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22 Abstract
23

24 CLC-0, a prototype Cl- channel in the CLC family, employs two gating mechanisms that control 

25 its ion-permeation pore: fast gating and slow gating. The negatively-charged sidechain of a pore 

26 glutamate residue, E166, is known to be the fast gate, and the swinging of this sidechain opens or closes 

27 the pore of CLC-0 on the millisecond time scale. The other gating mechanism, slow gating, operates 

28 with much slower kinetics in the range of seconds to tens or even hundreds of seconds, and it is thought 

29 to involve still-unknown conformational rearrangements. Here, we find that low intracellular pH (pHi) 

30 facilitates the closure of the CLC-0’s slow gate, thus generating current inhibition. The rate of low pHi-

31 induced current inhibition increases with intracellular H+ concentration ([H+]i)—the time constants of 

32 current inhibition by low pHi = 4.5, 5.5 and 6 are roughly 0.1, 1 and 10 sec,  respectively, at room 

33 temperature. In comparison, the time constant of the slow gate closure at pHi = 7.4 at room temperature 

34 is hundreds of seconds. The inhibition by low pHi is significantly less prominent in mutants favoring 

35 the slow-gate open state (such as C212S and Y512A), further supporting the fact that intracellular H+ 

36 enhances the slow-gate closure in CLC-0. A fast inhibition by low pHi causes an apparent inverted 

37 voltage-dependent activation in the wild-type CLC-0, a behavior similar to those in some channel 

38 mutants such as V490W in which only membrane hyperpolarization can open the channel. Interestingly, 

39 when V490W mutation is constructed in the background of C212S or Y512A mutation, the inverted 

40 voltage-dependent activation disappears. We propose that the slow kinetics of CLC-0’s slow-gate 

41 closure may be due to low [H+]i rather than due to the proposed large conformational change of the 

42 channel protein. Our results also suggest that the inverted voltage-dependent opening observed in some 

43 mutant channels may result from fast closure of the slow gate by the mutations.

44 KEYWORDS: CLC-0, intracellular pH, gating, voltage dependence, chloride channel
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45 Introduction
46

47 The CLC channel/transporter family consists of transmembrane proteins of two functional 

48 categories: Cl- channels and Cl-/H+ antiporters [1, 2]. These CLC proteins are expressed in various 

49 tissues to carry out critical physiological functions [3]. CLC-0, for example, is a Cl- channel expressed 

50 in Torpedo electroplax [4], and the Torpedo fish exploits CLC-0’s function in the electric organ for 

51 building an under-water stun gun. CLC-1, CLC-2, and CLC-Ks are mammalian CLC channels 

52 important for normal functions of various organs, such as skeletal muscles, kidney, heart and brain 

53 [5-7]. On the other hand, several bacterial CLC molecules, such as CLC-ec1 [8], function as Cl-/H+ 

54 antiporters [9], which enable bacteria to develop resistance to H+ entry to the cells in very acidic 

55 environments [10]. Mammalian CLCs other than those mentioned above, such as CLC-5 [11], also 

56 function as Cl-/H+ antiporters [12]. They are thought to be important in controlling the pH in the 

57 intracellular organelles, and mutations of these CLC proteins have been known to be associated with 

58 human hereditary diseases such as Dent’s disease, osteomalacia, and lysosomal storage diseases [13-

59 15].

60 It is known that all CLC members are homodimers [8, 16], and recent efforts have unveiled 

61 their molecular structures [17-22]. An example of the structure of a CLC protein most homologous to 

62 CLC-0 (i.e., CLC-1) is shown in Fig. 1 (PDB accessing code: 6QVU). Because of its well-characterized 

63 functional behaviors, CLC-0 is viewed as a prototype CLC molecule among CLC family members. 

64 Early single-channel recordings suggested the presence of two identical Cl--conducting pores in CLC-

65 0 [23-25], a double-barreled architecture later confirmed by CLC proteins’ high-resolution structures. 

66 Two gating mechanisms have been identified in controlling the opening and closing of CLC-0: “fast 

67 gating” and “slow gating.” Fast gating controls the two pores independently, and operates on the 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 2, 2020. ; https://doi.org/10.1101/2020.10.02.323352doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.02.323352
http://creativecommons.org/licenses/by/4.0/


4

68 millisecond time scale, while slow gating operates on the order of ~seconds to hundreds of seconds 

69 [26]. Because the slow-gating mechanism appears to control the two pores simultaneously, it is also 

70 called “common” gating, and the closure of the slow gate “inactivates” the channel. Based on single-

71 channel behaviors of CLC-0, when the slow gate closes, Cl- conduction through the channel pores is 

72 shut, and the functional activities of the fast gate are not observable.

73

74 FIGURE 1: Structure of vertebrate CLC channels. Structure of human CLC-1 molecule 

75 (PDB accessing code: 6QVU) is used to represent the structure of CLC-0, which is still not 

76 available. CLC-0 residues mutated in this study are depicted by the colored and space-filled 

77 corresponding CLC-1 residues (in parenthesis): Blue, C212 (C277 of CLC-1); Grey, V490 

78 (I556); Green, Y512 (Y578). The “E-gate” residue, E166 of CLC-0 (E232 of CLC-1), is also 

79 shown as a space-filled residue (red). (A) Stereo-view of hCLC-1 structure viewed from within 

80 membrane phospholipids (side view). Curved arrows depict the ion permeation pathways. Dotted 

81 lines indicate the extracellular and intracellular edges of lipid membranes. (B) Stereo-view of 

82 hCLC-1 viewed from the cytosolic side.

83

84 Various studies in the literature have characterized CLC-0’s fast-gating details. It has been 

85 shown that Cl- in the extracellular and intracellular solutions both favor the opening of the fast gate of 

86 CLC-0 [27-29]. High-resolution CLC structures reveal three Cl--binding sites in the ion-transport 

87 pathways of CLC proteins: the external (Sext), central (Scen) and internal sites (Sint) [18]. However, Sext 

88 can also be occupied by the negatively charged sidechain of a glutamate residue (corresponding to E166 

89 in CLC-0), which is thought to be the fast gate (called E gate). Swinging this E-gate away from Sext is 
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90 considered to be the fast-gate opening mechanism, and thus facilitating the fast-gate opening by Cl- 

91 could be due to a competition of Cl- with the E-gate [30-32]. Extracellular and intracellular low pH also 

92 favors fast-gate opening [33-36], presumably due to the protonation of the E-gate.

93 Compared to fast gating, the molecular mechanism of CLC-0’s slow-gating is less defined 

94 despite being functionally characterized. Unlike the fast-gate opening, which is favored by membrane 

95 depolarization [24, 25, 27, 28], the voltage-dependence of slow-gate opening is opposite—the slow-

96 gate’s open probability (Po
s) decreases with membrane depolarization but increases with membrane 

97 hyperpolarization [37-39]. Cl- and H+ also modulate CLC-0’s slow gating [40, 41] and the slow gating 

98 is found to be very temperature-dependent [38, 39]. Because mutations at multiple sites on the channel 

99 protein alter the slow-gating [42-45], it has been thought that slow gating may involve a large protein 

100 conformational change, including relative movement of the two subunits at both the cytoplasmic and 

101 the transmembrane regions [43, 46]. 

102 Because defective functions of mammalian CLC channels underlie human diseases, 

103 understanding CLC channel’s gating mechanisms is clinically relevant. For example, CLC-1 

104 channelopathy causes a hereditary muscle disease, myotonia congenita. The myotonia pathophysiology 

105 is rationalized from the fact that CLC-1 constitutes 50-70 % of the resting muscle conductance and thus 

106 is critical for controlling sarcolemmal potential [47]. Similar to CLC-0, membrane depolarization 

107 favors the opening of CLC-1. A defect in the CLC-1 opening by depolarizing voltage therefore renders 

108 it difficult to bring the membrane potential back to the resting level after firing action potentials [48], 

109 thus generating a myotonia condition. Indeed, some CLC-1 myotonia mutants are opened by membrane 

110 hyperpolarization but not by depolarization [49, 50]. Such an inverted voltage dependence of channel 

111 opening also occurs in mutants of CLC-0. Using a voltage protocol shown in Fig. 2 A, for example, the 

112 voltage-dependent opening of wild-type (WT) CLC-0 and that of a point mutant, V490W, are compared 
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113 in Fig. 2 B, where the current of the V490W mutant is activated by membrane hyperpolarization but 

114 not by depolarization. Interestingly, we discover that such a hyperpolarization-induced channel opening 

115 can also occur in WT CLC-0 in the presence of low pHi (Fig. 2 C). In this paper, we study the relation 

116 between the inverted voltage-dependent channel opening and the intracellular H+ effect on the slow 

117 gating in CLC-0.

118

119 FIGURE 2: Voltage dependence of current activation of WT and mutant CLC-0. (A) 

120 Voltage protocol (protocol I) for recordings. A full protocol consists of 12 recording sweeps. 

121 One sweep includes a prepulse voltage step at +60 mV (50 ms) followed by one of the various 

122 test voltage steps (70 ms) from +60 mV to -160 mV in -20 mV voltage steps, and followed by a 

123 tail voltage step of 50 ms at 0 mV (colored in black) or -100 mV (colored in red). The voltage 

124 of the inter-sweep interval (ISI) was 0 mV and the duration was 1 or 4 sec. (B) Activation of WT 

125 CLC-0 and V490W mutant at pHi = 7.4, using the voltage protocol shown in A. ISI was 4 sec. 

126 Dash line: zero-current level. Notice the inverted voltage-dependent activation in the mutant. (C) 

127 Activation of WT CLC-0 at pHi = 5.5. ISI’s are 4 and 1 sec for the recording on the left and right, 

128 respectively. Notice the inverted voltage activation of WT CLC-0 in low pHi.

129

130

131  

132 Materials and methods

133 Mutagenesis and channel expression
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134 The cDNAs of the WT CLC-0 and various mutants of CLC-0 were subcloned in the pIRES2-

135 EGFP vector containing internal ribosome entry sites (IRES) and enhanced green fluorescent protein 

136 (EGFP). Mutagenesis was made using the Quick Change site-directed mutagenesis kit (Strategene), 

137 and the mutations were confirmed via commercially available sequencing services. All cDNAs were 

138 transfected into the human embryonic kidney 293 (HEK293) cells grown in Dulbecco’s modified 

139 Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

140 Penicillin/streptomycin. The transfections were performed using commercially available 

141 Lipofectamine 3000 kit (Invitrogen) following the standard protocol provided by the vendor. After 

142 transfections, cells were incubated in 37 ˚C and 5% CO2 for 1-2 days before conducting experiments.

143  

144 Electrophysiological Recordings

145 Transfected HEK293 cells were identified by the green fluorescence under the Leitz DM IRB 

146 inverted microscope (Leica) equipped with GFP filter (Chroma Technology) and the XT640-W LED 

147 light source (Lumen Dynamics). Inside-out membrane patches were excised from the green 

148 fluorescence-positive cells, and voltage-clamp experiments were conducted using the Axopatch 200B 

149 amplifier (Axon Instruments/Molecular Devices). The recorded signals were filtered at 2 kHz and were 

150 digitized at 4 kHz using Digidata 1440A digitizing board (Molecular Devices/Axon Instruments). 

151 Occasionally, the 50/60 Hz noise signal was removed using Hum Bug 50/60 Hz eliminator (Quest 

152 Scientific). Recording pipettes were fabricated from the TW150-6 borosilicate glass capillaries (World 

153 Precision Instruments Inc.) using the pp830 vertical puller (Narishige International). The electrode 

154 resistance was normally ~ 2-3 MΩ when filled with the pipette (extracellular) solution containing 130 

155 mM NaCl, 5 mM MgCl2, 10 mM HEPES, 1 mM EGTA, with the pH adjusted to 7.4. The intracellular 
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156 solution is the same as the extracellular solution except that 10 mM MES was used as the pH buffer 

157 when pH < = 6.2.  

158 Fast solution exchange was achieved using the SF-77B solution exchanger (Warner 

159 Instruments/Harvard apparatus). Although the time for crossing the laminar flow barrier is estimated 

160 to be several ms (Zhang et al., 2009), there is always a latency time of 20-50 ms due to the time lag in 

161 initiating the crossing . Therefore, time constants of less than 50 ms estimated from a current relaxation 

162 following a change of pHi were considered less accurate. Most of the experiments were performed at 

163 room temperature (21-22 oC). When a higher temperature was required, the solutions in the 10 ml 

164 syringe reservoirs were raised to a constant higher temperature using the SW-10/6 multi-syringe 

165 warmer alongside with the TC-324B controller (Warner instruments/Harvard Apparatus). The 

166 temperature of the solution, however, dropped when it was flowing through the PE50 tubing and finally 

167 exited out of the SF-77 barrel tip where the solution meets the excised inside-out patch. The reported 

168 temperatures in this study were those recorded by a thermistor placed at the outlet of the SF-77 solution 

169 delivery barrel after every recording experiment. It should be emphasized that such a temperature 

170 control was not optimal, and the temperature variation can be up to 1-2 oC based on the variation among 

171 multiple measurements with the same solution temperature in the syringe reservoir.

172    

173 Experimental protocols and Data Analyses

174 Because the slow-gate opening of CLC-0 tends to be minimal at voltages of the resting 

175 membrane potential of HEK293 cells or above (Chen 1998), WT CLC-0 was partially inactivated when 

176 membrane patches were excised. To activate the current of CLC-0 for experiments, five 50-ms pulses 

177 of -100 mV at 1 Hz were applied to all patches expressing WT CLC-0 before starting any experiment. 
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178 The procedure was repeated multiple times until the slow gate was maximally opened (based on the 

179 observation that the recorded current was no longer increased by this current-activation procedure). For 

180 mutants with a mostly open slow-gate (such as C212S or Y512A) no such current activation procedure 

181 was necessary. 

182 Three types of experimental protocols were employed for the experiments presented in this 

183 paper. Protocol I was used for evaluating the quasi steady-state voltage-dependent current activation. 

184 Each recording sweep in this protocol has a total time of 170 ms, consisting of a +60 mV pre-pulse 

185 voltage step for 50 ms, followed by a test voltage step (from +60 mV to –160 mV in a series of -20 mV 

186 voltage steps) for 70 ms, and finally a tail voltage (at 0 mV or -100 mV) for 50 ms. The inter-sweep 

187 interval (ISI), namely, the time between the end of one recording sweep to the beginning of next sweep 

188 was 1 sec or 4 sec. Membrane voltage of ISI was at 0 mV. When this experimental protocol with a -

189 100 mV tail-voltage was employed, analyzing the initial tail current (obtained at the beginning of the -

190 100 mV tail voltage step) provides an estimate of the relative open probability (Po) of the channel [43]. 

191 In WT CLC-0 recordings, the largest initial tail current (negative current) occurred in the recording 

192 sweep with the +60 mV test voltage step because the overall channel opening is favored by membrane 

193 depolarization. On the other hand, for the mutant activated by membrane hyperpolarization (such as 

194 V490W), the largest tail current was observed in the recording sweep with the -160 mV test voltage 

195 [43]. In either case, the tail-current relaxation process was fitted to a single-exponential function, and 

196 the initial tail current from each recording sweep was determined by extrapolating the exponential tail 

197 current relaxation to the beginning of the tail voltage step. The initial tail currents from all recording 

198 sweeps were normalized to the maximal initial tail current, which represents a relative Po of the channel 

199 at the end of the test voltages (relative to the Po at the most positive voltage in the WT CLC-0 or to the 
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200 most negative voltage in the mutant V490W). Plotting the relative Po as a function of the test voltages 

201 illustrates the voltage dependence of the channel activation.

202 To evaluate the process of the change of Cl- current upon reducing pHi, we employed a voltage 

203 protocol (protocol II) containing a voltage step of +60 mV (50 ms) followed by a tail voltage step at -

204 100 mV for 70 ms.  Such a voltage protocol was used to mimic the experimental protocol of the previous 

205 studies using whole cell recording methods on channels expressed in Xenopus oocytes [38, 39]. To 

206 present the experimental results, the current at the +60 mV voltage step was measured and plotted 

207 against the time of the recording. ISI, which was either 1 or 4 sec, also refers to the time interval 

208 between the end of one recording sweep and the beginning of the following sweep. The membrane 

209 voltage at the ISI in this protocol was also 0 mV.

210 The third voltage protocol (protocol III), like protocol II, was also used to assess the current 

211 inhibition process after applying a high [H+]i except that the application and removal of the low pHi 

212 solution was conducted at a constant membrane voltage. For these experiments, the membrane voltages 

213 ranged from +60 mV to -60 mV. However, experiments with a slow inhibition process (in relatively 

214 high pHi conditions such as pHi = 5.5 or 6) at some negative voltages were technically difficult due to 

215 stability problems of the excised patches. Estimates of the time constant of such slow inhibition 

216 processes may thus be less precise.     

217 Protocol II & III were used for studying the kinetics of the current relaxation process followed by 

218 the pHi perturbation. Both protocols started from a steady-state current level at pHi = 7.4. A lower pHi 

219 solution was then applied, and the current was inhibited to different degrees at different speeds 

220 depending on pHi (or [H+]i). After the current reached a steady state, pHi was changed back to 7.4 and 

221 the current may or may not recover. The current relaxation process (current inhibition or current 

222 recovery) was then fitted to a single-exponential function to obtain the time constant of current 
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223 inhibition (τinh) and the time constant of current recovery (τrec). However, for recordings of the WT 

224 CLC-0, current recovery was observed only at negative membrane voltages but not at the positive 

225 membrane voltages.

226

227

228

229

230 Results

231 The fast and the slow gating of CLC-0 have opposite voltage dependence. Membrane 

232 depolarization increases the fast-gate open probability (Po
f) but reduces the slow-gate Po (Po

s). Using 

233 protocol I (Fig. 2 A) in which the duration of a recording sweep is less than 0.2 sec, the change of Po
s 

234 of CLC-0, due to its very slow kinetics (tens to hundreds of seconds at room temperature), does not 

235 result in a dramatic current change in such a short time frame. Therefore, the change of the WT CLC-

236 0 current shown in Fig. 2 B (left panel) mostly reflects the activities of the fast gating. When the 

237 membrane voltage is at 0 mV or above, Po
f of CLC-0 is maximal (Po

f ~ 1) [25, 28, 44, 51]. Therefore, 

238 the instantaneous current jump upon a change of the voltage is due to the change of the driving force 

239 rather than an alteration of channel’s Po
f. On the other hand, when membrane voltage is hyperpolarized, 

240 Po
f is reduced, and a current reduction with a deactivation time constant of several milliseconds is 

241 observed (Fig. 2 B, left panel). The current deactivation at hyperpolarization voltages reflects a 

242 reduction of Po
f, with a kinetics in the millisecond time range.
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243 In some mutant channels of CLC-0, such a normal voltage dependence of channel opening is 

244 inverted. For example, using the same voltage protocol I (Fig. 2 A), WT CLC-0 (Fig. 2 B, left panel) 

245 and the V490W mutant (Fig. 2 B, right panel), have opposite voltage dependence for current activation 

246 [43]. In the V490W mutant, little current is observed at voltages > 0 mV, while membrane 

247 hyperpolarization activates the current. Thus, membrane hyperpolarization but not depolarization 

248 favors the opening of this mutant channel. Interestingly, when pHi is reduced, even a WT CLC-0 

249 channel can exhibit such an inverted voltage-dependent channel activation. Fig. 2 C shows that at pHi 

250 = 5.5, voltage steps above 0 mV activate little current in WT CLC-0, while membrane hyperpolarization 

251 induces current similar to that observed in the V490W mutant at a neutral pHi. 

252 When protocol I was used to activate the current of WT CLC-0 at low pHi, the duration of the 

253 inter-sweep interval (ISI) (where the membrane voltage was held at 0 mV) played an important role for 

254 the amplitude of the activated current. This can be observed by comparing the two recordings of WT 

255 CLC-0 at pHi = 5.5 obtained with the same voltage protocol (protocol I) but different ISI durations: 4 

256 sec versus 1 sec (Fig. 2 C left and the right panels, respectively). Comparing the current at the +60 mV 

257 pre-pulse voltage step, the recording with 4-sec ISI (left panel) shows little outward current while the 

258 pre-pulse current in the recording with 1-sec ISI retains some outward current. The difference in the 

259 outward current between these recordings is also reflected by the instantaneous inward current when 

260 the membrane voltage is changed from +60 mV pre-pulse voltage step to the various hyperpolarizing 

261 voltage steps. It should be noted that the current at the +60 mV pre-pulse voltage depends on the channel 

262 conductance at the end of the ISI following the previous recording sweep. We suspected that 

263 intracellular H+ may inhibit the current of WT CLC-0 at the 0-mV holding voltage during ISI. Therefore, 

264 in a recording with 4-sec ISI, the channel conductance (after being activated by membrane 

265 hyperpolarization) was nearly completely inhibited by H+. On the other hand, with 1-sec ISI, the 
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266 hyperpolarization-activated conductance has not been completely inhibited before starting the 

267 following recording sweep.

268 To confirm this speculation, we employed a continuous recording protocol, in which a sweep 

269 of recording contains only a +60 mV voltage step for 50 ms followed by a negative tail voltage step of 

270 -100 mV for 70 ms (protocol II, Fig. 3 A). The holding voltage at ISI was 0 mV. Typical experiments 

271 are shown in Fig. 3 B & C, where the ISI is 4 and 1 sec, respectively. These experiments started with a 

272 steady-state recording at pHi= 7.4. An acidic intracellular solution (pHi = 5 in these two experiments) 

273 was then applied, followed by a switch of solutions back to pHi = 7.4. Each circle in Figs. 3 B & C 

274 represents the outward current measured at the end of +60 mV voltage step. These experiments show 

275 that the outward current in the recording with ISI = 4 sec (Fig. 3 B) is inhibited almost completely while 

276 the recording with ISI = 1 sec (Fig. 3 C) still retains significant outward current.

277

278 FIGURE 3: Inhibition of WT CLC-0 by intracellular H+. (A) Voltage protocol (protocol II) 

279 used for the experiments. (B & C) Inhibition of the CLC-0 current by an intracellular acidic 

280 solution (pHi = 5). Circles represent the current measured at the end of the +60 mV voltage step 

281 (downward arrows shown in A). ISI = 4 s and 1 s for the experiments in B and C, respectively. 

282 Notice the incomplete inhibition when ISI = 1 sec. Insets show recording traces at indicated time 

283 points.

284

285 The recordings in Figs. 3 B & C also show that the low pHi-induced current inhibition of WT 

286 CLC-0 appears to follow an exponentially decaying process. To empirically evaluate the kinetics of the 

287 current inhibition by intracellular H+, we fit the processes of the low pHi-induced current inhibition and 
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288 the current recovery upon removing low pHi with single-exponential function (Fig. 4 A). The time 

289 constants of the current inhibition (τinh) and those of the current recovery (τrec) are plotted against the 

290 values of pHi (and also [H+]i) used for inhibiting the current. Fig. 4 B shows that τinh is pHi-dependent: 

291 the higher the [H+]i, the smaller the value of τinh (namely, the faster the inhibition). The values of τrec 

292 remain the same in all experiments in Fig. 4 A because they reflect the current recovery to the same 

293 final pHi (namely, 7.4).

294

295 FIGURE 4: Kinetics of the current inhibition and recovery of WT CLC-0 upon switching 

296 pHi. Voltage protocol was as that shown in Fig. 3 A. All currents measured at +60 mV were 

297 normalized to that obtained right before the application of low pHi solutions. (A) Inhibition of 

298 WT CLC-0 currents by various low pHi solutions. ISI = 4 s. The numbers above the horizontal 

299 lines (teal and red colors) indicate the values of pHi. (B) Time constants of the inhibition (red 

300 squares) plotted against the values of pHi (and thus [H+]i). Results were obtained from recordings 

301 like those shown in A. Time constants of current recovery (at pHi = 7.4) are also plotted (sea 

302 green circles).

303

304 The experiments in Figs. 3 and 4 were conducted using protocol II with a negative tail voltage 

305 step (at -100 mV) which activates the current of WT CLC-0 at low pHi. Assessing the effects of 

306 membrane voltages on the kinetics of current inhibition and recovery was therefore not accurate. We 

307 thus employed a different experimental protocol, namely, altering pHi at constant voltages (protocol 

308 III). In such experiments (Fig. 5 A), the current inhibition can still be reasonably fit to a single-

309 exponential function. Nonetheless, no current recovery was observed after switching back to the 
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310 solution with pHi = 7.4 when the experiment was performed at positive voltages. In comparison with 

311 the results obtained with protocol II (Fig. 4), the experiments using protocol III generate a faster current 

312 inhibition and a slower current recovery (namely, τinh, is smaller while τrec, is larger). In addition, like 

313 those experiments in Fig. 4, τinh from using protocol III also strongly depends on [H+]i (Fig. 5 B) but 

314 not on membrane voltages (Fig. 5 C). On the other hand, membrane voltages affect the current recovery 

315 significantly in that the more hyperpolarized the membrane voltage, the smaller the value of τrec (namely, 

316 the faster the current recovery rate) (Fig. 5 D).

317

318 FIGURE 5: Kinetic analyses of current inhibition and recovery of the H+-induced WT CLC-

319 0 inhibition. Experiments were performed with protocol III on excised inside-out patches. 

320 Voltages were held constant throughout the recording sweep during which the intracellular 

321 solutions with different pH were switched. (A) Current inhibition and recovery at ±40 mV. The 

322 numbers above the dashed horizontal lines (red and sea green colors) indicate the values of pHi. 

323 Fitted exponential decay curves (red) are superimposed with the recording traces in black. (B) 

324 Time constants of inhibition at three voltages (τinh) plotted against [H+]i (or pHi). The time constant 

325 of the slow-gate closure at pHi = 7.4 at room temperature (measured separately) is shown by open 

326 square in sea green color. (C) Voltage dependence of the inhibition time constant (τinh). (D) Current 

327 recovery time constants (τrec) against membrane voltages.

328

329 It is interesting to note that extrapolating the value of τinh to a neutral pHi gives a τinh value of 

330 hundreds of sec (Fig. 5 B), which is similar to the relaxation time constant of the CLC-0 slow-gate 

331 closure at pHi = 7.4 [38, 39]. This observation suggests an intimate relation between the inhibition of 
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332 CLC-0 by intracellular H+ and the closure of CLC-0’s slow gate. To test this possibility, we examine 

333 the intracellular H+ inhibition on C212S, a point mutant of CLC-0 in which the slow gate appears to be 

334 mostly open [44]. Fig. 6 A & B illustrate the inhibition of WT CLC-0 and C212S by pHi of 5.5 and 4.5, 

335 respectively, while the steady-state dose-dependent H+ inhibitions between WT CLC-0 and C212S are 

336 compared in Fig. 6 C. From this graph, it can be clearly observed that intracellular H+ exerts a much 

337 weaker inhibitory effect on the C212S mutant than on WT CLC-0.

338

339 FIGURE 6. Comparison of low pHi-induced inhibitions between WT CLC-0 and the C212S 

340 mutant. (A) Current inhibition of WT CLC-0 and C212S mutant at +20 mV by pHi = 5.5. (B) 

341 Current inhibition of WT CLC-0 and C212S mutant at +20 mV by pHi = 4.5. (C) Remaining 

342 current fraction (I/Imax ) of WT CLC-0 and C212S mutant against [H+]i (or pHi). The steady-state 

343 current (I) was measured, respectively, at 5 s and 3 s (indicated by wine-colored arrows in A & 

344 B, respectively) after applying the pHi 5.5 and pHi 4.5 solutions. Imax was the current measured 

345 immediately before the low-pHi solution was applied (teal color arrows in A & B).  

346

347 It has also been well documented that the temperature dependence of the slow gating in WT 

348 CLC-0 is significant [38, 39], while that in C212S is weak [44]. The recording traces in Fig. 7 A show 

349 that the kinetics of the current inhibition by a low pHi (in this case, pHi = 5.5) is sensitive to temperature 

350 in WT CLC-0. To test the temperature dependence of low pHi-induced inhibitions in the C212S mutant 

351 (Fig. 7 B), pHi = 4.5 was used because this mutant channel is much less sensitive to H+ inhibition. 

352 Visual inspection of the three recording traces indicates that the temperature dependence of the low 

353 pHi-induced inhibition in C212S is weak. The averaged results shown in Fig. 7 C reveal a large 
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354 difference of the temperature dependence of τinh between WT CLC-0 and the C212S mutant. In Fig. 8 

355 A, the process of the current inhibition by pHi = 4.5 (pink area) and the process of current recovery 

356 upon removing high [H+]i (light blue area) for WT CLC-0 and the C212S mutant are illustrated. The 

357 voltage dependence of the averaged values of τinh between WT CLC-0 and the C212S mutant are 

358 compared in Fig. 8 B, while the comparison of those of τrec are illustrated in Fig. 8 C. In CLC-0, it is 

359 τrec but not τinh that is voltage dependent—the more negative the membrane voltage, the smaller the 

360 value of τrec (namely, the faster the recovery from the inhibition). In C212S, a [H+]i < 1 µM (namely 

361 pHi > 6) generates very little inhibition (Fig. 6), so it is technically necessary to employ very low pHi 

362 (4-5) to generate inhibition for the experiments. The value of τinh is small (fast current inhibition) likely 

363 because of the high [H+]i at pHi = 4.5. Interestingly, τrec is also small in C212S, reflecting a faster current 

364 recovery process than that in WT CLC-0. Fig. 8 B & C show that the voltage dependence of τinh and 

365 τrec are both weak for the C212S mutant.

366

367 FIGURE 7: Comparing the temperature dependence of low pHi-induced inhibitions 

368 between WT CLC-0 and the C212S mutant. (A) Inhibitions of WT CLC-0 by a solution with 

369 pHi = 5.5 at three temperatures. (B) Inhibitions of the C212S mutant by a solution with pHi = 

370 4.5. All recording traces in A & B were obtained at Vm = ±20 mV. (C) Time constants of H+ 

371 inhibition of WT CLC-0 and the C212S mutant plotted against temperature.

372

373 FIGURE 8. Comparing the voltage dependence of low pHi-induced inhibition between WT 

374 CLC-0 and the C212S mutant. (A) Recording traces showing the current inhibition induced by 

375 a solution with pHi = 4.5 in WT CLC-0 and C212S. Vm = -40 mV. Values of the pHi were shown 
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376 below the colored horizontal lines. The values of τinh and τrec were obtained by fitting the current 

377 inhibition process (region shaded in pink color) and the current recovery process (region shaded 

378 in light blue) to single-exponential functions. (B) Voltage dependence of τinh of WT CLC-0 and 

379 C212S. All data points were obtained from the inhibition induced by a solution with pHi = 4.5. 

380 (C) Voltage dependence of τrec of WT CLC-0 and C212S after pHi = 4.5 was switched back to 

381 pHi = 7.4. At positive voltages, current recovery was observed in the C212S mutant but not in 

382 WT CLC-0.  

383

384  If the lower sensitivity to intracellular H+ inhibition in C212S is due to a reduced slow-gate 

385 closure in this mutant, other mutations that also prevent the channel from closing the slow gate may 

386 exhibit similar low sensitivity to intracellular H+ inhibition. In Fig. 9 A, we compare the inhibition by 

387 low pHi solutions (pHi = 5.5 and 4.5 in the upper and lower panel, respectively) between WT CLC-0 

388 and another mutant, Y512A, which has also been shown to largely prevent the slow gate from closing 

389 [45]. The steady-state [H+]i-dependent current inhibition in Fig. 9 B indeed shows that the mutant 

390 Y512A, like C212S, is also more resistant to the intracellular H+ inhibition than WT CLC-0.

391

392 FIGURE 9: Correcting the inverted voltage-dependent opening in the V490W mutant by 

393 mutations that inhibit slow-gate closure. (A) Comparing the inhibitions of WT CLC-0 and the 

394 Y512A mutant by solutions with pHi = 5.5 (upper panel) and 4.5 (lower panel). (B) Remaining 

395 current fractions of WT CLC-0 and the Y512A mutant after the current inhibition by various 

396 [H+]i. (C) Recording traces of the double mutants V490W/C212S (left) and V490W/Y512A 

397 (right) obtained using the experimental protocol I with the tail step voltage at -100 mV.  In both 
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398 recordings, pHi = 7.4. (D) Relative Po of WT CLC-0, three mutants, C212S, V490W/C212S and 

399 V490W/Y512A. All data were obtained at pHi =7.4. 

400

401  On the other hand, if the inverted voltage dependent opening of the V490W mutant is due to 

402 an excessive slow-gate closure in neutral pHi, the C212S mutation or the Y512A mutation may reduce 

403 the excessive slow-gate closure caused by the V490W mutation. In Fig. 9 C, we show the recording 

404 traces of two double mutants, V490W/C212S and V490/Y512A, at pHi = 7.4, using the voltage protocol 

405 I shown in Fig. 2 A. In Fig. 9 D, we plot the normalized instantaneous tailed currents of WT CLC-0 

406 (black solid squares), V490W (red circles), the V490W/C212S mutant (triangles), and the 

407 V490W/Y512A mutant (diamonds) obtained from recordings at pHi = 7.4. It can be seen that the 

408 inverted voltage-dependent opening in the V490W mutant disappears in both the V490W/C212S and 

409 V490W/Y512A double mutants. The voltage dependent opening of these two double mutants looks 

410 very similar to that of WT CLC-0. These results suggest that the inverted voltage dependent opening 

411 of the V490W mutant may be due to an excessive slow-gate closure at the neutral pHi.                   

412

413

414

415

416 Discussion

417 The two types of CLC family members, Cl- channels (such as CLC-0, CLC-1, CLC-2 and CLC-

418 Ks) and Cl-/H+ antiporters (such as bacterial CLCs and mammalian CLCs expressed in intracellular 
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419 organelles), are structurally similar to each other [17-22], so the gating mechanisms of CLC Cl- 

420 channels are thought to be driven by a background Cl-/H+ antiporter activity [52]. Indeed, a change of 

421 pH close to the cell membrane has been demonstrated during the opening and closing of CLC channels 

422 [12]. In CLC-0, Cl- and H+ both increase Po
f [27, 28, 35, 36]. Mechanistically, protonation of the E-

423 gate is thought to help swing the fast gate away from the pore while Cl- competes with the E-gate for 

424 the Cl- binding site Sext. On the other hand, the molecular mechanism of slow gating of CLC-0 remains 

425 a mystery. At the single-channel level, Richard and Miller [40] discovered a “non-equilibrium” gating 

426 cycle for CLC-0’s slow gating. The phenomenon involves an asymmetry in the transitions between the 

427 slow-gate open state and the inactivation state: the channels are more likely to enter the inactivation 

428 state from the one-pore open state while leaving the inactivation state to the two-pore open state. They 

429 demonstrated that this non-equilibrium gating is facilitated by a transmembrane Cl- flux. Later 

430 experiments by Lisal and Maduke [41] discovered that the H+ gradient across the membrane may be an 

431 even more powerful energy source to promote this non-equilibrium gating. The structural-functional 

432 basis underlying these findings of non-equilibrium gating remains unsolved.

433 The results from our present work reveal a potent inhibitory effect on CLC-0 currents by 

434 intracellular H+. An intracellular solution with pHi = 6 ([H+]i = 1 µM) inhibits the steady-state current 

435 of the WT channel by ~50 % (Fig. 6 C). However, the kinetics of the H+-induced inhibition is slow. 

436 Hence, we suspected that the inhibition of CLC-0 by intracellular H+ is related to the slow-gate closure. 

437 The dependence of this H+ inhibition on membrane voltage and temperature is also consistent with the 

438 properties of CLC-0’s slow gating—the more negative the membrane voltage, the faster the current 

439 recovery from the inhibition [53], and the higher the temperature, the faster the inhibition relaxation 

440 kinetics [38, 39]. Furthermore, inhibition effects by intracellular H+ on the C212S and Y512A mutants, 

441 in which the slow gates are mostly open [44, 45], were much weaker than that on the WT CLC-0. These 
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442 findings indicate that intracellular H+ enhances the closure of the slow gate of CLC-0, thus generating 

443 the current inhibition.

444 So far, most of the proposed slow-gating mechanisms of CLC-0 are vague. For example, a 

445 conformational change of the channel has been suggested to be involved in the slow-gating mechanism 

446 of CLC-0 [43, 46]. Yet, it is not known what exact conformational change is and whether the speculated 

447 conformational change is causally involved in the slow gating. A more specific slow-gate closing 

448 mechanism was recently proposed by Bennetts and Parker [45]. Based on the observation that the slow-

449 gate closure appears not present in the Y512A mutant of CLC-0, they proposed a “pincer” occlusion 

450 near Scen as the slow-gate closing mechanism, where the carboxylate of the E-gate (E166 in CLC-0) 

451 forms a hydrogen bond with the phenolic hydroxyl group of a tyrosine residue (Y512 in CLC-0). 

452 However, as Jentsch and Pusch point out in their recent review [1], such interaction is not possible 

453 because manipulation of the corresponding tyrosine residue in another CLC channel homologue, CLC-

454 K (Y520A mutation in CLC-K), still produces a similar gating change [54]. While lacking the gating 

455 glutamate, CLC-K instead has a valine residue at the equivalent position of E166 of CLC-0. 

456 Furthermore, the proposal of Bennetts and Parker would have predicted that a lower pHi, which favors 

457 protonation of the sidechain of the E-gate, would interfere with hydrogen bond formation between E166 

458 and Y512, a scenario directly opposite to that observed in this study. 

459 Although our study does not illustrate the structural mechanism of the slow gating, the 

460 intracellular H+ inhibition of CLC-0 does provide several insights for this gating mechanism. First, we 

461 found a strong dependence of the inhibition rate on [H+]i. At a room temperature of 21-22 ̊C, the values 

462 of τinh from experiments using protocol II are ~ 0.1, 1 and ~10 sec at pHi = 4.5, 5.5, and 6, respectively 

463 (Fig. 5 B). This finding explains the previous observation of the very large (several hundred seconds) 

464 relaxation time constant of the slow-gate closure at a neutral pHi of 7.4 ([H+]i < 100 nM) at the same 
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465 temperature [38, 39]. Thus, the binding of intracellular H+ to CLC-0 likely initiates the process of slow-

466 gate closure in CLC-0.

467 The second insight our study offers is to explain the inverted voltage-dependent activation in 

468 some CLC channel mutants (such as the V490W mutant shown in this study). Unlike WT CLC-0, 

469 membrane depolarization is unable to open this mutant. On the other hand, this mutant is opened by 

470 membrane hyperpolarization (Fig. 9 D), a voltage dependence similar to that of the slow-gate opening 

471 of CLC-0. We also show that intracellular H+ speeds up the rate of the slow-gate closure, thus 

472 generating an apparent inverted voltage-dependent channel opening even in WT CLC-0.  It is thus 

473 possible that mutants of CLC-0 with inverted voltage-dependent activation have a fast slow-gate 

474 closure at neutral pHi. By constructing the V490W mutation in the background of C212S or Y512A, 

475 two mutants with little slow-gate closure, we show the double mutants, V490W/C212S and 

476 V490W/Y512A, no longer exhibit the inverted voltage-dependent opening (Fig. 9 C & D). 

477 Careful inspection of the intracellular H+ inhibition of the C212S and Y512A mutants may 

478 provide further insight into the mechanism of the slow gating. The slow gate in these two mutants are 

479 mostly open. Accordingly, these two mutations significantly weaken the effects of manipulations that 

480 facilitate the slow-gate closure in CLC-0, such as a rise of experimental temperature or an application 

481 of extracellular zinc ions (Zn2+) [44, 45]. Here we add another manipulation that facilitates the 

482 inactivation in WT CLC-0, namely, an increase of [H+]i. However, both C212S and Y512A are still 

483 inhibited by intracellular H+, although a much higher concentration of [H+]i is required. The rates of 

484 current inhibition in these two mutants upon applying [H+]i seem to be roughly similar to that of WT 

485 CLC-0 (Fig. 8 A & B). On the other hand, current recovery from H+ inhibition is much faster in these 

486 two mutants than in WT CLC-0. Thus, a weaker H+ inhibition in these mutants is due to a faster current 
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487 recovery (Fig. 8 A & C). We thus propose the following model (model 1) to explain the H+-induced 

488 slow-gate closure of CLC-0:

489

490 (Model 1)

491

492 Here we propose that after the binding of intracellular H+ to the channel, the channel pore is 

493 closed (“Inhibition” state), followed by the channel’s entry into a stable “Inactivation” state via a 

494 voltage-dependent gating step. The H+ titration curves show that the apparent pKa (namely, the pHi 

495 where the current is half inhibited by H+) of WT CLC-0 is ~ 6, while the apparent pKa’s of C212S and 

496 Y512A are about 1 pH unit lower (Fig. 6 C & Fig. 9 B). Since the pKa changes by C212S and Y512A 

497 mutations are similar, it is less likely that the mutation effects are caused by a lack of H+ titration of the 

498 thiol group of C212S and the phenolic hydroxyl group of Y512 (which have very different true pKa 

499 values). We suggest that the C212S and Y512A mutations do not alter the H+ binding step in model 1 

500 but significantly increase the energy barrier between the “Inhibition” state and the “Inactivation” state, 

501 thus preventing the channel from entering the “Inactivation” state. Because these two mutant channels 

502 are rarely in the stable “Inactivation” state even with high [H+]i, the current recovery upon removing 

503 H+ is fast and not voltage dependent.      

504 Interesting questions remain regarding how intracellular H+ binding to the channel from the 

505 intracellular side inhibits the Cl- current flow in CLC-0, and how C212S and Y512A mutations prevent 

506 the channel from entering the inactivation state. Answering these questions are not possible without 

507 further specific experiments. For example, we have not examined the functional roles of Cl- in this H+ 

508 inhibitory effect on CLC-0’s slow gating. The present study also does not address the question whether 
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509 transmembrane [H+] gradient plays a role in the low-pHi-induced inhibition. Given the significant 

510 difference in the current recovery between the positive and negative voltages (Fig. 5 A), it is interesting 

511 to understand whether this difference results from a true voltage-dependent effect or is related to the 

512 direction of Cl- or H+ flux. Furthermore, mutations of amino acid residues with a titratable sidechain 

513 will help us identify the potential H+-binding site(s) responsible for the intracellular H+-induced current 

514 inhibition, and this endeavor may help us explore what specific conformational change is involved in 

515 slow gating. Previous research suggested that the mutations, at least in the case of C212S, may render 

516 the relative movement of the two subunits less likely [46]. This scenario is certainly consistent with the 

517 model proposed above if such a conformational change is associated with the gating step between the 

518 “Inhibition” and the “Inactivation” state.

519 In summary, although the molecular mechanism underlying the slow gating of CLC-0 is still 

520 largely unknown, the experimental results we present in this study offer several refinements of our 

521 knowledge. First, we find that increased [H+]i increases the rate of slow-gate closure of WT CLC-0, 

522 and thus the slow kinetics (tens to hundreds of seconds) of CLC-0 slow gating at neutral pHi is likely 

523 due to low [H+]i (< 0.1 µM) rather than due to a large conformational change of the channel protein. 

524 Second, the inverted voltage-dependent activation of the V490W mutant is likely due to an excessively 

525 fast slow-gate closure of the mutant at neutral pHi. Finally, our results are still consistent with an 

526 involvement of a protein conformational change in the slow gating, which likely occurs between the 

527 “Inhibition” and the “Inactivation” states shown in model 1. Future experiments based on these insights 

528 may help us further unveil the slow-gating mechanism of CLC channels.     

529

530
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