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Knocking on Channel's  Door  

The Permeating Chloride Ion Acts as the Gating Charge in C1C-O 
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The well known chloride channel  from Torpedo has 
been a round since 1979 (White and Miller, 1979), but  
it continues to supply us with new surprises. In this is- 
sue of The Journal of General Physiology Chen and Miller 
analyze in great detail the voltage- and chloride-depen- 
dent  activation mechanism of  the peculiar "double-bar- 
reled" channel  (Chen and Miller, 1996), which turns 
out to be completely different f rom that of  the more fa- 
miliar voltage-dependent cation channels. 

The Torpedo chloride channel  had been discovered 
by Chris Miller and colleagues in their attempts to 
study reconsti tuted acetylcholine receptors from Tor- 
pedo electroplax (see Miller and Richard, 1990 for re- 
view). Instead of  the nicotinic receptor,  they consis- 
tently observed a voltage-dependent C1- selective chan- 
nel. Miller cont inued to characterize the chloride 
channel  in lipid bilayers and revealed several important  
aspects of  its function. The channel  opens in bursts and 
within each burst two equidistant conductance levels 
are seen. The gating of  the two conductance levels can 
be almost perfectly described assuming two separate 
and independen t  conduct ion pathways. Single "proto- 
pores" are activated at positive voltages (fast gate) 
whereas the occurrence of bursts is favored at hyperpo- 
larized voltages (slow gate) (Miller and Richard, 1990). 
This "double-barreled model" was supported by experi- 
ments in which individual protopores  could be inhib- 
ited by DIDS 1 (Miller and White, 1984), a blocker of  
C1C-0 when applied intracellularly. An additional fea- 
ture of  C1C-0 is that its gating is evidently coupled to 
the electrochemical gradient of  chloride. This coupling 
was inferred indirectly from a violation of microscopic 
reversibility in channel  gating, observations greatly fa- 
cilitated by the double-barreled structure of  the chan- 
nel (Richard and Miller, 1990). 

If history had stopped at that point  one would have 
been left with a biophysically interesting but  possibly 
exotic fish channel  that was probably unimpor tant  for 

1Abbreviations used in this paper: c~, opening rate; 13, closing rate; DIDS, 
4-4'-diisothiocyanostilbene-2,2' disulfonic acid; [Cl]im, intracellular 
chloride concentration; [C1]e~ t, extracellular chloride concentration; 
c~, opening rate; 13, closing rate; P,,p,.l,, steady state open probability; 
SCN , thiocyanate. 

human physiology. But the story of mammalian voltage- 
dependen t  chloride channels started anew with the ex- 
pression cloning of the Torpedo channel  byJentsch et al. 
(1990). Based on homology, nine different human C1C 
genes have been identified by now (for a recent  review, 
see Jentsch, 1996). The role of  most of  these channels 
(or putative channels) still has to be clarified. Only for 
the muscular chloride channel, C1C-1, is the function 
definitely known: it serves to stabilize the membrane  
potential of the muscle membrane.  For several o ther  
homologs intriguing possible functions have been pro- 
posed that have yet to be put  on a firm experimental  
basis. The  importance of  C1C channels is underscored 
by two human genetic diseases caused by defects of  C1C 
genes. Mutations in C1C-1 lead to recessive or domi- 
nant  myotonia, a disorder that is characterized by a hy- 
perexcitability of  the muscle fibers (see Jentsch, 1996). 
Defects of the recently cloned C1C-5 lead to several 
forms of  hereditary kidney stone diseases (Lloyd et al., 
1996), al though the pathophysiology of  this disease is 
still obscure. 

The original C1C-0 has a relatively large single-chan- 
nel conductance (in contrast to C1C-1). Given the 
amount  of knowledge that exists for this channel,  it 
gains considerable importance as a "model" channel  
that could help us to better  understand the structure 
and function of  newly cloned homologous chloride 
channels. This presupposes, however, that basic mecha- 
nisms of  CIC channel  function have been presel-eed 
during evolution. Importantly, C1C-0 can be conve- 
niently expressed in heterologous expression systems 
such as oocytes or mammalian cells, and its sequence 
and structure can be manipulated using molecular bio- 
logical methods. Another  pleasing feature of C1C-0 is 
that its gating is, at least phenomenologically,  rather  
well understood.  Fast gating appears as an apparent  
two-state process with monoexponent ia l  kinetics. Slow 
gating can be separated from fast gating both at the sin- 
gle channel  level, because the slow gate closes both 
protochannels  simultaneously, and macroscopically 
due to the much slower kinetics. In contrast, the gating 
of C1C-1 appears to be more  complex, as the presence 
of  several exponential  components  in the gating kinet- 
ics complicate the interpretat ion of  the measurements.  
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What  is known abou t  the gat ing o f  C1C-0? In  contras t  
to the vo l t age-dependen t  cat ion channels ,  which have a 
distinctive cha rged  s t ructure  (S4-segment) that  was 
p r o p o s e d  to be the voltage sensor  r ight  after c lon ing  
(Noda  et al., 1984), no  such s t ructure  is present  in CIC- 
channels .  Also, it was f o u n d  that  fast gat ing o f  C1C-0 is 
strongly d e p e n d e n t  on  [C1]~• (Pusch et al., 1995) with 
a shift o f  the o p e n  probabil i ty (Pope,,) curve toward 
m o r e  positive potentials  by ~ 5 0  mV per  10-fold reduc-  
tion in [C1],.xt. Evidently, chlor ide  can bind to the chan- 
nel f rom the extracellular  side and  thereby favor the 
o p e n  state (in Fig. 1 several possibilities for  a coup l ing  
o f  C1 ion b ind ing  to channe l  o p e n i n g  are shown).  If  
the chlor ide  b ind ing  site is located  within the electrical 
field and  if b ind ing  of  chlor ide  is necessary for  open-  
ing, then  Pop~n automatical ly becomes  voltage depen-  
den t  just  because o f  this b ind ing  (Fig. 1, Model A). If  all 
o f  the voltage d e p e n d e n c e  is caused by chlor ide  bind- 
ing, the steepness o f  the Popen(V) curve is essentially de- 
t e rmined  by the distance o f  the b ind ing  site f rom the 
extracellular  side. Alternatively, extracellularly b o u n d  
chlor ide  could  modu la t e  confo rma t iona l  changes  that  
are intrinsically voltage d e p e n d e n t  (Fig. 1, Model B). 
Pusch et al. (1995) r easoned  that  if the b ind ing  site is 
located deep  in the conduc t i ng  pore  (as in Model A), 
gating proper t ies  and  open-pore  proper t ies  should  be 
similarly affected when  ionic condi t ions  are varied. 
This was in fact observed (Pusch et al., 1995); only per- 
m e a n t  ions are able to o p e n  the channel ,  the ion selec- 
tivity o f  gat ing is ref lected by the ion selectivity o f  con- 
duct ion,  and  an anomalous  mole  fract ion effect o f  the 
c o n d u c t a n c e  was mi r ro red  by a similar anoma lous  ef- 
fect o f  gat ing parameters  (Pusch et al., 1995). The  in- 
teract ion o f  several ions in the pore ,  as suggested by the 
anomalous  effects, ru led  ou t  s imple models  with one  
b ind ing  site (Model A and  Model B). Instead,  a mode l  
with two interact ing b ind ing  sites was p r o p o s e d  (Fig. 1, 
Model (2,). In this model ,  the voltage d e p e n d e n c e  o f  
channe l  o p e n i n g  does no t  arise f rom vol tage-depen-  
den t  b ind ing  of  chlor ide  f rom the outside but  ra ther  
f rom the m o v e m e n t  o f  chlor ide  ions in the pore ,  which 
is closed towards the intracel lular  side. 

C h e n  and  Miller a t tacked this same p rob l e m with im- 
proved methods .  First, they used C1C-0 recons t i tu ted  in 
lipid bilayers, thus e l iminat ing e n d o g e n o u s  channels  
and  enabl ing  precise cont ro l  o f  intracellular  and  extra- 
cellular solutions. Second,  they s tudied the gat ing at 
the s ingle-channel  level, allowing an u n a m b i g u o u s  de- 
t e rmina t ion  o f  bo th  o p e n i n g  rate c~ and  closing rate 13 
o f  the fast gate. This allowed them to concen t ra t e  on  c~ 
and  thus avoid difficulties arising f rom the nonequi l ib-  
r ium situation when the channe l  is open ,  where  down- 
hill ion flow could  create complex  relationships. Chen  
and  Miller were thus able to uncover  impor t an t  new 
proper t ies  o f  the CIC-0 channel .  First, external  chlo- 
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FIGURE 1. Possible schemes to describe the voltage and C1 de- 
pendence of C1C-0. In the diagrams on the right side, donble- 
headed arrows indicate fast ion binding or ion movement steps, 
single headed arrows represent conformational changes of the 
protein. Steps that carry the main voltage dependence fox the 
opening rate are indicated by AV. In model A, voltage-dependent 
binding of C1 to a single binding site deep within the pore con- 
fers the voltage dependence. In model B, voltage dependence 
arises from an intrinsic voltage sensor, whereas C1- binding is voh- 
age independent. The index 0 or 1 indicates the occupancy of the 
binding site. Model C is a refined version of model A with two (in- 
teracting) anion binding sites. Movement of C1 fiom the onter 
binding site to the inner site is the major voltage-dependent step. 
Superior and infmior numbers indicate the occupancy of the 
outer and inner binding site, respectively. Model D is the model 
proposed by (;hen and Miller. Here, the effective movement of the 
superficially bound C1 within the electric field (which could be a 
real transport step or a rearrangement of the electric field) is di- 
recdy accompanied by a conformational change. Tbe voltage de- 
pendence of transitions among the various open states are more 
difficult to model and are no! considered in detail. 

ride ions increase no t  only P,,i .... o f  individual proto-  
pores,  but  also stimulate the occu r r ence  o f  bursts, i.e., 
stimulate slow gating. The  relat ion o f  the chlor ide  de- 
p e n d e n c e  o f  fast and  slow gat ing processes remains  to 
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be identified. Second, Chen and Miller found  an unex- 
pected rise of  a at negative voltages. The  voltage de- 
pendence  of  the opening  rate therefore  is non-mono-  
tonic. The  origin of  the charge movemen t  underlying 
this process (if it is, for example,  also coupled to chlo- 
ride) remains an open  question. Third, intracellular 
chloride mainly affects the closing rate, and at high 
[CI] ~,lt channels  deactivate incompletely. 

The  main f inding of  the paper,  however, is that bind- 
ing of  chloride appears  to be voltage independent .  
Whereas model  A predicts that a keeps increasing with 
increasing [C1]ext, Chen and  Miller found that c~ satu- 
rates at higher  [Cl]ext. The  saturation occurs at higher  
chloride concentrat ions (>100 mM) than had been in- 
vestigated previously by Pusch et al. (1995). At a first 
glance the new results are compat ible  with model  B, 
i.e., a binding of chloride at a more  superficial location. 

But things turned out to be more  complicated. The  
ag reement  of  model  B with the data was good only in a 
limited voltage range. When  analyzed over the com- 
plete voltage range, qualitative discrepancies with the 
4-state model  B led Chen and Miller to add an addi- 
tional chloride-liganded state, as shown in model  D. 
The  transition of  the first chloride-liganded state (Cl) 
to the new state (Cl*) represents the voltage-depen- 
dent  step. From this state opening  occurs very rapidly. 
The most  intriguing aspect of  the new model  is that in 
order  to keep the channel  voltage dependent ,  Chert 
and Miller propose  that the voltage dependence  of  the 
Cl---~Cl* step arises f rom the transfer of  the bound  C1- 
across the electric field dur ing the conformat ional  
change. This could occur ei ther  by a "transport" step 
a n d / o r  by a change of the geometry  leading to a differ- 
ent  field distribution in the channel  protein.  

Two different models  therefore  can explain the cou- 
pling of  extracellular chloride to the voltage-depen- 
dent  open ing  of  CIC-0 (Model C and Model D). The 
schemes are representatives at opposite ends of  a con- 
t inuum of  models. In ei ther  model ,  the movemen t  of  
C1- within the electrical field in the closed channel  is 
the source of  voltage dependence .  But there is an im- 
por tan t  difference. Whereas in model  D the movemen t  
of  C1- is coupled directly to the conformat ional  
change, in model  C C1- moves "freely" in the fixed 
structure of  the closed pore.  Can one distinguish be- 
tween these possibilities? Chen and Miller measured  
the binding of C1- indirectly (via the open ing  rate and 
a specific model) ,  so the conclusion that binding of  CI- 
is voltage independen t  is model  dependent .  The  com- 
plexities in ion conduct ion through multiple-occupied 
channels, however, provide model  C with a very large 
spect rum of  behaviors. Exper iments  with different an- 

ions such as nitrate or  SCN- that have proven the pres- 
ence of  multiple binding sites at least in the open  chan- 
nel (White and Miller, 1981; Pusch et al, 1995) also 
cannot  distinguish between the models.  

In addition, one should not  forget  that still alterna- 
tive models, as one p roposed  by Finkelstein and Peskin 
(1984), may need to be invoked in order  to explain the 
nonequi l ibr ium gating seen for CIC-0. 

Gating-current measurements  should, in principle, 
be able to distinguish between model  C and model  D 
because different kinds of  charge movemen t  are pre- 
dicted for the opening  process. For model  C where 
chloride moves freely in the closed channel,  gating cur- 
rents would be caused by the extremely fast binding of  
chloride ions in the pore,  whereas model  D predicts 
(on-) gating currents with the same kinetics as the 
mean  open  probability, i.e., the ionic currents. Unfor- 
tunately, no high affinity blockers similar to those that 
allow gating current  measurements  for voltage-depen- 
dent  cation channels are available for chloride chan- 
nels. If  available, such a blocker would also be of  little 
use if it acted f rom the outside because this would pre- 
vent C1- binding (and channel  opening) .  A blocker 
that binds f rom the inside and impedes  ion flow with- 
out altering gating could work, but such things seem to 
exist only in the dreams of  ever-optimistic biophysicists. 

Even crystal-structure data of  closed and open  con- 
formations of  the channel  may not  completely resolve 
the problem.  But because such data are unlikely to be 
available in the near  future, fur ther  functional experi- 
ments  and quantitative analysis of  model  expectations 
under  various conditions seem to be the only way to 
limit the possible models  that are able to describe the 
gating. For the physiologist, the question is probably of  
minor  importance.  The  critical point, that fast gating 
does not  use an intrinsic voltage-sensor and that, in- 
stead, the permea t ing  anion serves as the gating charge 
in C1C-0, seems to be established beyond reasonable 
doubt. From the perspective of  channels as enzymes, 
C1C-0 can be considered as an enzyme that is activated 
by its own substrate. 

Is this mechanism relevant also for the other  mem-  
bers of  the ClC-family or  even for o ther  channels? How 
does extracellular a n d / o r  intracellular C1- affect pro- 
tein function in the various mammal ian  homologs? Es- 
pecially in salt-secreting and salt-absorbing epithelia a 
mechanism similar to that found in C1C-0 could func- 
tion as a C1- sensor. Chloride channels that are sensi- 
tive to intracellular C1 also could be involved in adjust- 
ing the contr ibut ion of  the CI- equil ibrium potential  to 
the m e m b r a n e  potential  of  neuronal  cells, which could 
be impor tant  for de termining  cell excitability. 

I thank Uwe Ludewig and ThomasJentsch for critical comments on the manuscript. 
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