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

 CLC-1, a chloride (Cl  �  ) channel contributing a dominat-

ing conductance to the skeletal muscle membrane, is 

important for the control of muscle excitability. We have 

recently demonstrated, using excised inside-out patch 

recording methods, that cytoplasmic ATP can reversibly 

inhibit the current of CLC-1 ( Tseng et al., 2007 ). This 

ATP inhibition of CLC-1 is enhanced by acidic intracel-

lular pH, and the effect appears to come from modulat-

ing the CLC-1  “ common gating ”  that controls the opening 

of both protopores of the channel. The inhibition is 

robust — ATP can shift the common gate opening 

curve ( P  o  
c -V curve) toward more depolarized voltages by 

 > 100 mV at a pH i  of 6.2. This mechanism was thought 

to play an important role in muscle fatigue; the inhibition 

of CLC-1 reduces the electrical shunting current on the 

surface membrane of skeletal muscles so that the par-

tially inactivated Na +  channels are still able to initiate ac-

tion potentials ( Pedersen et al., 2004, 2005 ). 

 Although our results obtained from CLC-1 expressed 

in  Xenopus  oocytes were consistent with those obtained 

from the channel expressed in mammalian cells ( Bennetts 

et al., 2005, 2007 ), a recent paper reported that intracel-

lular ATP was unable to inhibit CLC-1 ( Zifarelli and Pusch, 

2008 ). The latter study, like ours, was performed on CLC-1 

expressed in  Xenopus  oocytes using excised inside-out 

patch recording methods, so the discrepancy was surpris-
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ing given that the same channel expression system and 

similar experimental techniques were used. To clarify 

the ATP inhibition mechanism, we have reexamined the 

ATP effect on CLC-1 in two channel expression systems. 

We found that the inhibition of CLC-1 common gating 

by the cytoplasmic ATP/H +  can be controlled by oxida-

tion and reduction (redox). We suggest that the varia-

tion of the redox state of the channel may be the culprit 

underlying the discrepancy among the various studies. 

Oxidation has been known to affect the contraction of 

skeletal muscles ( Lamb and Posterino, 2003 ;  Smith and 

Reid, 2006 ;  Ferreira and Reid, 2007 ;  Peake et al., 2007 ). 

Oxidation of CLC-1 may thus be one of the mechanisms 

that control the muscle fatigability. 

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

 Electrophysiological recordings were conducted using the Axo-
patch 200B amplifi er and the Digidata 1320 A/D board controlled 
by pClamp8 software (MDS Analytical Technologies). Two chan-
nel expression systems were used,  Xenopus  oocytes and tsA201 
cells. The human CLC-1 Cl  �   channel inserted in the pTLN vector 
was provided by T.J. Jentsch (Leibniz-Institut für Molekulare 
Pharmakologie (FMP) and Max-Delbrück-Centrum für Molekulare 
Medizin (MDC), Berlin, Germany) ( Steinmeyer et al., 1991 ). The 
mRNA used to inject the oocytes was synthesized directly from 
this construct using SP6 mMessage mMachine kit (Ambion). The 
procedures for harvesting and injecting  Xenopus  oocytes were de-
scribed previously ( Chen, 1998 ;  Li et al., 2005 ). Normally, the 
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     The effect of intracellular adenosine triphosphate (ATP) on the  “ common gating ”  of the CLC-1 chloride channel 
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When patches were excised from mammalian cells, the sensitivity to ATP was lost quickly — within 2 – 3 min. This loss 
of ATP sensitivity could be prevented or reversed by reducing agents. On the other hand, CLC-1 expressed in 
 Xenopus  oocytes lost the ATP sensitivity when patches were treated with oxidizing reagents. These results suggest 
a novel view in muscle physiology that the mechanisms controlling muscle fatigability may include the oxidation 
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ATP-inhibited current was normalized to that from the fi rst ATP 
application, and the time constant was obtained from a single 
exponential fi t. The time spent before the fi rst ATP application 
( � 10 – 15 s) was ignored. In all fi gures, data points are presented 
as mean  ±  SEM. 

 R E S U LT S 

 The effect of ATP on CLC-1 is weak in neutral pH, but 

it is enhanced by acidic pH i  ( Bennetts et al., 2007 ;  Tseng 

et al., 2007 ). Other nucleotides/nucleosides have also 

been shown to have a similar effect as that of ATP on 

the common gate of CLC-1 ( Bennetts et al., 2005 ). To 

compare our excised-patch experiments with those of 

whole cell recordings from mammalian cells, we tested 

the effects of various nucleotides/nucleosides in shift-

ing the common gate  P  o  
c -V curve in acidic conditions. 

 Fig. 1  A shows the common gate  P  o  
c -V curves of the wild-

type CLC-1 in control (black symbols) and in the pres-

ence of various intracellular nucleotides/nucleosides.  

The experiments were performed on the channels ex-

pressed in  Xenopus  oocytes using excised inside-out patch 

recording methods. It can be seen that ADP and AMP 

are at least as effective as ATP in shifting the  P  o  
c -V curve 

of CLC-1. On the other hand, cAMP ( Fig. 1 A , left) and 

adenine ( Fig. 1 A , right) have almost no effect, whereas 

adenosine and GTP are less effective than ATP. Two 

point mutations of CLC-1, H847A and L848A, have been 

reported to suppress the ATP inhibition of CLC-1 ex-

pressed in HEK293 cells. As shown in  Fig. 1  (B and C), 

these two mutations indeed also reduced the extent of 

the shift of the  P  o  
c -V curve when the mutants were ex-

pressed in  Xenopus  oocytes, although the L848A muta-

tion did not completely abolish the ATP effect as shown 

in  Bennetts et al. (2005) . 

 To further examine the ATP effect on the CLC-1 

common gating, we examined channels in tsA201 cells 

using excised inside-out patch recording methods. To 

our surprise, 3 mM ATP had no effect on the steady-

state current of CLC-1 at a pH i  of 6.8 ( Fig. 2 A ), as can 

also be seen from the nearly overlapped  P  o  
c -V curves 

obtained in the absence and presence of 3 mM ATP 

( Fig. 2 B ).  Because a robust ATP effect on CLC-1 was 

observed in whole cell recordings of mammalian cells 

( Bennetts et al., 2007 ), we hypothesized that the lack 

of the ATP effect in our excised-patch experiments 

might result from a loss of a cytosolic factor during the 

recording process. The experiment shown in  Fig. 3 A , 

which was performed at a pH i  of 6.8, indeed supports 

this speculation; the ATP inhibition could be observed 

immediately after the patch excision, but the inhibi-

tion was reduced, or even disappeared, after several 

minutes.  The time constant of the decay of the ATP ef-

fect was  � 2 – 3 min once the ATP sensitivity started de-

creasing ( n  = 12;  Fig. 3 A , inset). 

excised inside-out patch recordings from oocytes were performed 
3 – 5 d after RNA injection. Except where indicated, recording 
electrodes had a large tip diameter of  � 7 – 9  μ m. When fi lled with 
a pipette (extracellular) solution containing 120 mM NMG-Cl, 
1 mM MgCl 2 , 10 mM HEPES, and 1 mM EGTA, pH 7.4, the elec-
trode resistance was  � 0.3 – 0.5 M Ω . The bath (intracellular) solu-
tion was the same as the pipette solution except for variations of 
pH i  at 7.4, 6.8, or 6.2. 

 To express CLC-1 channels in mammalian cells, tsA201 cells 
were used because the channel density in human embryonic kid-
ney (HEK)293 cells was not suffi cient for excised-patch record-
ings ( Bennetts et al., 2007 ;  Zifarelli and Pusch, 2008 ). The CLC-1 
cDNA was subcloned to the pcDNA3 vector. Transfection of 
tsA201 cells was achieved using a lipofectamine kit, similar to 
that described previously in the transfection of HEK293 cells 
( Zhang et al., 2006 ). The tip of the recording electrodes was 
 � 1 – 3  μ m. When filled with a pipette (extracellular) solution 
containing 130 mM NaCl, 5 mM MgCl 2 , 10 mM HEPES, and 1 mM 
EGTA, pH 7.4, the electrode resistance was  � 1 – 3 M Ω . The bath 
(intracellular) solution was the same as the pipette solution for 
recording the mammalian cells except for variations of pH i  at 
7.4, 6.8, and 6.2. 

 All electrophysiological recordings were performed at room 
temperature ( � 21 – 23 ° C). The pH of the intracellular solution 
was adjusted to the required value after the desired concentra-
tions of ATP were added. ATP and various nucleotides/nucleo-
sides were purchased from Sigma-Aldrich. Stock solutions of 
100 mM nucleotides/nucleosides were made in distilled water 
and stored at  � 20 ° C. Working solutions were made on the day of 
the experiments. The steady-state common gate  P  o  was evaluated 
using a standard voltage protocol (here referred to as protocol A) 
described previously ( Accardi and Pusch, 2000 ;  Duffi eld et al., 
2003 ;  Bennetts et al., 2005 ;  Tseng et al., 2007 ). In brief, the mem-
brane potential was held at 0 mV and was fi rst stepped to various 
test voltages (oocytes: from +120 to  � 140 mV in  � 20-mV steps; 
tsA201 cells: from +120 or +80 to  � 120 mV in  � 20-mV steps) for 
300 – 400 ms, followed by a short (400- μ s) voltage step to +170 mV 
to completely open the fast gate. The 400- μ s fast gate activation 
voltage was followed by a tail voltage step at  � 100 mV for 300 ms. 
To estimate the  P  o  of the common gate ( P  o  

c ), the value of the ini-
tial tail current, determined by fi tting the tail current with a dou-
ble exponential function, was normalized to the maximal initial 
tail current obtained after the most positive test voltage in the 
 absence of ATP. In experiments where a continuous monitoring 
of the common gate  P  o  was required, a test voltage at  � 80 mV was 
applied, followed by the +170-mV short pulse (400  μ s) and the tail 
voltage at  � 120 mV. This voltage protocol (referred to as protocol B) 
was applied once every 2 s, and the initial tail current, measured 
at 1 ms after the start of the tail voltage, was plotted as a func-
tion of time to monitor the change of  P  o  

c . In some experiments, 
the test voltage and the tail voltage were  � 40 and  � 100 mV, re-
spectively, and the results were not signifi cantly different. For 
experiments in tsA201 cells (see  Figs. 3, 4, and 6 A ), ATP was 
 repeatedly applied for 10 s every min. For experiments on the 
patches excised from  Xenopus  oocytes ( Figs. 5 and 6 B ), the rates 
of the ATP inhibition and recovery were much slower than those 
in tsA201 cells. Therefore, ATP was applied for a longer time in 
each application. 

 The redox condition was controlled by including H 2 O 2  or cop-
per phenanthroline (CuPhe), and  � -mercaptoethanol ( � -ME) or 
dithiolthreitol (DTT) in the intracellular solution. Solution ex-
change was achieved by using the SF-77 solution exchanger (Warner 
Instruments) as described previously ( Zhang et al., 2006 ). Data 
analyses and presentations were performed using the combina-
tion of pClamp8 and Origin software (Origin Laboratory, Co.). 
To monitor the time course of the loss of the ATP sensitivity in 
patches excised from tsA201 cells (see  Fig. 3, A and B , insets), the 
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the robust ATP sensitivity over the entire recording course 

of 20 min. Performing the experiment using 50  μ M 

DTT also maintained the ATP sensitivity (not depicted). 

Thus, it appears that redox plays a signifi cant role in 

controlling the ATP regulation of the CLC-1 common 

gating. We suspect that the target of the redox modula-

tion is the free thiol group of cysteine because the ATP 

sensitivity of CLC-1 can also be maintained if the ex-

cised patch is exposed to methane thiosulfonate (MTS) 

reagents immediately after the patch excision ( Fig. 3 C ). 

Likewise, studying the steady-state current in the pres-

ence of reducing reagents reveals that ATP indeed can 

shift the  P  o  
c -V curve of the CLC-1 channel expressed in 

tsA201 cells ( Fig. 3 D ). 

 As the intracellular pH in skeletal muscles can vary 

signifi cantly ( Allen et al., 2008 ), we examined if the oxi-

dation control of the ATP effect could occur at various 

pH i  ’ s.  Fig. 4  shows similar experiments of monitoring 

the ATP sensitivity of CLC-1 at pH i  ’ s of 7.4 ( Fig. 4 A ) 

and 6.2 ( Fig. 4 B ).  Under both pH conditions, if the 

patch was excised directly into the regular bath solution, 

the ATP sensitivity of CLC-1 was lost in several minutes. 

However, if the bath solution included small amounts 

of reducing reagents, the ATP sensitivity of CLC-1 was 

maintained for a long time. 

 Our excised patch experiments in CLC-1 channels ex-

pressed in mammalian cells thus reproduced the results 

obtained from whole cell recording experiments, when 

the channels were controlled in the reduced condition. 

Because we consistently observed a robust effect of ATP 

in our experiments performed in membrane patches 

excised from  Xenopus  oocytes ( Fig. 5 A ), the channels 

 We suspected that the critical factor that maintained 

the ATP sensitivity of CLC-1 was the reducing power in 

cytoplasm, and the CLC-1 channel may have undergone 

oxidation upon the excision of the membrane patch 

into the regular bath solution. We thus excised the mem-

brane patch into the same bath solution containing 100  μ M 

 � -ME.  Fig. 3 B  shows that such a maneuver can maintain 

 Figure 1.   Effects of intracellular nucleotides 
on the common gate  P  o  

c -V curve of wild-type 
CLC-1 and two single-point mutants. All ex-
periments were performed with 3 mM nu-
cleotides/nucleosides at a pH i  of 6.2.  P  o  

c  was 
determined using protocol A. (A) Comparison 
of the effects of various nucleotides/nucleo-
sides on the  P  o  c -V curve of CLC-1 channels 
expressed in  Xenopus  oocytes. Results on the 
left ( n  = 3) and right ( n  = 4) were obtained 
from different sets of membrane patches. 
(B) Effects of 3 mM ATP on the  P  o  

c -V curve of 
the H847A mutant (expressed in oocytes). Black 
squares, before ATP application; red squares, 
3 mM ATP; small open triangles, after ATP wash-
out ( n  = 4). For comparison, the  P  o  

c -V curves of 
the wild-type CLC-1 shown in the right panel of 
A are plotted as black (control) and red curves 
(3 mM ATP). (C) Effects of 3 mM ATP on the 
steady-state  P  o  

c -V curve of the L848A mutant 
(expressed in oocytes). The  P  o  

c -V curves of 
the wild-type CLC-1 in the absence (control) 
and in the presence of 3 mM ATP are the 
same as in B. A smaller ATP effect in the 
mutant compared with that of the wild-type 
CLC-1 was also observed in experiments using 
tsA201 cells.   

 Figure 2.   ATP does not inhibit steady-state CLC-1 current in 
patches excised from tsA201 cells. The pH i  was 6.8. (A) Steady-
state CLC-1 current in the absence (control) and in the presence 
of 3 mM ATP. (B) Effects of 3 mM ATP on the  P  o  

c -V curve of CLC-1 
expressed in tsA201 cells. Data points were obtained from the 
experiments as those shown in A.   
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before and after the CuPhe treatment indeed shows 

that the ATP-induced shift of the  P  o  
c -V curve is greatly sup-

pressed after the patch is treated with CuPhe ( Fig. 5 C ). 

These results from the channels expressed in  Xenopus  
oocytes again support the hypothesis that the ATP 

inhibition of the CLC-1 common gating is controlled 

by redox. 

 If oxidation of CLC-1 rendered the channel insensi-

tive to ATP inhibition, and if the excised membrane 

from  Xenopus  oocytes were likely in the reduced condition.  

We therefore tested whether oxidizing reagents could 

suppress the ATP effect in channels expressed in  Xeno-
pus  oocytes. The experiment in  Fig. 5 B  shows that 

although ATP initially exerts a robust inhibition on the 

CLC-1 current, the inhibition is greatly reduced after 

treating the patch with 10  μ M CuPhe for 2 min. Treat-

ing the patch with H 2 O 2  can also reduce the ATP effect 

(not depicted). Comparing the  P  o  
c -V curves of CLC-1 

 Figure 3.   Oxidation renders CLC-1 
channels insensitive to ATP. All ex-
periments were performed at a pH i  
of 6.8 in inside-out patches acutely 
excised from tsA201 cells under var-
ious conditions. The CLC-1 current 
was continuously monitored using 
protocol B. Each circle represents the 
initial tail current. The application 
of 3 mM ATP for 10 s, as indicated 
by the short horizontal lines, is re-
peated at a frequency of  � 1/min. 
(A) Continuous monitoring of the 
ATP sensitivity in the normal in-
tracellular solution for mammalian 
cells. The original recording traces 
before (black trace) and after (red 
trace) ATP applications were ob-
tained from the indicated ATP trials. 
Notice that the initial ATP inhibition 
of the current is signifi cant, but the 
inhibition quickly reduces or even 
disappears within 2 – 3 min. Insets 
show the averaged decay of the nor-
malized ATP sensitivity for patches 
without a delay (left,  �  = 1.9 min) 
or with a delay of 2 min (right, 

 �  = 2.8 min). (B) Continuous monitoring of the ATP inhibition of CLC-1 in the presence of reducing agents. The experiment was the 
same as that in A except that the patch was excised into the intracellular solution containing 100  μ M  � -ME. (Inset) Time course of the 
normalized ATP sensitivity in  � -ME. (C) ATP inhibition of CLC-1 channels after the membrane patch was exposed to 300  μ M MTSES 
for 30 s right after the fi rst ATP application. MTSES was then washed out, and the intracellular solution contained no reducing agent. 
(Insets) Current traces taken from the indicated ATP trials. (D) Effects of ATP on the steady-state  P  o  

c -V curve of CLC-1 channels in the 
presence of 100  μ M  � -ME.   

 Figure 4.   Redox control of the ATP sensitiv-
ity at various pH i  conditions. All experiments 
were similar to those shown in  Fig. 3  (A and B) 
except that the pH i  ’ s were at 7.4 (A) and 6.2 
(B). In both A and B, the recording on the left 
was performed in the bath solution without 
reducing reagents, whereas that on the right 
was performed in the presence of 100  μ M 
 � -ME. Short line segments at the bottom of 
each fi gure indicate the time when 3 mM ATP 
was applied.   
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treatment was  � 20% of the fi rst ATP response immedi-

ately after membrane excision. After a 1-min treatment 

of 10 mM DTT, the ATP response was recovered to 

 � 80% of the initial ATP response ( Fig. 6 A , inset). Simi-

lar experiments were performed on large membrane 

patches excised from  Xenopus  oocytes, except that the 

oxidation of the channel was sped up by CuPhe ( Fig. 6 B ). 

In the experiments in large patches excised from oo-

cytes, the ATP inhibition was reduced to  � 22% of the 

fi rst ATP inhibition after CuPhe treatment, whereas the 

subsequent application of 10 mM DTT for 2 min only 

resulted in the recovery of ATP inhibition to  � 32% of 

the initial ATP inhibition ( Fig. 6 B , inset). 

 D I S C U S S I O N 

 Inhibition of the Cl  �   conductance on the surface mem-

brane of skeletal muscles has recently been considered 

to be important in muscle fatigability ( Pedersen et al., 

2004, 2005 ). It has been proposed that the inhibition of 

CLC-1, the major Cl  �   conductance on the plasma mem-

brane of skeletal muscles, reduces the membrane-shunt-

ing conductance, and, therefore, the fi ring of action 

potentials is still possible with the partially inactivated 

Na +  channels ( Bennetts et al., 2007 ;  Tseng et al., 2007 ). 

The inhibition was thought to result from a direct binding 

of ATP to CLC-1 because the C terminus of various 

CLC proteins contains potential ATP-binding sites. How-

ever, high-resolution structures of the C-terminal cyto-

plasmic domains of several vertebrate CLC proteins 

patch exposed the channels to oxidants in the record-

ing solution, why did we consistently observe robust 

ATP inhibitions of CLC-1 in excised inside-out patches 

from  Xenopus  oocytes? We suspected that the patch ob-

tained from  Xenopus  oocytes might have retained the 

reducing factor for quite a long time because the re-

cording electrode had a large tip diameter (7 – 9  μ m), 

which might have resulted in the inclusion of intracellu-

lar materials in the excised patch and prevented a quick 

washout of the reducing factor. We thus used the small-

tip pipettes as those used in the experiments of tsA201 

cells (tip diameter of  � 1 – 3  μ m), and, indeed, the loss of 

ATP sensitivity was observed ( Fig. 5 D , top). However, if 

the small patch excised from  Xenopus  oocyte was imme-

diately placed in the bath solution containing reducing 

reagents, the ATP sensitivity was maintained ( Fig. 5 D , 

bottom). The loss of the ATP sensitivity as a function of 

time in small patches excised from  Xenopus  oocytes was 

independently observed in another laboratory (Dutzler, 

R., personal communication). 

 To further explore the redox control of the ATP sen-

sitivity, we examined whether the loss of ATP sensitivity 

can be reversed by reducing reagents.  Fig. 6 A  shows an 

experiment in which the patch from tsA201 cells was 

excised into a solution without oxidation or reducing 

reagents.  After the sensitivity to ATP inhibition was lost, 

the patch was treated with 10 mM DTT for 1 min. It can 

be seen that the channel regains ATP sensitivity after 

treating the channel with reducing reagents. In fi ve 

experiments, the averaged ATP response before DTT 

 Figure 5.   Oxidation suppresses the ATP in-
hibition of the common gating of CLC-1 
channels expressed in  Xenopus  oocytes. All 
experiments were performed at a pH i  of 6.8. 
(A) Inhibition of CLC-1 by 3 mM cytoplasmic 
ATP was consistent throughout a time course 
of 5 min for a large membrane patch. Voltage 
protocol B was used, and each circle represents 
the initial tail current. The recording traces 
in inset panels are an average of consecutive 
three traces before (black) and at the end of 
the 1-min ATP application (red). (B) CuPhe 
suppresses the ATP effect on CLC-1. Continu-
ous recordings using the same voltage protocol 
and the large-tip electrode as shown in A. The 
patch was exposed to CuPhe for 2 min before 
the second ATP application. (C) Effects of ATP 
on the steady-state  P  o  

c -V curve of CLC-1 before 
(squares) and after (circles) the CuPhe treat-
ment. Black, control; red, 3 mM ATP ( n  = 4). 
(D) Monitoring the ATP sensitivity of CLC-1 in 
channels from  Xenopus  oocytes using small-tip 
electrodes. The voltages of the test pulse and 
the tail pulse were  � 40 and  � 100 mV, respec-
tively. Notice that the spontaneous deteriora-
tion of the ATP sensitivity is much faster in the 
top panel (no reducing reagents in the bath so-
lution) than that in the bottom panel (100  μ M 
DTT in the bath solution).   
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 Bennetts et al. (2005)  that the ATP modulation of CLC-1 

common gating is not related to the energetic state 

of muscles. 

 Nonetheless, the lack of ATP effect reported by 

 Zifarelli and Pusch (2008)  was alarming because their 

recording methods and channel expression system were 

similar to those used in our study. To address the dis-

crepancy, we studied channels expressed in tsA201 cells 

as well as in  Xenopus  oocytes. We found that if the CLC-1 

current was challenged with ATP immediately after 

the patch excision, the ATP effect could be observed 

in both systems. The ATP sensitivity, however, could re-

duce or even disappear within several minutes after the 

patch excision. This occurred in every excised patch from 

tsA201 cells ( Fig. 3 A ). The ATP effect on the steady-

state  P  o  
c -V curve was not observed in patches from tsA201 

cells ( Fig. 2 ) because we normally spent several min-

utes to complete one run of protocol A to construct the 

control  P  o  
c -V curve before the patch was tested with 

ATP. We suspected that the loss of the reducing power 

in the excised patch might be the underlying mecha-

nism because the redox potential also controls the slow 

gating of a closely related channel, CLC-0 ( Li et al., 

2005 ). Indeed, we found that if the CLC-1 channel was 

exposed to a solution that contained small amounts of 

reducing agents (such as  � -ME or DTT), the sensitivity 

to ATP was maintained ( Fig. 3 B ). Most likely, this was 

due to the prevention of oxidation of cysteine residues 

because modifying CLC-1 with MTS could also maintain 

the ATP sensitivity ( Fig. 3 C ). In contrast, the channel 

expressed in  Xenopus  oocytes, although sensitive to ATP 

in regular bath solutions, became less sensitive to ATP 

( Meyer and Dutzler, 2006 ;  Markovic and Dutzler, 2007 ; 

 Meyer et al., 2007 ) so far provide evidence of ATP bind-

ing only to the C-terminal domain of CLC-5. Therefore, 

the lack of an ATP effect on CLC-1 reported by  Zifarelli 

and Pusch (2008)  raised a doubt as to whether ATP di-

rectly binds to CLC-1. This consideration renders it im-

perative to clarify the ATP inhibition mechanism. 

 Although  Zifarelli and Pusch (2008)  suggested a pos-

sibility that the ATP effect on CLC-1 is indirect, there 

might be another explanation for their negative results. 

For example, CLC-1 might be subjected to an unidenti-

fi ed channel modulation mechanism varied among dif-

ferent studies. As mentioned above, our previous study 

( Tseng et al., 2007 ) and that of  Bennetts et al. (2007)  

reached the same conclusion — that ATP can shift the 

 P  o  c -V curve of CLC-1, and this effect is enhanced by 

acidic pH. In addition, we show that the effects of vari-

ous nucleotides on the CLC-1 common gating and the 

ATP effect on the H847A and L848A mutants ( Fig. 1 ) 

are largely consistent with those reported in the experi-

ments using whole cell recordings in mammalian cells 

( Bennetts et al., 2005 ). These results make it less likely 

that a common artifact occurring in our study and in 

that of  Bennetts et al. (2005)  rendered CLC-1 sensitive 

to the ATP inhibition because the experiments were 

performed in different systems using different record-

ing methods. Furthermore, our functional results are 

consistent with a previous biochemical study showing 

that ATP, ADP, and AMP bind to the ATP-binding site 

of CLC-5 with similar affi nities ( Meyer et al., 2007 ). Be-

cause ADP and AMP are as effective as ATP in shifting 

the  P  o  
c -V curve of CLC-1, we concur with the idea of 

 Figure 6.   The loss of ATP response of CLC-1 can be reversed by reducing reagents. (A) Continuous monitoring of the ATP sensitivity of 
CLC-1 using small patches excised from tsA201 cells. (B) Testing the reversibility of the ATP response of CLC-1 in the large membrane 
patch excised from  Xenopus  oocytes. Insets in A and B are data averaged from fi ve and three patches, respectively.   
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ties of the common gating of CLC-1 in oxidized and re-

duced states appear to be different.  Accardi (2008)  

pointed out that the steady-state  P  o  
c -V curve of the CLC-1 

channels expressed in  Xenopus  oocytes from our previ-

ous study and from that of  Zifarelli and Pusch (2008)  

appeared to be different in the half-activation voltage 

(V 1/2 ) and the minimal open probability. For example, 

the control  P  o  
c -V curve of CLC-1 in our study had a min-

imal  P  o  
c  of  � 0.4 – 0.5 ( Tseng et al., 2007 ), whereas that in 

the study of  Zifarelli and Pusch (2008)  had a minimal 

 P  o  
c  of  � 0.6 – 0.7. It can be seen from  Fig. 5 C  (experi-

ments in oocytes) that the control  P  o  
c -V curve of CLC-1 

is shifted to the left and upper direction after the chan-

nel is treated with oxidizing reagents. Likewise, the  P  o  
c -V 

curves of the CLC-1 channel expressed in tsA201 cells 

show this consistent phenomenon — the channels that 

are insensitive to ATP (obtained in the absence of re-

ducing agents;  Fig. 2 B ) have a  P  o  
c  of  � 0.7 at  � 120 mV, 

whereas those that are sensitive to ATP (obtained in the 

presence of  � -ME;  Fig. 3 D ) have a  P  o  
c  of  < 0.5 at the 

same voltage. These comparisons again suggest that oxi-

dation of CLC-1 may indeed be the culprit underlying 

the discrepancy observed between our study and that of 

 Zifarelli and Pusch (2008) . 

 The observation that modifying CLC-1 with MTS re-

agents could prevent the loss of the ATP sensitivity sug-

gests that cysteine residues on the channel protein may 

be involved in the ATP inhibition of the CLC-1 com-

mon gating. We have mutated the fi ve cysteines located 

in the C-terminal cytoplasmic domain. However, these 

cysteine mutants still exhibited the time-dependent loss 

of ATP sensitivity in experiments where channels in 

small patches were examined in intracellular solutions 

without reducing reagents. We are currently mutating 

other cysteine residues in ClC-1, either singly or in com-

bination, to identify the target of oxidation. So far, the 

experiments to identify the residue responsible for re-

dox control of ATP inhibition discourage us from con-

cluding at this stage that CLC-1 is the oxidation target. 

However, the results presented here support the idea 

that the ATP inhibition on the CLC-1 common gating 

likely results from a direct interaction between ATP and 

CLC-1 because two single-point mutations of CLC-1, 

H847A and L848A, can suppress the ATP effect. 

 The results shown here also suggest that redox may 

control muscle fatigue through regulating the ATP in-

hibition of CLC-1. Although skeletal muscle cells contain 

signifi cant amounts of antioxidants such as glutathione 

and superoxide dismutase, the cells also generate lots of 

oxidizing anions, especially when a large quantity of 

oxygen is consumed during severe exercise ( Allen et al., 

2008 ). It was well documented that the cellular redox 

state controls the contractile force of the skeletal mus-

cle ( Lamb and Posterino, 2003 ;  Smith and Reid, 2006 ; 

 Ferreira and Reid, 2007 ;  Peake et al., 2007 ). Redox of 

several proteins in skeletal muscles has been implicated 

after the channel was treated with oxidizing reagents 

(compare  Fig. 5 A  with  Fig. 5 B ). It should be noticed 

that the oocyte membrane is known to have a large 

excess area from the membrane structures of wrinkles, 

folds, and ripples ( Zhang and Hamill, 2000 ), and the 

existence of large unstirred layers on both sides of the 

membrane has been documented ( Hill et al., 2005 ). 

Moreover, we have been using recording pipettes with a 

large tip size for the excised-patch experiments in  Xeno-
pus  oocytes. These large excised patches were frequently 

found to be associated with intracellular materials, which 

likely contained reducing molecules. When a small-tip 

electrode was used, the loss of ATP sensitivity of the 

channels expressed in oocytes was indeed observed 

( Fig. 5 D ), perhaps because a fl atter membrane geome-

try of the small patch ( Zhang and Hamill, 2000 ) ren-

dered it easier for the cytoplasmic factor to be washed 

away. When the recording of the small patch of the oo-

cyte membrane was made in the presence of reducing 

reagents, the ATP sensitivity was maintained for a long 

time ( Fig. 5 D ), just like the results from recording the 

excised patches from tsA201 cells. 

 The diffusion barrier near the membrane patch may 

create a larger problem for large molecules than for small 

hydrophilic molecules to leave or reach the surface 

of the membrane. In a recording on cyclic nucleotide –

 gated channels in excised olfactory cilia, for example, a 

cytosolic factor (later known to be calmodulin) control-

ling the channel ’ s affi nity to cyclic nucleotides was stably 

maintained for tens of minutes even though small mol-

ecules such as cAMP or Ca 2+  ions were repeatedly washed 

in and out of the cytoplasmic face of the channel ( Kramer 

and Siegelbaum, 1992 ). In the giant patch experiments 

presented in this study, even the access of the cytoplas-

mic face of the channel to ATP is somewhat limited. 

Our solution exchanger can completely change the 

solution within several milliseconds (not depicted). It 

can be seen that the ATP inhibition and recovery rates 

shown in  Fig. 3  (excised patches from tsA201 cells) and 

 Fig. 5  (excised patches from  Xenopus  oocytes) are quite 

different — the former is much faster than the latter. The 

rates of recovering the ATP sensitivity by reducing rea-

gents appear to be different between the patches from 

tsA201 cells and those from oocytes as well. These re-

sults indeed suggest that reaching the intracellular face 

of the channel may be more problematic in the mem-

branes excised from oocytes than those excised from 

tsA201 cells. Conceivably, the applied oxidizing and re-

ducing reagents, such as CuPhe and DTT, may not gain 

full access to the intracellular face of the channel. Thus, 

the remaining small ATP inhibition of CLC-1 after CuPhe 

treatment for two minutes (shown in  Figs. 5 B and 6 B ) 

could still come from channels located in regions that 

CuPhe does not reach. 

 Besides the dependence of the ATP effect of CLC-1 

on the redox condition, we also notice that the proper-



428  Oxidative Modulation of CLC-1 

   Lamb ,  G.D. , and  G.S.   Posterino .  2003 .  Effects of oxidation and re-

duction on contractile function in skeletal muscle fi bres of the 

rat.    J. Physiol.    546 : 149  –  163 .   

   Li ,  Y. ,  W.P.   Yu ,  C.W.   Lin , and  T.Y.   Chen .  2005 .  Oxidation and reduc-

tion control of the inactivation gating of torpedo ClC-0 chloride 

channels.    Biophys. J.    88 : 3936  –  3945 .   

   Markovic ,  S. , and  R.   Dutzler .  2007 .  The structure of the cytoplasmic 

domain of the chloride channel ClC-Ka reveals a conserved inter-

action interface.    Structure   .   15 : 715  –  725 .   

   Meyer ,  S. , and  R.   Dutzler .  2006 .  Crystal structure of the cytoplasmic 

domain of the chloride channel ClC-0.    Structure   .   14 : 299  –  307 .   

   Meyer ,  S. ,  S.   Savaresi ,  I.C.   Forster , and  R.   Dutzler .  2007 .  Nucleotide 

recognition by the cytoplasmic domain of the human chloride 

transporter ClC-5.    Nat. Struct. Mol. Biol.    14 : 60  –  67 .   

   Peake ,  J.M. ,  K.   Suzuki , and  J.S.   Coombes .  2007 .  The infl uence of 

antioxidant supplementation on markers of infl ammation and 

the relationship to oxidative stress after exercise.    J. Nutr. Biochem.   
 18 : 357  –  371 .   

   Pedersen ,  T.H. ,  O.B.   Nielsen ,  G.D.   Lamb , and  D.G.   Stephenson . 

 2004 .  Intracellular acidosis enhances the excitability of working 

muscle.    Science   .   305 : 1144  –  1147 .   

   Pedersen ,  T.H. ,  F.   de Paoli , and  O.B.   Nielsen .  2005 .  Increased excit-

ability of acidifi ed skeletal muscle: role of chloride conductance.  

  J. Gen. Physiol.    125 : 237  –  246 .   

   Phimister ,  A.J. ,  J.   Lango ,  E.H.   Lee ,  M.A.   Ernst-Russell ,  H.   Takeshima , 

 J.   Ma ,  P.D.   Allen , and  I.N.   Pessah .  2007 .  Conformation-depen-

dent stability of junctophilin 1 (JP1) and ryanodine receptor type 

1 (RyR1) channel complex is mediated by their hyper-reactive 

thiols.    J. Biol. Chem.    282 : 8667  –  8677 .   

   Smith ,  M.A. , and  M.B.   Reid .  2006 .  Redox modulation of contractile 

function in respiratory and limb skeletal muscle.    Respir. Physiolo. 
Neurobiol.    151 : 229  –  241 .   

   Steinmeyer ,  K. ,  C.   Ortland , and  T.J.   Jentsch .  1991 .  Primary structure 

and functional expression of a developmentally regulated skel-

etal muscle chloride channel.    Nature   .   354 : 301  –  304 .   

   Thompson ,  L.V. ,  D.   Durand ,  N.A.   Fugere , and  D.A.   Ferrington . 

 2006 .  Myosin and actin expression and oxidation in aging muscle.  

  J. Appl. Physiol.    101 : 1581  –  1587 .   

   Tseng ,  P.Y. ,  B.   Bennetts , and  T.Y.   Chen .  2007 .  Cytoplasmic ATP 

inhibition of CLC-1 is enhanced by low pH.    J. Gen. Physiol.   
 130 : 217  –  221 .   

   Zhang ,  Y. , and  O.P.   Hamill .  2000 .  On the discrepancy between 

whole-cell and membrane patch mechanosensitivity in Xenopus 

oocytes.    J. Physiol.    523 : 101  –  115 .   

   Zhang ,  X.D. ,  Y.   Li ,  W.P.   Yu , and  T.Y.   Chen .  2006 .  Roles of K149, G352, 

and H401 in the channel functions of ClC-0: testing the predic-

tions from theoretical calculations.    J. Gen. Physiol.    127 : 435  –  447 .   

   Zifarelli ,  G. , and  M.   Pusch .  2008 .  The muscle chloride channel 

ClC-1 is not directly regulated by intracellular ATP.    J. Gen. Physiol.   
 131 : 109  –  116 .           

in the redox control of muscle contraction ( Thompson 

et al., 2006 ;  Cooke, 2007 ;  Phimister et al., 2007 ). The re-

sults shown here suggest that redox modulations of 

CLC-1 also play a role in muscle fatigue if the inhibition 

of CLC-1 common gating by ATP/H +  is critical to con-

trol muscle fatigability. 
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