 45 7.4
E1.0 3nA o nAI_
== | e 20 ms
0.5 Y512A = 20 ms
oot WT
0.0 -
- 1s
pH;
B ? ? ‘I‘ D pH, 7.4
10 | | 10— @ __.__-:. "’!‘,X
A —a
- - T —E-WT
o -O—-V490W

8 05— 05— == V490W/Y512A
= o, V490W/C212S
I L L L

1 10 100 -180 -120 -60 0 60
[H'], (uM) Voltage (mV)

Fig 9. Correcting the inverted voltage-dependent opening in the V490W mutant by mutations that inhibit slow-gate closure. (A) Comparing the inhibitions of
WT CLC-0 and the Y512A mutant by solutions with pH; = 5.5 (upper panel) and 4.5 (lower panel). (B) Remaining current fractions of WT CLC-0 and the Y512A
mutant after the current inhibition by various [H*]; (n = 5-6). (C) Recording traces of the double mutants V490W/C212S (left) and V490W/Y512A (right) obtained
using the experimental protocol I with the tail step voltage at -100 mV. In both recordings, pH; = 7.4. (D) Relative P, of WT CLC-0, three mutants, C212S, V490W/
C212S and V490W/Y512A. All data were obtained at pH; = 7.4 (n = 3).

https://doi.org/10.1371/journal.pone.0240704.g009

voltage dependent opening of these two double mutants looks very similar to that of WT CLC-
0. These results suggest that the inverted voltage dependent opening of the V490W mutant
may be due to an excessive slow-gate closure at the neutral pH;.

Discussion

The two types of CLC family members, Cl” channels (such as CLC-0, CLC-1, CLC-2 and
CLC-Ks) and CI'/H" antiporters (such as bacterial CLCs and mammalian CLCs expressed in
intracellular organelles), are structurally similar to each other [18-25], so the gating mecha-
nisms of CLC CI channels are thought to be driven by a background Cl'/H" antiporter activity
[55]. Indeed, a change of pH close to the cell membrane has been demonstrated during the
opening and closing of CLC channels [12]. In CLC-0, CI" and H* both increase P, [30, 31, 38,
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39]. Mechanistically, protonation of the E-gate is thought to help swing the fast gate away from
the pore while Cl” competes with the E-gate for the Cl binding site Se.. On the other hand, the
molecular mechanism of slow gating of CLC-0 remains a mystery. At the single-channel level,
Richard and Miller [43] discovered a “non-equilibrium” gating cycle for CLC-0’s slow gating. The
phenomenon involves an asymmetry in the transitions between the slow-gate open state and the
inactivation state: the channels are more likely to enter the inactivation state from the one-pore
open state while leaving the inactivation state to the two-pore open state. They demonstrated that
this non-equilibrium gating is facilitated by a transmembrane CI” flux. Later experiments by Lisal
and Maduke [44] discovered that the H" gradient across the membrane may be an even more
powerful energy source to promote this non-equilibrium gating. The structural-functional basis
underlying these findings of non-equilibrium gating remains unsolved.

The results from our present work reveal a potent inhibitory effect on CLC-0 currents by
intracellular H". An intracellular solution with pH; = 6 ([H"]; = 1 uM) inhibits the steady-state
current of the WT channel by ~50% (Fig 6C). However, the kinetics of the H*-induced inhibition
is slow. Hence, we suspected that the inhibition of CLC-0 by intracellular H" is related to the
slow-gate closure. The dependence of this H* inhibition on membrane voltage and temperature is
also consistent with the properties of CLC-0’s slow gating—the more negative the membrane volt-
age, the faster the current recovery from the inhibition [56], and the higher the temperature, the
faster the inhibition relaxation kinetics [41, 42]. Furthermore, inhibition effects by intracellular
H" on the C212S and Y512A mutants, in which the slow gates are mostly open [47, 48], were
much weaker than that on the WT CLC-0. These findings indicate that intracellular H" enhances
the closure of the slow gate of CLC-0, thus generating the current inhibition.

So far, most of the proposed slow-gating mechanisms of CLC-0 are vague. For example, a
conformational change of the channel has been suggested to be involved in the slow-gating
mechanism of CLC-0 [46, 49]. Yet, it is not known what exact conformational change is and
whether the speculated conformational change is causally involved in the slow gating. A more
specific slow-gate closing mechanism was recently proposed by Bennetts and Parker [48].
Based on the observation that the slow-gate closure appears not present in the Y512A mutant
of CLC-0, they proposed a “pincer” occlusion near S, as the slow-gate closing mechanism,
where the carboxylate of the E-gate (E166 in CLC-0) forms a hydrogen bond with the phenolic
hydroxyl group of a tyrosine residue (Y512 in CLC-0). However, as Jentsch and Pusch point
out in their recent review [1], such interaction is not possible because manipulation of the cor-
responding tyrosine residue in another CLC channel homologue, CLC-K (Y520A mutation in
CLC-K), still produces a similar gating change [57]. While lacking the gating glutamate,
CLC-K instead has a valine residue at the equivalent position of E166 of CLC-0. Furthermore,
the proposal of Bennetts and Parker would have predicted that a lower pHj;, which favors pro-
tonation of the sidechain of the E-gate, would interfere with hydrogen bond formation
between E166 and Y512, a scenario directly opposite to that observed in this study.

Although our study does not illustrate the structural mechanism of the slow gating, the
intracellular H" inhibition of CLC-0 does provide several insights for this gating mechanism.
First, we found a strong dependence of the inhibition rate on [H'];. At a room temperature of
21-22°C, the values of 1;,, from experiments using protocol IT are ~ 0.1, 1 and ~10 sec at pH;
=4.5,5.5, and 6, respectively (Fig 5B). This finding explains the previous observation of the
very large (several hundred seconds) relaxation time constant of the slow-gate closure at a neu-
tral pH; of 7.4 ([H']; < 100 nM) at the same temperature [41, 42]. Thus, the binding of intra-
cellular H* to CLC-0 likely initiates the process of slow-gate closure in CLC-0.

The second insight our study offers is to explain the inverted voltage-dependent activation
in some CLC channel mutants (such as the V490W mutant shown in this study). Unlike WT
CLC-0, membrane depolarization is unable to open this mutant. On the other hand, this
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mutant is opened by membrane hyperpolarization (Fig 9D), a voltage dependence similar to
that of the slow-gate opening of CLC-0. We also show that intracellular H" speeds up the rate
of the slow-gate closure, thus generating an apparent inverted voltage-dependent channel
opening even in WT CLC-0. It is thus possible that mutants of CLC-0 with inverted voltage-
dependent activation have a fast slow-gate closure at neutral pH;. By constructing the V490W
mutation in the background of C212S or Y512A, two mutants with little slow-gate closure, we
show the double mutants, V490W/C212S and V490W/Y512A, no longer exhibit the inverted
voltage-dependent opening (Fig 9C & 9D).

Careful inspection of the intracellular H* inhibition of the C212S and Y512A mutants may
provide further insight into the mechanism of the slow gating. The slow gate in these two
mutants are mostly open. Accordingly, these two mutations significantly weaken the effects of
manipulations that facilitate the slow-gate closure in CLC-0, such as a rise of experimental
temperature or an application of extracellular zinc ions (Zn®") [47, 48]. Here we add another
manipulation that facilitates the inactivation in WT CLC-0, namely, an increase of [H'];. How-
ever, both C212S and Y512A are still inhibited by intracellular H", although a much higher
concentration of [H"]; is required. The rates of current inhibition in these two mutants upon
applying [H']; seem to be roughly similar to that of WT CLC-0 (Fig 8A & 8B). On the other
hand, current recovery from H™ inhibition is much faster in these two mutants than in WT
CLC-0. Thus, a weaker H™ inhibition in these mutants is due to a faster current recovery (Fig
8A & 8C). We thus propose the following model (model 1) to explain the H™-induced slow-
gate closure of CLC-0:

voltage-dependent

H* conformational change
'
i Model 1
Open = Inhibition s—= Inactivation (Model 1
H-i

Here we propose that after the binding of intracellular H" to the channel, the channel pore
is closed (“Inhibition” state), followed by the channel’s entry into a stable “Inactivation” state
via a voltage-dependent gating step. The H™ titration curves show that the apparent pK,
(namely, the pH; where the current is half inhibited by H") of WT CLC-0 is ~ 6, while the
apparent pK,’s of C212S and Y512A are about 1 pH unit lower (Figs 6C & 9B). Since the pK,
changes by C212S and Y512A mutations are similar, it is less likely that the mutation effects
are caused by a lack of H titration of the thiol group of C212S and the phenolic hydroxyl
group of Y512 (which have very different true pK, values). We suggest that the C212S and
Y512A mutations do not alter the H* binding step in model 1 but significantly increase the
energy barrier between the “Inhibition” state and the “Inactivation” state, thus preventing the
channel from entering the “Inactivation” state. Because these two mutant channels are rarely
in the stable “Inactivation” state even with high [H"];, the current recovery upon removing H"
is fast and not voltage dependent.

Interesting questions remain regarding how intracellular H" binding to the channel from
the intracellular side inhibits the Cl” current flow in CLC-0, and how C212S and Y512A muta-
tions prevent the channel from entering the inactivation state. Answering these questions are
not possible without further specific experiments. For example, we have not examined the
functional roles of Cl in this H" inhibitory effect on CLC-0’s slow gating. The present study
also does not address the question whether transmembrane [H"] gradient plays a role in the
low-pH;-induced inhibition. Given the significant difference in the current recovery between
the positive and negative voltages (Fig 5A), it is interesting to understand whether this differ-
ence results from a true voltage-dependent effect or is related to the direction of Cl" or H' flux.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240704 December 23, 2020 16/20


https://doi.org/10.1371/journal.pone.0240704

PLOS ONE

Intracellular pH effect on CLC-0’s slow gating

Furthermore, mutations of amino acid residues with a titratable sidechain will help us identify
the potential H*-binding site(s) responsible for the intracellular H"-induced current inhibi-
tion, and this endeavor may help us explore what specific conformational change is involved
in slow gating. Previous research suggested that the mutations, at least in the case of C212S,
may render the relative movement of the two subunits less likely [49]. This scenario is certainly
consistent with the model proposed above if such a conformational change is associated with
the gating step between the “Inhibition” and the “Inactivation” state.

Physiologically, the fluctuation of pH; in Torpedo electroplax is not well characterized, and
thus the role of the inhibition of CLC-0’s slow gate by a reduced pH; in electroplax physiology
remains to be explored. Nonetheless, modulation of slow gating by intracellular H" in the
CLC-1 channel is known to be critical for controlling mammalian skeletal muscle functions. It
has been demonstrated that intracellular H* reduces the slow gate P,, although a simultaneous
presence of intracellular nucleotides/nucleosides, such as ATP or ADP, is required for H* to
exert a powerful effect [58, 59]. This slow-gating inhibition of CLC-1 by intracellular H" is
known to prevent fatigue of skeletal muscles resulting from depolarization of sarcolemma
caused by accumulation of extracellular K™ following multiple action potentials [60].

In summary, although the molecular mechanism underlying the slow gating of CLC-0 is
still largely unknown, the experimental results we present in this study offer several refine-
ments of our knowledge. First, we find that increased [H']; increases the rate of slow-gate clo-
sure of WT CLC-0, and thus the slow kinetics (tens to hundreds of seconds) of CLC-0 slow
gating at neutral pH; is likely due to low [H']; (< 0.1 uM) rather than due to a large conforma-
tional change of the channel protein. Second, the inverted voltage-dependent activation of the
V490W mutant is likely due to an excessively fast slow-gate closure of the mutant at neutral
pHi. Finally, our results are still consistent with an involvement of a protein conformational
change in the slow gating, which likely occurs between the “Inhibition” and the “Inactivation”
states shown in model 1. Future experiments based on these insights may help us further
unveil the slow-gating mechanism of CLC channels.
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