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    I N T R O D U C T I O N 

 ClC-0 can be considered the founding member of the 

CLC protein family as it was the fi rst CLC to be func-

tionally characterized and cloned ( Miller and White, 

1980 ;  Jentsch et al., 1990 ). The CLC protein family com-

prises both chloride channels and chloride/proton an-

tiporters ( Accardi et al., 2004 ;  Picollo and Pusch, 2005 ; 

 Scheel et al., 2005 ;  Zifarelli and Pusch, 2007 ;  Jentsch, 

2008 ) that, in spite of their different thermodynamic 

control of Cl  �   movement, share a signifi cant degree of 

homology and a very similar architecture ( Chen et al., 

2003 ;  Est é vez et al., 2003 ;  Engh and Maduke, 2005 ). 

They are all dimers composed of two identical subunits 

each containing an ion conduction pathway ( Dutzler 

et al., 2002 ). Several human CLC proteins and associ-

ated  �  subunits are involved in human genetic diseases, 

underscoring their physiological relevance ( Jentsch et al., 

2005a , b ;  Jentsch, 2008 ). 

 Due to various favorable properties, ClC-0 has served 

as a model to explore the mechanisms of gating and 

permeation for all CLC channels ( Jentsch et al., 2002 ; 

 Chen, 2005 ;  Matulef and Maduke, 2007 ;  Zifarelli and 

Pusch, 2007 ). The conducting state of ClC-0 is deter-

mined by the operation of two gating mechanisms: a 

common gate, controlling opening and closing of the 

two pores simultaneously, and a protopore gate, acting 

individually on each pore ( Chen, 2005 ;  Zifarelli and 

Pusch, 2007 ). The operation of the fast gate depends on 

  Abbreviation used in this paper: CPA, p-chloro-phenoxy-acetic acid. 

voltage and H +  and Cl  �   concentrations on both the in-

tracellular and extracellular side ( Pusch, 2004 ;  Chen, 

2005 ). In particular, external pH and [Cl  �  ] infl uence 

the opening rate without affecting the closing rate 

( Pusch et al., 1995 ;  Chen and Miller, 1996 ;  Pusch, 1996 ; 

 Ludewig et al., 1997a ;  Chen and Chen, 2001, 2003 ), 

whereas intracellularly, Cl  �   affects mostly the closing 

rate ( Chen and Miller, 1996 ). The origin of the asym-

metrical dependence on extracellular and intracellular 

factors is still unknown. Structural analysis of the bacte-

rial ClC-ec1 has suggested that in the closed conforma-

tion, the side chain of E148 (corresponding to E166 in 

ClC-0) directly occludes the ion permeation pathway, 

whereas upon mutation of this residue to alanine or glu-

tamine, a Cl  �   ion was found at the site occupied by the 

side chain of E148 ( Dutzler et al., 2002, 2003 ). In partic-

ular, the structure of the mutant E148Q showed that the 

side chain of the glutamine is directed away from the 

pore toward the extracellular side. It was therefore hypoth-

esized that this represents the conformation of the WT 

protein in the open state ( Dutzler et al., 2003 ). 

 These structural results suggested a specifi c role of 

this conserved glutamate in the fast gating mechanism 

of ClC-0, even though ClC-ec1 is a Cl  �  /H +  antiporter, 

whereas ClC-0 is a Cl  �   channel. This interpretation 

was confi rmed by electrophysiological investigations 

of the mutants E166A, E166V, and E166Q of ClC-0 that 

displayed an open, voltage-independent phenotype, 
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186  Intracellular Proton Regulation of ClC-0 

the open probability to more negative voltages. Our re-

sults were consistent with the idea that the major volt-

age-dependent step of the opening refl ects the proton-

ation of E166/D166 from the intracellular side. In this 

model, protons could reach this position directly from 

the intracellular solution or they could be shuttled via 

one or more intermediate protonatable groups. In the 

latter case, a key protonatable group, the H +  sensor, me-

diates the effects of pH int . A contribution of protons to 

voltage-dependent gating has been also recently pro-

posed by Miller ( 2006 ). 

 In alternative, intracellular protons might modulate 

another voltage-dependent step, as originally suggested 

by Hanke and Miller ( 1983 ). 

 In this respect it must be taken into account that we 

have proposed that fast gating of ClC-0, beside a move-

ment of the side chain of E166, additionally involves 

conformational changes in the channel pore ( Accardi 

and Pusch, 2003 ;  Traverso et al., 2003 ). Moreover, it 

has been suggested that the displacement of the side 

chain of E166 upon channel opening might be directed 

toward the internal rather than the external side of the 

channel ( Bisset et al., 2005 ). The investigation of the 

molecular determinants of the sensitivity to intracellu-

lar H +  has been pursued only for ClC-ec1 and has led to 

the identifi cation of E203, which is conserved among 

CLC transporters but not CLC channels. The mutation 

E203Q completely abolished proton transport but pre-

served Cl  �   transport, similar to the E148A mutant 

( Accardi et al., 2005 ). However, at variance with the 

E148A mutant, E203Q does not suppress the proton 

sensitivity of the remaining Cl  �   currents ( Accardi et al., 

2005 ). An important role for proton transport of the 

corresponding glutamate was also confi rmed in ClC-4 

and ClC-5 ( Zdebik et al., 2008 ). In the present study we 

intend to investigate in detail the mechanism of intra-

cellular proton regulation of the fast gate of ClC-0 and 

to identify amino acid residues that are involved in this 

process. We were not able to identify any specifi c intra-

cellular proton acceptor. However, based on kinetic 

analysis and deuterium isotope effects, we propose a 

gating model in which the proton required for channel 

opening originates from the dissociation of an intrapore 

water molecule. The resulting OH  �   anion is possibly 

stabilized in the channel pore by one of the channel ’ s 

anion binding sites. 

 M AT E R I A L S  A N D  M E T H O D S 

 Molecular Biology and Oocyte Expression 
 WT ClC-0 and all mutants were in the PTLN vector ( Lorenz et al., 
1996 ). We used the C212S mutant that eliminates the slow, 
common gate ( Lin et al., 1999 ) as the basis for most constructs, 
except where explicitly stated. Mutations were introduced by 
oligonucleotide-directed mutagenesis using Pfu polymerase (Fer-
mentas). The PCR-generated regions were fully sequenced. RNA 

proving that the neutralization of the side chain of the 

E166 eliminated the fast gating process ( Dutzler et al., 

2003 ;  Traverso et al., 2003, 2006 ). Moreover, the phe-

notype of WT ClC-0 at low extracellular pH resembled 

that of the mutants of E166 in which the carboxylate 

side chain was practically absent (E166A) or its charge 

was neutralized (E166Q) ( Chen and Chen, 2001 ;  Dutzler 

et al., 2003 ). These data have been interpreted in terms 

of a protonation-dependent displacement of the side 

chain of E166 leading to channel opening; upon pro-

tonation from the outside, E166 moves from the blocking 

position to a position displaced from the pore (with-

out any other conformational changes). Such an inter-

pretation suggests potentially signifi cant similarities in 

the mechanism of external H +  regulation for ClC-ec1 

and ClC-0. Moreover, this model provides a possible 

mechanism to explain the effect of external Cl  �   on the 

fast gate; [Cl  �  ] ext  would increase the opening rate, 

competing with the side chain of E166. However, this 

scenario cannot fully explain the very different effect 

of [Cl  �  ] int . 

 In spite of this progress, the molecular mechanism of 

gating of ClC-0 is still very poorly understood. First of 

all, several pieces of evidence suggest that the fast gate 

can open by different molecular routes. This has fi rst 

been described by Chen and Miller (1996) who found a 

biphasic dependence of the opening rate,  � , on voltage. 

 �  increases exponentially at positive voltages, refl ecting 

the major voltage-dependent opening step ( “ route 1 ” ). 

However, after passing through a minimum,  �  increases 

also at negative voltages, refl ecting a different route of 

opening that leads to the signifi cant residual open prob-

ability seen at negative voltages ( “ route 2 ” ) ( Chen and 

Miller, 1996 ). It is mainly the latter pathway of opening 

that is affected by extracellular pH, whereas the major 

voltage-dependent opening step (route 1) is relatively 

independent from pH ext  ( Chen and Chen, 2001 ) but is 

infl uenced by [Cl  �  ] ext . The very different nature of these 

two routes to channel opening is even more extreme in 

the point mutant E166D. For this mutant, the open 

state favored by low external pH (route 2) has a smaller 

single channel conductance than the one reached by 

the major voltage-dependent route 1 ( Traverso et al., 

2006 ). Intracellular pH appears to act on the voltage 

dependence of channel closing and on the voltage-de-

pendent part of channel opening (route 1). Early ex-

periments by Hanke and Miller demonstrated that 

changes of pH int  lead to a shift of the voltage depen-

dence of the open probability of ClC-0 reconstituted in 

lipid bilayers ( Hanke and Miller, 1983 ). Similar effects 

have been described for the muscle channel ClC-1 ex-

pressed in Sf-9 cells ( Rychkov et al., 1997 ). Recently, our 

group investigated the dependence of the ClC-0 mutant 

E166D on pH int  ( Traverso et al., 2006 ). Similar to the 

results of Hanke and Miller we found that lowering 

pH int  leads to a shift of the voltage-dependent part of 
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 where I max  is the (fi tted) maximal current, p min  the residual open 
probability at negative voltages, V 1/2  is the midpoint voltage of the 
open probability, z the apparent gating valence, F the Faraday 
constant, R the gas constant, and T the absolute temperature. 

 Online Supplemental Material 
 We provide supplemental material (available at http://www.jgp
.org/cgi/content/full/jgp.200809999/DC1) describing the phe-
notype of the following mutants: C212S/K129A, C212S/H472K, 
C212S/E226Q, F214L, and C212S/F418A. 

 R E S U LT S 

 Dependence of WT p open  on Internal pH 
  Fig. 1  A shows representative macroscopic currents re-

corded at pH 7.3 from the ClC-0 mutant C212S, for 

which the common gate is constitutively open ( Lin et al., 

1999 ).  Currents display the typical deactivation at nega-

tive voltages. From the initial tail currents to  � 140 mV 

the activation curve can be constructed ( Fig. 1 F , open 

circles). The data points were fi tted with Eq. 1 in order 

to extract three parameters that describe the voltage 

dependence of gating: p min , the minimum open proba-

bility at most negative voltages; V 1/2 , the voltage of half 

maximal activation; and z, the apparent gating valence. 

Lowering the internal pH (from now on referred to 

simply as pH) to 6.3, dramatically activates the cur-

rents at negative voltages ( Fig. 1 B ). The resulting acti-

vation curve is shifted to more negative voltages, but the 

fi t of Eq. 1 does not provide accurate values for the gat-

ing parameters. On the other hand, intracellular alka-

linization (pH 8.3,  Fig. 1 C ; pH 9,  Fig. 1 D ; pH 10,  Fig. 1 E ) 

shifts the activation curve to more positive voltages 

( Fig. 1, F and G ). At pH 10, the deactivation of currents 

at negative voltages was diffi cult to resolve reliably for 

all patches. In addition, whereas the maximal current 

amplitude at the most positive voltages was roughly 

similar at pH 7.3, 8.3, and 9, maximal currents were re-

duced at pH 10, as is best seen in  Fig. 1 G,  where the 

steady-state IVs are superimposed. To test whether this 

reduction seen at pH 10 simply refl ects a dramatic 

 “ shift ”  of the p open , we fi tted the steady-state IV with the 

following equation: 

      (2) 

I V G V E p
p

z V V F RTrev( ) ( )
exp( ( ) /( ))

,min
min

/

= − +
−

+ − −
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

1

1 1 2  

 where G is the (maximal) conductance and E rev  the cur-

rent reversal potential. Fits of Eq. 2 are shown in  Fig. 1 G  

as solid lines. The gating parameters obtained for the 

currents at pH 7.3, 8.3, and 9 are similar to those ob-

tained using the tail current analysis (see legend of  Fig. 1 ). 

We thus used Eq. 2 routinely also at pH  <  10 for patches 

that showed relatively low expression. In these cases, the 

steady-state current evaluated from the mean of many 

was prepared using the mMessage mMachine SP6 kit (Ambion) 
and injected into  Xenopus  oocytes as previously described ( Pusch 
et al., 2000 ). 

 Electrophysiology 
 Currents were recorded using the two-electrode voltage-clamp 
method and excised patch-clamp recording as previously de-
scribed ( Ludewig et al., 1997b ;  Pusch et al., 2000 ). For whole 
oocyte voltage clamp measurements, the bath solution contained 
(in mM) 100 NaCl, 4 MgSO 4 , 5 HEPES, pH 7.3, and the hold-
ing potential was chosen close to the resting membrane potential 
( � 30 to  � 50 mV). For patch clamping, the intracellular solu-
tion contained (in mM) 100 NMDG-Cl or 100 NaCl, 2 MgCl 2 , 
10 HEPES, 2 EGTA, pH 7.3, whereas the standard extracellular 
solution contained 100 NMDG-Cl, 5 MgCl 2 , 10 HEPES, pH 7.3. 
HEPES was substituted by MES for solutions with 5  <  pH  <  6.5, 
bis-tris-propane for solutions with 8  <  pH  <  9, and glutamate for 
solutions with pH  <  6, Na-borate or CAPS for solution with pH 10. 
For measurements at low [Cl  �  ] in the internal solution, 90 mM 
NMDG-Cl was substituted with equimolar amounts of Na-gluta-
mate, and the reference electrode was connected to the bath by 
an agar bridge. 

 For measurements in D 2 O, solutions were prepared with NaCl 
(extracellular and intracellular) instead of NMDG-Cl in order to 
minimize the presence of H +  due to the titration of NMDG with 
HCl. As an internal control, for each patch in which we tested the 
effect of intracellular D 2 O, we also performed registrations in so-
lutions prepared with H 2 O, in which for consistency we also used 
NaCl instead of NMDG-Cl. To determine the pH (pD) of the solu-
tions prepared with D 2 O we added 0.4 pH units to the pH meter 
reading ( Glasoe and Long, 1960 ;  DeCoursey and Cherny, 1997 ). 
All substances were purchased from Sigma-Aldrich. D 2 O was 99.9 
atom percent D. 

 Solutions in patch-clamp experiments were changed by insert-
ing the patch pipette into perfusion tubes of 0.5 mm diameter. 
The voltage protocol for patch clamping consisted of a prepulse 
to 80 mV followed by a test pulse to variable potentials (from 140 
to  � 160 mV) (standard duration 100 ms) in 20-mV increments 
and a step to  � 140 mV. 

 To study more closely the activation process, the protocol con-
sisted of a prepulse to  � 140 mV (50 ms) followed by a test pulse 
to variable potentials (from 160 to  � 140 mV) in 20-mV incre-
ments and a step to  � 140 mV (50 ms). To study more closely 
the deactivation process, the protocol consisted of a prepulse 
to 100 mV (20 ms) followed by a test pulse to variable poten-
tials (from  � 180 to 120 mV) in 20-mV increments and a step to 
 � 140 mV (50 ms). 

 Patch-clamp data were recorded using an EPC-7 amplifi er 
(HEKA) and the custom acquisition program (GePulse) (the ac-
quisition program is available at  http://www.ge.cnr.it/ICB/conti_
moran_pusch/programs-pusch/software-mik.htm ). The holding 
potential in patch clamp measurements was 0 mV. Voltage clamp 
measurements employed an NPI-TEC 05 amplifi er (NPI Elec-
tronics), and were performed as described previously ( Traverso 
et al., 2003 ). Data analysis was performed using custom soft-
ware (written in Visual C++, Microsoft), the Origin program 
(OriginLab Corporation), and SigmaPlot (SPSS Inc.). Capacitive 
transients in patch clamp experiments were often removed us-
ing appropriately scaled responses to voltage steps to 0 mV (in 
standard solutions) or steps to the reversal potential (in low chlo-
ride solutions). 

 Unless otherwise stated, open probabilities were derived from 
the tail currents by fi tting a modifi ed Boltzmann function: 

      (1) 

I(V) I (p p xp[z V V)F/(RT)]))max min min 1/2= + − + −( )/( e ( ,1 1
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ters that describe the voltage dependence of gating 

(p min , V 1/2 , z). For pH values  ≥ 8.3 the minimum open 

probability, p min , was very small and diffi cult to distin-

guish from small leak currents. We therefore further re-

stricted our attention to the values obtained for V 1/2  

and the apparent gating valence, z. In particular, z was 

found to be practically independent of pH (z = 0.89  ±  

0.11). The mean values obtained for V 1/2  are plotted in 

 Fig. 2  as a function of pH.  The pH dependence can be 

well described by a straight line with a slope of around 

46 mV per pH unit, corresponding to around 20 mV 

per e-fold change of the H +  concentration. 

 Mutational Analysis 
 To fi nd out if the pH effects are mediated by a protonat-

able group that acts as a H +  sensor, we performed a mu-

tagenic screen of several residues indicated in  Fig. 3  

along with their localization in the secondary structure 

of the channel.  

 The residues to be mutated were chosen according 

to several criteria. Most of them are predicted to be ac-

cessible to the intracellular solution, according to the 

structure of the bacterial homologue ClC-ec1 ( Dutzler 

et al., 2002 ). The residues S123, F418, and Y512 are crit-

ical in the coordination of Cl  �   at the central binding 

site and V419 and P420 might also indirectly infl uence 

the site occupancy. The residue K149, although not di-

rectly accessible to the intracellular solution, has been 

shown to infl uence the electrostatic milieu in the intra-

cellular part of the ion permeation pathway ( Zhang 

et al., 2006 ), and its mutation drastically alters fast gat-

ing ( Zhang et al., 2006 ;  Engh et al., 2007b ). E127 and 

K519 are known to alter the pore conductance and fast 

gating properties respectively and to interact with each 

other ( Pusch et al., 1995 ;  Chen and Chen, 2003 ;  Lin 

and Chen, 2003 ). Moreover, the residue E166 is known 

to alter the sensitivity to external pH of ClC-0 ( Dutzler 

et al., 2003 ), whereas V227 is corresponding to E203 of 

ClC-ec1, which was found to be the intracellular acceptor 

data points at the end of the test pulse provides a much 

more robust measurement than the extrapolated initial 

tail current. The V 1/2  value obtained for the currents at 

pH 10 was signifi cantly larger than that at pH 9.0 (see 

legend of  Fig. 1 ). However, the conductance G (Eq. 2) 

was also reduced at alkaline pH (at pH 10, the conduc-

tance was only 76% of that at pH 7.3). Thus, the reduc-

tion of currents seen at pH 10 does not refl ect a simple 

shift of the voltage dependence. We did not investigate 

in further detail the reduction of the maximal conduc-

tance at alkaline pH but concentrated on the parame-

 Figure 1.   Internal pH dependence of ClC-0 fast gating. The fi g-
ure illustrates the pH dependence of raw currents (A – E) and the 
analysis performed to extract the gating parameters (F and G). 
All data are from one patch expressing the C212S mutant. The 
symbols in F represent the (absolute values of the) initial tail cur-
rents at the tail pulse to  � 140 mV plotted as a function of the 
test pulse voltage. The symbols in G are the steady-state currents 
measured at the end of the test pulse. Lines in F are fi ts of Eq. 1 
with the following parameters: pH 6.3, V 1/2  =  � 142 mV, z = 1.9, 
p min  = 0.81; pH 7.3, V 1/2  =  � 93 mV, z = 0.87, p min  = 0.19; pH 8.3, 
V 1/2  =  � 30 mV, z = 0.99, p min  = 0.04; pH 9, V 1/2  = 10 mV, z = 0.87, 
p min  = 0. Lines in G are fi ts of Eq. 2 with the following parameters: 
pH 7.3, G = 6.1 nS, V 1/2  =  � 91 mV, z = 0.85, p min  = 0.15; pH 8.3, 
G = 6.1 nS, V 1/2  =  � 31 mV, z = 1.08, p min  = 0.04; pH 9, G = 5.9 nS, 
V 1/2  = 7 mV, z = 1.04, p min  = 0.004; pH 10, G = 4.6 nS, V 1/2  = 88 mV, 
z = 0.77, p min  = 0.008.   

 Figure 2.   Dependence of the voltage of half-maximal activation 
on internal pH. Mean values of V 1/2  are plotted as a function of 
pH. Error bars indicate SD. The straight line has a slope of 46  ±  
2 mV per pH unit, corresponding to 20 mV per e-fold change of 
the H +  concentration.   
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column 5) that shows little change compared with WT 

for any of the mutants. We can thus conclude that E226 

is not strictly essential for the pH dependence of the 

fast gate of ClC-0. 

 Among the mutations that showed robust expression 

and that could thus be reliably measured using the in-

side-out confi guration, most resulted in channels with 

only relatively small quantitative changes in the pH int  

dependence of gating ( Table I ). The only three mutants 

that showed a drastically altered dependence on pH int  

were E166A, F214L and F418A. Even though the pH 

dependence of the fast gate of mutant F214L appears to 

be altered for pH  <  9, the mutant displays the typical ac-

celeration of deactivation at more alkaline pH, and for 

pH  >  9 also the pH dependence of V 1/2  appears to be 

normal (see Fig. S3). 

 The other mutant that displayed an altered pH re-

sponse was F418A. First of all, the mutation by itself 

drastically altered the fast gating process in a way similar 

to the homologous mutation in ClC-1 ( Est é vez et al., 

2003 ); F418A, at pH 7.3, shows a pronounced slow down 

in the kinetics of relaxation at negative voltages com-

pared with WT (Fig. S4). Surprisingly, in contrast to what 

is observed for WT ClC-0, at acidic pH (5.3), the cur-

rent amplitude decreases (Fig. S4). Currents also de-

creased at alkaline pH, leading to an overall biphasic pH 

dependence (Fig. S4). 

 At pH 7.3, E166A presents an open channel pheno-

type, with almost no gating transitions, in agreement 

with previous studies ( Dutzler et al., 2003 ;  Traverso et al., 

2003 ). Moreover, it was insensitive to changes in pH 

for values ranging from 6.3 to 8.3 (unpublished data). 

This behavior is expected because E166A is a constitu-

tively opened channel on which pH can probably have 

no further effect. This result is also consistent with 

the hypothesis that opening of WT ClC-0 requires the 

protonation of E166, either from the outside ( Dutzler 

et al., 2003 ) or from the inside ( Miller, 2006 ;  Traverso 

et al., 2006 ). 

 Somewhat surprisingly, E166A-mediated currents were 

inhibited in a voltage-dependent manner at pH  ≥  9 

( Fig. 4 ).  Currents decreased in a time-dependent manner 

at negative voltages, similar to the regular fast gate, but 

also similar to the voltage-dependent block by p-chloro-

phenoxy-acetic acid (CPA) ( Traverso et al., 2003 ). To rule 

out that this behavior refl ects a voltage-dependent block 

by the buffer used, we tested different buffer concen-

trations (1 and 10 mM) with no apparent difference in 

current decrease (unpublished data). 

 In principle, this behavior could be due to a drastic 

alteration of the pH sensitivity in the E166A mutant 

such that pH effects on gating become visible only at 

very alkaline pH. 

 However, an alternative interpretation could be that 

the reduction of E166A-mediated currents seen at pH  ≥  

9 and at negative voltages refl ects a voltage-dependent 

of protons ( Accardi et al., 2005 ). S224 and E226 were 

selected for their proximity to V227. It has been re-

ported that aromatic residues can interact with protons 

through cation/ �  interactions ( Adam et al., 2007 ). 

F214 (in the structure of ClC-ec1) is located between 

E226 and E166 and therefore could be involved in 

proton sensitivity. Together with the additional se-

lected residues K129, R133, C229, R305, R312, C415, 

and H472 we covered all residues that appear to be in-

teresting candidates for being directly protonatable 

sites or residues that may affect pH sensing by altering a 

nearby pH sensor. 

 Three mutants yielded only small currents: C212S/

K129A, C212S/E226Q, and C212S/H472K. However, in 

two-electrode voltage clamp recordings, C212S/K129A 

and C212S/H472K showed qualitatively a similar volt-

age dependence and kinetics of gating as WT ClC-0 

(Fig. S1, available at http://www.jgp.org/cgi/content/

full/jgp.200809999/DC1), suggesting that neither H472 

nor K129 are involved in pH sensing of the fast gate of 

ClC-0. Mutations of E226 to A, C, or T did not yield 

functional currents, whereas the charge-conserving mu-

tant E226D was very similar to WT ( Table I ).  However, 

the E226Q mutation yielded small currents that were 

quite different from WT (Fig. S2). Even though the mu-

tant had a drastic effect on fast gating, the overall pH 

dependence was qualitatively similar to WT (see legend 

of Fig. S2). Interestingly, the slope of the pH depen-

dence of V 1/2  is signifi cantly larger than that of WT (155 

mV per pH unit for E226Q compared with 46 mV for 

WT). However, the apparent gating valence of the 

mutant is signifi cantly smaller (0.40 compared with 0.89 

of the WT). As discussed in detail by Boccaccio et al. 

(1998), the larger slope of the V 1/2  versus pH curve most 

likely refl ects an indirect effect of the reduced gating 

charge. To take into account the interdependence of 

the slope of the V 1/2   �  pH curve and the gating valence, 

z, we also evaluated the product between them ( Table I , 

 Figure 3.   Indication of the mutated amino acids on a topological 
model of ClC-0 based on the crystal structure of ClC-ec1 ( Dutzler 
et al., 2002 ).   
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190  Intracellular Proton Regulation of ClC-0 

pH dependence of the fast gate, we thus performed 

a detailed kinetic analysis of the fast gating relaxa-

tions. We concentrated on the basic pH range be-

cause in this range gating is determined by the major 

voltage-dependent process that is associated with an 

exponential voltage dependence of the opening and 

closing rate. 

  Fig. 5  A shows representative current traces at  � 140 

and +140 mV (pH 9) and illustrates the monoexponential 

block by OH  �   anions, similar to the voltage-dependent 

block of E166A by the small organic acid CPA ( Traverso 

et al., 2003 ). 

 Kinetic Analysis of pH Dependence of WT ClC-0 at 
Basic pH int  
 From the mutational analysis no residue emerged that 

could be a good candidate as intracellular pH sensor. 

To obtain more insight into the mechanism of the 

 TA B L E  I 

 Summary of Voltage and pH Dependence of Mutants 

Mutant V 1/2  (mV) at pH 7.3 Slope (mV per pH unit) z Slope*z/58 mV

C212S  � 92  ±  16 46  ±  2 0.89  ±  0.11 0.71

S123A  � 105  ±  20 44  ±  12 0.78  ±  0.15 0.60

P126G  � 117  ±  4 45  ±  7 0.93  ±  0.14 0.72

E127Q  � 93  ±  13 66  ±  7 1.09  ±  0.10 1.25

K129A ND ND ND ND

R133Q  � 93.3  ±  8 63.8  ±  7 1.0  ±  0.16 1.09

K149L  � 45  ±  8 106  ±  4 0.69  ±  0.14 1.28

E166A ND ND ND ND

F214L 49  ±  7 43  ±  1 1.28  ±  0.04 0.95

S224A  � 105  ±  16 50  ±  6 0.96  ±  0.26 0.84

E226D  � 59  ±  11 48  ±  17 1.0  ±  0.2 0.83

E226Q 144  ±  34 155  ±  12 0.40  ±  0.06 1.0

V227E  � 101  ±  15 67  ±  10 0.83  ±  0.11 0.97

C229S  � 108  ±  4 60.5  ±  5 0.84  ±  0.06 0.88

R305E  � 103  ±  4 56  ±  14 0.86  ±  0.09 0.84

R312Q  � 93  ±  9 40  ±  7 1.0  ±  0.16 0.69

C415S  � 99  ±  5 47.7  ±  4 1.0  ±  0.07 0.84

A417F  � 133  ±  16 78  ±  11 0.81  ±  0.1 1.09

F418A ND ND ND ND

F418C  � 64  ±  8 79.5  ±  2 0.93  ±  0.14 1.28

V419M  � 111  ±  15 73.6  ±  5 0.82  ±  0.1 1.04

P420G  � 135  ±  11 99  ±  13 0.50  ±  0.05 0.86

H472K ND ND ND ND

Y512A  � 80  ±  12 51  ±  5 0.81  ±  0.13 0.71

K519Q  � 103  ±  17 64  ±  7 0.96  ±  0.18 1.07

The voltage of half-maximal activation (at pH 7.3) and the apparent gating valence (z) are shown in columns 2 and 4, respectively. The slope of 

the V 1/2   �  pH curve was obtained from a linear fi t to all data points, except for mutant F214L for which the slope was obtained from V 1/2  values at 

pH 9.0 and 10. The last column displays the product of the slope (column 3) and the apparent gating valence (column 4), divided by 58 mV. Theoretical 

considerations ( Boccaccio et al., 1998 ) indicate that this product takes into account the unspecifi c interdependence of these two parameters. For each 

mutant at least fi ve patches were used for the averages. Error bars indicate SD; ND (not determined) indicates mutants for which the Boltzmann 

analysis was not possible.

 Figure 4.   pH dependence 
of mutant E166A. Shown are 
current traces from an in-
side-out patch at control pH 
and at pH 11. Note the time-
dependent current decrease 
at negative voltages. Similar 
results were obtained in two 
other patches.   
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  Zifarelli et al. 191

 Intracellular pH has only very small effects on the 

opening rate ( � ) of the channel in the whole voltage 

range tested (from  � 180 to 160 mV) ( Fig. 6 A ). 

 Intracellular pH mainly affects the closing rate of 

the channel ( � ). The rate of channel closing progres-

sively increases at negative voltages. Importantly, at all 

potentials tested,  �  increases progressively from pH 

7.3 to pH 10. 

 Effect of Intracellular Cl  �   on the pH Dependence of 
Fast Gating 
 Chen and coworkers have previously demonstrated that 

intracellular Cl  �   ions have a drastic effect on the chan-

nel closing rate with only modest effects on the channel 

opening rate ( Chen and Miller, 1996 ;  Chen et al., 2003 ). 

This is surprisingly similar to what we see for intracellu-

lar H + ; the closing rate but not the opening rate de-

pends on pH int . To investigate the interdependence of 

internal Cl  �   and internal pH on channel gating, we 

measured the (apparent) steady-state open probability 

and the kinetics of gating at the reduced internal Cl  �   

concentration of 14 mM and at pH values ranging from 

7.3 to 10. Typical current traces are shown in  Fig. 7 A .  As 

described above, we used the data to extract estimates 

for the opening rate ( � ) and closing rate ( � ) as a function 

of voltage and pH. Similar to what has been observed in 

fi t to the deactivating and activating segments of the 

current that were used to obtain the time constants for 

channel opening and channel closing.  Increasing the 

pH from 7.3 to 10 progressively decreases the time con-

stant up to about two orders of magnitude at negative 

potentials. At positive voltages, the time constants were 

largely pH insensitive ( Fig. 5 B ). 

 For further analysis, we exploited the fact that fast gat-

ing can be well described by a two-state process 

 with a single closed state, C, and an open state, O, con-

nected by the opening rate constant  � , and the closing 

rate constant,  � . Thus, as described earlier by others 

( Zhang et al., 2006 ;  Engh et al., 2007a ), we used the 

time constant and the apparent open probability, p open , 

to obtain estimates for  �  and  �  by 

   α
τ

β
τ

= =
−p popen open

; .
1

   (3) 

 The resulting values are plotted in  Fig. 6  as a function of 

voltage for the various pH values.  

 Figure 5.   Kinetic analysis of fast gating. In A are shown typical 
traces (from a patch at pH 9) used for the determination of the 
single exponential relaxation time constants. In the right panel 
the capacitive transient has been blanked for clarity. Red lines are 
single exponential fi ts with  �  = 0.79 ms ( � 140 mV) and  �  = 0.18 ms 
(+140 mV). In B are plotted mean values for the time constants at 
various pH as a function of voltage.   

 Figure 6.   Opening and closing rate constants at different pH. 
From the time constants ( Fig. 5 ) and the steady-state open prob-
ability (see  Fig. 1 ) the opening rate constants (A) and the closing 
rate constants (B) were calculated according to Eq. 3. For clarity, 
error bars are not shown.   
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192  Intracellular Proton Regulation of ClC-0 

the  “ gating transitions, ”  Model 1 predicts apparent open-

ing and closing rate constants,  �  eff  and  �  eff , given by 

   α
α α

eff
H C

C

H K
H K

=
+
+

0

1

/

/
   (4) 

   β
β β

eff
H O

O

H K
H K

=
+
+

0

1

/

/
,    (5) 

 where H denotes the H +  concentration. The predictions 

of Model 1 can be compared with the experimental re-

sults. First, the fact that the opening rate constant is 

only slightly dependent on pH int  implies that p KC   >  >  9 

and that  �  H   >  >   �  0 . Otherwise, Eq. 4 would predict a pro-

nounced pH dependence of the opening rate. 

 We fi tted the experimental values for the closing rate 

constant ( Fig. 8 A ) with Eq. 5, with the three parameters 

 �  0 ,  �  H , and K O  for each pH (solid lines in  Fig. 8  A for ex-

ample voltages).  Eq. 5 is clearly adequate to describe the 

high Cl  �  , the closing rate ( Fig. 7 B ) is much more de-

pendent on pH than the opening rate constant (not de-

picted). Interestingly, the dependence of  �  on voltage 

appears to deviate from a simple exponential voltage 

dependence at 14 mM Cl  �  . 

 A Formal Model for pH int  Dependence of the Fast Gate 
 What is the mechanism by which intracellular protons 

modulate the fast gate? In the model that was originally 

proposed by Hanke and Miller ( 1983 ) the protonation 

state of an intracellularly accessible group modulates 

opening and closing transitions in an allosteric manner 

(Model 1): 

(MODEL 1)

 Unprotonated channels gate with opening and closing 

rate constants,  �  0  and  �  0 , respectively, whereas proton-

ated channels gate with rate constants  �  H  and  �  H . Proton-

ation of the closed and open state are governed by the 

dissociation constants K C  and K O , respectively (or the as-

sociated p KC  =  � log(K C ) and p KO  =  � log(K O )).  Assuming 

that protonation/deprotonation is fast compared with 

 Figure 7.   Kinetic analysis of fast gating at low (14 mM) Cl  �   int . 
(A) Typical traces (from a patch at pH 9) used for the determina-
tion of the single exponential relaxation time constants. In the right 
panel the capacitive transient has been blanked for clarity. Red lines 
are single exponential fi ts with  �  = 0.37 ms ( � 140 mV) and  �  = 0.22 
ms (+140 mV). (B) Plots of mean values for the closing rate constant 
determined as in  Fig. 6  at various pH as a function of voltage.   

 Figure 8.   pH dependence of the closing rate constants — fi rst mod-
els. (A) Plots of the values for the closing rate constant (same values 
as in  Fig. 6 ) as a function of pH with different symbols for different 
voltages (for clarity, values are shown only for a few representative 
voltages: black circles,  � 180 mV; pink triangles down,  � 120 mV; 
green diamonds,  � 80 mV; red triangles up,  � 40 mV; blue squares, 
20 mV; gray circles, 60 mV). Solid lines are fi ts of Eq. 5 with the re-
sulting pK O  and  �  0  reported in B and C, respectively, as fi lled circles. 
The solid line in C is a fi t of the fi lled circles to an exponential func-
tion of the form  �  0  =  �  0 (0)*exp(z*VF/(RT)), where F is Faradays 
constant, R the gas constant, T the absolute temperature,  �  0 (0) the 
value of  �  0  at 0 mV, and z the  “ slope ”  of the curve, resulting in z = 
0.28. Dashed lines in A are fi ts of Eq. 7 with the resulting pK O  and  �  
reported in B and C, respectively, as open circles.   
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manner ( Miller, 2006 ;  Traverso et al., 2006 ). The simplest 

scheme incorporating this idea is given by Model 3: 

(MODEL 3)

 in which direct protonation of E166 from the intracellu-

lar solution opens the channel. This model can be dis-

carded immediately because it predicts an opening rate 

that is proportional to [H + ] and a pH-independent clos-

ing rate, in contrast to the experimental results. Thus, 

similar to the Hanke and Miller model (1), at least one 

saturable intracellular proton acceptor must be invoked 

in order to describe the pH dependence of the apparent 

opening and closing rates. We denote the hypothetical 

intracellular proton acceptor by A in its deprotonated 

form and by AH in its protonated form. Similarly, we ab-

breviate the unprotonated and protonated state of Glu-

166 by E  �  , or EH, respectively. With this notation, and 

assuming that protonation of E166 is required for chan-

nel opening, the gating transitions can be described by 

the following scheme: 

(MODEL 4)

 In this scheme, we restrict our attention to the infl uence 

of intracellular protons and neglect the effect of pH ext . 

Similar to Model 1 we assume fast equilibration of protons 

with the intracellular acceptor, governed by the equilib-

rium constants K C  and K O , respectively, depending on the 

protonation state of E166. The rate limiting step for open-

ing/closing is the voltage-dependent proton transfer be-

tween the intracellular acceptor and E166, described by  �  

and  � , respectively. Given that states in which E166 is pro-

tonated are  “ open, ”  the effective opening and closing rate 

constants,  �  eff  and  �  eff , for Model 4 are given by 

   α
λ

eff
C

C

H K
H K

=
+

/

/1
   (6) 

   β
μ

eff
OH K

=
+1 /

.    (7) 

 These equations are formally practically equivalent to 

Eqs. 4 and 5, because we could conclude that in Model 1, 

 �  H  and  �  0  are negligible. In fact, fi tting Eq. 7 to the clos-

ing rate ( Fig. 8 A , dashed lines for representative volt-

ages) results in values for K O  ( Fig. 8 B , open symbols) and 

the closing rate  �  ( Fig. 8 C , open symbols) very similar to 

the corresponding values obtained for Model 1 ( Fig. 8, B 

and C , fi lled symbols). 

 Thus, formally, we cannot distinguish between an allo-

steric regulation of gating by intracellular protons and a 

experimental data and from the fi t we can draw several 

important, general conclusions. First, the proton binding 

constant of the open state, K O , is practically voltage inde-

pendent ( Fig. 8 B ). Second, the resulting values for the 

closing rate constant of protonated channels,  �  H , are small 

(not depicted). The closing rate constant of unproton-

ated channels,  �  0 , has an exponential voltage dependence 

with an apparent gating valence of z = 0.28 ( Fig. 8 C ), in 

agreement with results from Chen and Miller ( 1996 ). 

 Since  �  0  and  �  H  are negligible, Model 1 can be for-

mally reduced to the simpler Model 2: 

(MODEL 2)

 in which opening occurs exclusively from protonated 

channels, whereas closing occurs only from unprotonated 

channels. The fact that Model 2 implies net anti-clock-

wise cycling and thus thermodynamic disequilibrium is 

uncomforting to a certain extent but probably not com-

pletely surprising given that gating of ClC-0 is known to 

be coupled to ion permeation process in a nonequilib-

rium fashion ( Richard and Miller, 1990 ;  Pusch et al., 

1995 ;  Chen and Miller, 1996 ). 

 A Possible Mechanism of the Fast Gate Involving an 
H +  Acceptor 
 Model 2 gives a formal description of the proton depen-

dence of gating but provides relatively little insight into 

the molecular mechanism of how intracellular protons 

affect fast gating. It is well established that the conserved 

glutamate residue 166 is of crucial importance for fast gat-

ing. In the crystal structure of the bacterial ClC-ec1, the 

side chain of the homologous residue E148 blocks the 

exit of a bound Cl  �   ion toward the extracellular solution 

( Dutzler et al., 2002 ). This has led to the hypothesis that 

E166 acts as a  “ gate ”  in ClC-0 that has to open in order to 

allow ion permeation. Consistent with this idea, mutants 

E166A, E166Q, and E166S have a practically completely 

 “ open ”  phenotype: they lack voltage dependence, chlo-

ride dependence, and pH ext  dependence ( Dutzler et al., 

2003 ;  Traverso et al., 2003 ). Furthermore, the fast gate of 

ClC-0 can be similarly locked open in low pH ext  ( Chen 

and Chen, 2001 ;  Dutzler et al., 2003 ). The latter result 

suggests that E166 has to be protonated in order to be 

removed from its  “ blocking ”  position, in agreement with 

theoretical investigations ( Kuang et al., 2007 ), even 

though there is no direct evidence for this. Assuming, 

thus, that opening of the fast gate requires protonation of 

E166, a natural mechanism to explain the pH int  depen-

dence and the voltage dependence of gating is that intra-

cellular protons reach E166 in a voltage-dependent 
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194  Intracellular Proton Regulation of ClC-0 

agreement with three key observations. (1) The open-

ing rate is independent from the intracellular pH. (2) 

The closing rate is strongly dependent on pH. (3) The 

closing rate (but not the opening rate) is strongly de-

pendent on [Cl  �  ] int . 

 To test if the model is in quantitative agreement with 

our data, we parameterized the closing transitions pre-

dicted by Model 5 in the following manner, again ex-

cluding for simplicity effects of pH ext  and [Cl  �  ] ext . 

Intracellular Cl  �   and OH  �   ions bind competitively to a 

site with apparent dissociation constants given by 

   K K zCl Cl Cl= ( )exp( )0 ϕ    

   K K zOH OH Cl= ( )exp( ),0 ϕ    

 with  	  =  VF /( RT ), z Cl  the electrical distance of the Cl  �   

(and OH  �  ) binding site from the intracellular solution, 

and the respective dissociation constants K Cl (0) and 

K OH (0) at 0 mV. The closing rate  �  (from the OH  �   oc-

cupied state, see  Fig. 9 A ) is voltage dependent with 

   β β ϕβ( ) ( )exp( )V z= −0    

 with the electrical distance z  �  , and the closing rate  � (0) 

at 0 mV. Using the defi nitions 

   r
Cl
K

Cl
K

zCl
Cl Cl

Cl= = −
[ ] [ ]

( )
exp( )int int

0
ϕ    

direct protonation of E166 as the crucial gating step. 

Nevertheless, it is reasonable to assume that E166 needs 

to be protonated in order for the channel to open. 

 An Alternative Mechanism of Opening — Dissociation of a 
Water Molecule 
 Even though the above described Model 4 can fi t the 

data obtained for the closing rate, it is qualitatively in-

consistent with the almost complete independence of 

the opening rate on pH and [Cl  �  ] int  and the very strong 

dependence of the closing rate on these parameters. 

The apparent dependence of the opening rate on pH int  

described by  Hanke and Miller (1983)  is most likely due 

to the effect of pH ext , because these authors changed 

pH on both sides of the membrane. 

 An alternative mechanism is illustrated in  Fig. 9 A  

(Model 5).  In this model, the proton required to open 

the channel derives from the dissociation of a water 

molecule. The resulting hydroxyl anion is stabilized by 

the positive electrostatic potential of one (or more) of 

the anion binding sites. Conversely, channel closing is 

only possible if a hydroxyl anion is bound in the channel, 

acting as the acceptor of the free proton dissociated 

from the side chain of E166. This model is in qualitative 

 Figure 9.   Model of pH-dependent gating of ClC-0 involving wa-
ter dissociation. In A, the model is schematically drawn (see text 
for details). (B and C) Closing rate constants at 104 mM Cl  �   (B) 
and 14 mM Cl  �   (C) (data from  Fig. 6 B  and  Fig. 7 B , respectively; 
circles, pH 7.3; squares, pH 8.3; triangles up, pH 9; triangles 
down, pH 10) together with a best fi t of Eq. 8 with the following 
parameters:  � (0) = 6003 s  � 1 , z  �   = 0.31, K Cl (0) = 16.6 mM, K OH (0) = 
46  μ M, z Cl  = 0. (D) A hypothetical model of how extracellular Cl  �   
ions could facilitate gate opening. The initially protonated state 
(indicated by *) is metastable and requires the occupation of the 
external binding site by a Cl  �   ion for channel opening.   

 Figure 10.   Fast gating relaxations in D 2 O. Representative cur-
rent traces from an inside out patch measured in the standard 
H 2 O solution (A) or in D 2 O (B) at pH/pD 8.3. The extracel-
lular solution was in H 2 O. The pulse protocol consisted of a 
prepulse to  � 140 mV, test pulses ranging from 140 to  � 160 mV, 
and a tail pulse to 100 mV. The right panels show a zoom of 
the pulses to 100 mV, superimposed with a monoexponential fi t 
(red line).   
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volved in the opening step. Second, as explained in the 

Discussion, also the slowing of the closing rate constant 

in D 2 O is in nice agreement with Model 5. 

 D I S C U S S I O N 

 The strong dependence of the fast gate of ClC-0 on pro-

tons has long been known ( Hanke and Miller, 1983 ). A 

possible molecular mechanism for such an effect became 

evident after the structure determination of the bacterial 

ClC-ec1 homologue ( Dutzler et al., 2002 ). The presum-

ably negatively charged, i.e., deprotonated, side chain of 

a highly conserved glutamate residue (E148) blocked the 

passage of a centrally bound Cl  �   ion toward the extracel-

lular space. The fundamental role of this glutamate for 

CLC functioning was confi rmed by crystal structures in 

which the glutamate was neutralized; a Cl  �   ion was found 

to replace the WT E148 side chain ( Dutzler et al., 2003 ). 

In addition, functional studies of ClC-0 confi rmed the 

 and 

   r
OH
K

OH
K

zOH
OH OH

Cl= = −
[ ] [ ]

( )
exp( )int int

0
ϕ    

 the relative occupancy of the OH  �   bound open state is 

given by 

   p OH bound
r

r r
OH

Cl OH

( ) .− =
+ +1

   

 Since channels can close only from this state with the 

rate constant  � (0)exp( � z  �   	 ), the effective closing rate 

constant is thus given by 

   β β ϕβeff
OH

Cl OH

V z
r

r r
( ) ( )exp( ) .= −

+ +
0

1
   (Eq. 8) 

 The solid lines in  Fig. 9 (B and C)  show the best fi t of 

Eq. 8 with the parameters given in the fi gure legend. We 

restricted the fi t to voltages less positive than 60 mV, 

fi rst because the closing rate is in principle more diffi -

cult to determine at positive voltages, and, second, be-

cause we expect the infl uence of extracellular Cl  �   on 

the closing rate to be larger at positive voltages. A rela-

tively good, albeit not  “ perfect, ”  agreement of the model 

with the data can be achieved. The resulting parameters 

suggest an apparent (practically voltage-independent) 

K D  for OH  �   ions of 46  μ M and an apparent K D  for Cl  �   

ions of 16 mM. 

 Deuterium Isotope Effects on Fast Gating 
 If proton translocation is a rate limiting event for chan-

nel opening, a large effect of D 2 O substitution on the 

opening rate constant can be expected ( DeCoursey and 

Cherny, 1997 ). To test this prediction we measured gat-

ing relaxations in D 2 O solutions applied to the cytoplas-

mic side. Typical traces are shown in  Fig. 10 B , with the 

control of the same patch in H 2 O shown in  Fig. 10 A , 

both at pH/pD 8.3.  Gating relaxations are clearly slower 

at positive and at negative voltages in D 2 O compared 

with H 2 O. On the other hand, external D 2 O had only a 

very small effect on gating (unpublished data). We per-

formed a kinetic analysis as in  Fig. 6  to extract the open-

ing and closing rate constants at pD 7.3 and pD 8.3. 

Results are shown in  Fig. 11 .  In D 2 O, the opening rate 

constant is slowed by a factor of  � 3.1 for voltages  ≥   � 40 

mV ( Fig. 11 C ), independently from the pH ( Fig. 11 A ). 

The closing rate constant is affected even more drasti-

cally ( Fig. 11, B and D ). These results are in full agree-

ment with the predictions of Model 5. First of all, the 

slowing by a factor of 3.1 is signifi cantly larger compared 

with what is found for D 2 O modifi cation of other ion 

channels not involving H +  transfer reactions (for a com-

prehensive overview see  DeCoursey and Cherny, 1997 ), 

directly supporting the view that proton transfer is in-

 Figure 11.   Opening and closing rate constants in D 2 O. Opening 
(A) and closing (B) rate constants were determined as in  Fig. 6 . 
Since slightly different solutions were employed in these exper-
iments (see Materials and methods), the rate constants in H 2 O 
represent the values obtained from the same patches in which we 
tested the effect of D 2 O.  ( C )  The ratio of the opening rate con-
stants at pH/pD 8.3 in H 2 O and D 2 O. (D) The ratio of the closing 
rate constants at pH/pD 8.3 in H 2 O and D 2 O.   
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196  Intracellular Proton Regulation of ClC-0 

dependence of the rate constants on [Cl] int , and we 

were unable to identify the pH sensor using mutagene-

sis. None of these arguments is fully stringent, and we 

can thus not exclude those models. Nevertheless, the 

alternative mechanism illustrated in  Fig. 9  based on wa-

ter dissociation is in qualitative agreement with the de-

pendence of the rate constants on [Cl  �  ] int  and pH int ; 

open channels are stabilized by intracellular chloride by 

direct competition with hydroxyl anions, leading to a 

chloride dependence of the closing rate constant. Also 

the pH dependence of the closing rate and the pH in-

dependence of the opening rate are in natural agree-

ment with the model shown in  Fig. 9 . 

 Strong support for the kinetic model shown in  Fig. 9  

was provided by the D 2 O substitution experiments. The 

opening rate constant was more than threefold smaller 

in D 2 O compared with H 2 O. In contrast, for many other 

channel types, gating time constants are affected only 

by a factor  < 2 (see Table III in  DeCoursey and Cherny, 

1997 ) in D 2 O substitution experiments. Thus, a proton-

ation reaction most likely represents the rate limiting 

step in channel opening. Also the effect of D 2 O substi-

tution on the closing rate constant is in full agreement 

with the model shown in  Fig. 9 . The dissociation con-

stant of D 2 O is signifi cantly smaller than that for water 

(0.14  ×  10  � 14  M 2  compared with 1.0  ×  10  � 14  M 2 ) ( Glasoe 

and Long, 1960 ). Thus at equivalent pH/pD values, the 

OD  �   concentration is about sevenfold lower in D 2 O 

than the OH  �   concentration in H 2 O. According to 

Model 5, the closing rate constant is not directly related 

to the H + /D +  concentration, but rather to the OH  �  /

OD  �   concentration. Thus, the 7 – 10-fold slowing of 

channel closure seen in D 2 O ( Fig. 11 D ) can be mostly 

attributed to a reduced OD  �   concentration. 

 How realistic is the possibility that protons are deliv-

ered by water dissociation? Kasianowicz et al. ( 1987 ) ar-

gue that dissociation of water is the fastest mechanism 

by which protons can be delivered to a membrane-asso-

ciated weak acid. Also in general base catalysis, protons 

can be generated by water dissociation. 

 It should be noted that our model implies that the 

structure of the closed state of ClC-0 must be different 

from the structure of the closed conformation of ClC-

ec1 ( Dutzler et al., 2003 ). In the bacterial transporter, a 

completely dehydrated Cl  �   ion is bound in the central 

Cl  �   binding site. Water molecules, acting as proton do-

nors, could not easily access that site. 

 Another important element that has to be considered 

in a model of the fast gate is the dependence on extracel-

lular Cl  �  . Previous studies have shown that the apparent 

open probability and, in particular, the opening rate 

constant,  � , of the fast gate strongly depend on the extra-

cellular Cl  �   concentration ( Pusch et al., 1995 ;  Chen and 

Miller, 1996 ). It was concluded that the voltage depen-

dence of opening arises from voltage-dependent Cl  �   

binding ( Pusch et al., 1995 ) or a voltage-dependent 

critical role of the glutamate: mutational neutralization 

or application of low extracellular pH locked the fast gate 

open ( Chen and Chen, 2001 ;  Dutzler et al., 2003 ;  Traverso 

et al., 2003 ). The role of protons for CLC functioning be-

came even more prominent and interesting with the sur-

prising discovery that the bacterial ClC-ec1 and several 

eukaryotic CLC proteins are actually not passive Cl  �   ion 

channels but secondary active, strictly coupled, and elec-

trogenic Cl  �  /H +  antiporters ( Accardi and Miller, 2004 ; 

 Picollo and Pusch, 2005 ;  Scheel et al., 2005 ;  De Angeli 

et al., 2006 ;  Nguitragool and Miller, 2006 ). Thus, a rea-

sonable hypothesis is that the proton dependence of 

ClC-0 and other CLC channels is mechanistically related 

to the proton transport of CLC exchangers ( Miller, 2006 ). 

In particular, we have recently advanced the hypothesis 

that most of the voltage dependence of the fast gate de-

rives from a voltage-dependent transfer of protons form 

the intracellular solution to the  “ gating ”  glutamate, E166 

( Traverso et al., 2006 ). In the present paper, we sought to 

decipher the mechanism of intracellular proton depen-

dence in more detail. First, we performed a mutational 

analysis in order to identify a hypothetical intracellular 

proton acceptor. A similar approach had led to the iden-

tifi cation of the off-pore glutamate E203 in the bacterial 

ClC-ec1 as a good candidate for an intracellular H +  ac-

ceptor ( Accardi et al., 2005 ). The importance of this resi-

due for proton transport was confi rmed also for ClC-4 

and ClC-5 ( Zdebik et al., 2008 ). However, the analogous 

residue is a valine in all known CLC channels ( Accardi 

et al., 2005 ). None of the 22 residues tested in our screen 

turned out to be a good candidate H +  acceptor. The only 

mutants that had a drastic effect on pH int  sensitivity were 

E166A, F214L, and F418A. The insensitivity of E166A (at 

least for pH  <  9) can be considered trivial, since the mu-

tant is locked open anyway. In fact, we believe that the 

voltage and time-dependent reduction of E166A-medi-

ated currents at pH  ≥  9 is caused by a voltage-dependent 

block of the mutant by OH  �   anions, similar to the block 

of the mutant by intracellular CPA ( Traverso et al., 2003 ). 

 Even if we cannot exclude that other residues, not tested 

in this study, might act as a proton acceptor, the mutagen-

esis results are consistent with the idea that proton regula-

tion of gating does not involve such an element. 

 To get more insight into the mechanism of proton 

regulation we performed a detailed kinetic analysis of 

channel gating. Our results are grossly compatible with 

three conceptually different kinds of models, posing 

specifi c constraints for each of these. The fi rst class of 

models assumes an allosteric regulation of fast gating by 

an intracellular proton acceptor ( Hanke and Miller, 

1983 ). In the second class of models, delivery of protons 

from this hypothetical proton acceptor to Glu-166 di-

rectly opens the channel in a voltage-dependent man-

ner. Both models suffer from the qualitative inconsistency 

with the experimentally found pH independence of the 

opening rate, they do not explain in an obvious way the 
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translocation of Cl  �   through the channel during the 

opening process ( Chen and Miller, 1996 ). Recently, 

Engh et al. (2007a) explored in detail the extracellular 

Cl  �   dependence of the fast gate of ClC-0. From the very 

thorough analysis of Engh et al. it emerged that it is ex-

tremely diffi cult to distinguish if the voltage dependence 

of  �  arises from a voltage-dependent Cl  �   binding or from 

the voltage dependence of a subsequent  “ gating step, ”  

which may or may not involve Cl  �   translocation. In any 

case, a fundamental difference of the previous  “ Cl  �  -de-

pendent ”  gating models ( Pusch et al., 1995 ;  Chen and 

Miller, 1996 ;  Dutzler et al., 2003 ;  Engh et al., 2007a ) and 

our proton-dependent model lies in the mechanism of 

how the presumably negatively charged side chain of 

E166 is removed from its blocking position in the closed 

state. The Cl  �  -dependent gating models assume that Cl  �   

competes with E166. Our proton-dependent model, in-

stead, assumes that E166 has to be protonated in order 

to allow channel opening. Similar to the diffi culty in ex-

plaining the pH dependence, none of the models are 

able to explain all of the data concerning the extracel-

lular Cl  �   dependence. A speculative possibility of how 

extracellular chloride ions could infl uence channel 

opening in our proton-dependent model is illustrated in 

 Fig. 9 D ; the initial protonated state ( Fig. 9 D , middle 

state) is metastable and requires the occupation of the 

external site by a Cl  �   ion from the extracellular space for 

stabilization. Clearly, much more experimental effort 

has to be invested in order to obtain a molecular under-

standing of the intricate physico chemistry of CLC chan-

nels. It is even more obscure how the pH-dependent 

gating of ClC-0 is related to the Cl  �  / H +  antiport of ClC-5 

or ClC-ec1. In these transporters, protons are probably 

taken up from the intracellular solution by E203 in ClC-

ec1 (and E268 in ClC-5) and transferred to the gating 

glutamate via a route that does dot coincide with the 

chloride pathway ( Accardi et al., 2005 ). The role of E268 

as a proton transfer residue in ClC-5 was also confi rmed 

by the fi nding that function was partially retained when 

it was exchanged by other titratable residues (e.g., histi-

dine) but not other amino acids ( Zdebik et al., 2008 ). 

Therefore, water dissociation is probably not involved in 

the delivery of protons from the intracellular solution in 

these Cl  �  /H +  antiporters. Future experiments, on CLC 

channels and CLC transporters, will help to uncover the 

mechanistic details of H + -mediated gating and Cl  �  /H +  

fl ux coupling. 
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