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 Summary 

 

ClC proteins are chloride channels and transporters that are found in a wide variety of 

prokaryotic and eukaryotic cell-types. The mammalian chloride channel ClC-1 is an 

important modulator of the electrical excitability of skeletal muscle. The Torpedo 

electric-organ chloride channel, ClC-0 is structurally and functionally similar to ClC-

1. These proteins are referred to as the muscle-type ClC channels. The present work 

identifies several functional differences between the muscle type channels, and 

explores the structural basis of these and other previously reported differences. 

First the temperature dependence of ClC-1 channels was quantified. These 

calculations revealed distinct contrasts to previously published measurements of 

ClC-0 temperature sensitivity, indicating differences between the channels in the 

structural rearrangements associated with channel gating. Next the effect of 

extracellular ion substitution on ClC-0 function was examined. These measurements 

suggested that occupancy of an anion binding-site on the extracellular side of the 

selectivity-filter stabilises the open state of the channel, and that the diameter of the 

channel pore increases during channel opening. Three-dimensional models of the 

muscle-type channels were constructed based on the atomic coordinates of 

prokaryotic homologues. Differences in selectivity between ClC-0 and ClC-1 could 

be rationalised, in part, by differences in the chemistry of the narrow constriction of 

the channel pore. The major structural divergence between the muscle-type channels 

occurs in the expansive intracellular carboxy terminus. Replacing this region of ClC-1 

with the corresponding region from ClC-0 resulted in distinct changes in common 

gating of the channel. These experiments rigorously characterise the dependence of 

ClC-1 function on temperature and the effect of foreign anionic-substrates on ClC-0 
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function. The results identify important residues involved in ionic selectivity of the 

channels, and validate the use of high-resolution prokaryotic channel structures as a 

predictive tool for studying the muscle-type channels. They also demonstrate that the 

carboxy-terminal of the channels is an important determinant of common gating. 
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1.1 The ClC family 

 

Through active transport of particular ionic species living cells are able to establish 

electrochemical gradients across their membranes. Ion channels form low 

potential-energy pathways across membranes through which ions can ‘leak’ down 

their gradient. Dissipative ionic currents through ion channels form the physical basis 

of electrical signalling in excitable cells, and are important in transport of water and 

solutes across membranes. Many ion channels permit the passage of only particular 

ionic species. Historically the cation-conducting channels have been most thoroughly 

studied, probably because of their role in electrical signalling in nerve cells. In 

contrast, chloride channels, the ‘poor cousins’ of the cation channels (Gadsby, 1996), 

have largely escaped close examination until more recent years. It is now understood 

that chloride channels perform a wide variety of important physiological functions.  

 

Chloride channels are found in the outer membranes of cells, as well as in the 

membranes of intracellular organelles. Chloride conductance across these membranes 

serves two general roles. Firstly movement of relatively small amounts of chloride 

can modulate electrical signalling across the membranes of excitable cells. In 

skeletal-muscle, where the membrane potential largely determines the resting 

distribution of chloride, permeability to chloride serves to dampen excitation of the 

membrane arising due to transient sodium influx. In this way and in concert with K+ 

efflux the chloride conductance of the muscle membrane assists with regenerating the 

resting electrical environment of the cell membrane after an action potential. K+ efflux 
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during this time is likely to swamp the contribution of chloride conductance to the 

repolarisation of the membrane. More likely the chloride conductance is important in 

compensating for K+ accumulation in the t-tubules, which left unchecked would 

cause prolonged depolarisation of the sarcolemma, and repetitive firing of the muscle 

cell. Transient chloride currents also modulate the electrical activity of nerve cells. In 

neurones, which actively regulate the intracellular chloride concentration, chloride 

conductance can be either excitatory or inhibitory depending on the electrochemical 

gradient for chloride. The second role for chloride conductance is in bulk transport, 

where there is a requirement for large numbers of ions to move. In this role chloride 

flux is involved in the regulation of the volume of cells and intracellular organelles, 

enabling the electrical neutrality of processes that work to concentrate cations such as 

Ca2+ and H+, and in trans-epithelial transport. It is clear that the number of 

electrophysiologically characterised chloride channels reported in the literature 

outstrips the number of genetically isolated correlates. The molecular identity of 

swelling activated chloride-channels, which are likely to comprise a large, as yet 

genetically uncharacterised family of chloride channels, is presently unclear. Of the 

chloride channels that have been isolated and characterised at the molecular level, the 

cystic fibrosis transmembrane conductance regulator (CFTR) is a member of a large 

family of ABC transporters, and is the only member of this family known to function 

as a channel, with no clearly identified prokaryotic homologues. The ligand-gated 

GABA and glycine receptor-ionophores form the largest family of chloride channels, 

but currently they have only been isolated from eukaryotes, and no homologues have 

been identified in bacteria and archaea. Ca2+ activated Cl- channels are widely 

expressed, and are involved in epithelial salt transport, membrane potential regulation 

in cardiac and smooth muscle cells, and many other physiological processes. 
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Currently homologues have been identified in Caenorhabditis elegans and in 

Xenopus, and presumably others will be identified and characterised in the near 

future. Recent experiments by Qu and colleagues (Qu et al., 2003; Qu et al., 2004; Qu 

and Hartzell, 2004) demonstrate that mouse Bestrophin 2 protein forms, by itself, a 

Ca2+ activated Cl- channel. Finally, the ClC proteins are a large family of chloride 

channels and, as exciting recent evidence has demonstrated Cl- H+ exchange 

transporters that are represented in all of life’s kingdoms (Jentsch et al., 2002).  

Early interest in chloride channels was fuelled largely by the characterisation of a 

voltage-gated channel with unusual gating properties isolated from the electric organ 

of the marine electric ray Torpedo (White and Miller, 1979; Miller and White, 1980; 

White and Miller, 1981a, 1981b; Miller, 1982; Miller and White, 1984). Cells of the 

electric organ are very permeable to chloride, reflecting high-level expression of the 

Torpedo chloride channel. Jentsch and co-workers took advantage of the abundance 

of chloride channel mRNA in these cells by screening the expression of mRNA from 

the cells until they identified and isolated the genetic material that encoded the 

Torpedo channel (Jentsch et al., 1990). They called this channel ClC-0, reflecting the 

presumption that it could be used to identify a family of chloride channels. In 

mammals there are nine ClC family members that are expressed either in the plasma 

membrane, or in the membranes of intracellular organelles. The closest relative of the 

original Torpedo chloride channel is the mammalian skeletal-muscle chloride channel, 

ClC-1; these two are often referred to as the muscle-type chloride channels. The 

Torpedo electric organ evolved from skeletal muscle, and muscle tissue from the 

Torpedo ray contains ClC-0 channels (Jentsch et al., 1995). In cells of the Torpedo 

electric organ, Na+ channels are concentrated at the innervated face of the cell. In 

contrast ClC-0 channels are concentrated at the opposing face of the cell. Because the 
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cells have a high resting permeability to chloride, the distribution of chloride mirrors 

the resting membrane potential. Depolarisation of the membrane serves to increase the 

chloride permeability of the non-innervated face of the cell by increasing the number 

of open ClC-0 channels, and so, effectively this membrane is clamped to the resting 

potential. Meanwhile transient Na+ influx may cause the membrane at the innervated 

face to become depolarised, leading to the generation of a trans-cellular voltage. By 

arranging cells in series the electric organ can generate trans-organ voltages in the 

order of 100 V. Isolation of the genetic material encoding ClC-0 paved the way for 

identification of the other members of the ClC family. Jentsch and colleagues used 

ClC-0 to screen mammalian skeletal muscle and identify ClC-1 (Steinmeyer et al., 

1991b). Like ClC-0 in the Torpedo electric organ, the role of ClC-1 in skeletal muscle 

is to dampen, and limit membrane depolarisation arising due to transient sodium 

influx. In addition to being expressed in skeletal muscle ClC-1 is found at low levels 

in the heart, kidney and in a smooth muscle cell line (Steinmeyer et al., 1991b). ClC-1 

expression in skeletal muscle is developmentally regulated, with a large increase in 

mRNA expression seen after birth (Steinmeyer et al., 1991b) in parallel with an 

increase in the chloride conductance of muscle membranes (Conte Camerino et al., 

1989).  

 

1.1.1 Myotonia caused by mutations in the ClC-1 gene 

The importance of ClC-1 in limiting the electrical activity of skeletal muscle is 

apparent from the hereditary disease myotonia, which is characterised by unusually 

high sensitivity of skeletal muscle to stimulation, leading to repetitive action 

potentials of the muscle membrane. From work conducted with myotonic goats it had 
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been demonstrated that the hyperexcitability of skeletal muscle arose from reduced 

chloride conductance across the muscle membrane (Bryant, 1969). This was also 

shown to be true in humans (Rudel and Lehmann-Horn, 1985), and so it was not 

surprising that defects in ClC-1 were found to underlie myotonia, first in mice 

(Steinmeyer et al., 1991a) and then in humans (Koch et al., 1992). Disruption of the 

normal chloride conductance of skeletal muscle, either genetically (Steinmeyer et al., 

1991a) or pharmacologically (Furman and Barchi, 1978) slows repolarisation of the 

muscle membrane, allowing voltage-gated Na+ channels to recover from inactivation 

while the membrane is still above the threshold. This leads to re-activation of sodium 

influx allowing repetitive action potentials of the muscle membrane, and unregulated 

contraction of the muscle cell. Mutations in ClC-1 cause both recessive (Becker-type 

myotonia) and dominant (Thomsen-type myotonia) inheritance patterns. Recently the 

mutations of ClC-1 that have been identified that give rise to myotonia have been 

comprehensively reviewed (Pusch, 2002). More recessive mutations have been 

described than dominant. Recessive mutations are typically loss of function mutations 

or affect gating of only the channels that arise from the mutated allele. Mutations that 

have a dominant inheritance pattern shift the voltage-dependence of both mutant 

channels and mutant/wild-type heteromers, so that at the resting potential of skeletal 

muscle very few channels are open (Saviane et al., 1999) (Accardi and Pusch, 2000; 

Aromataris et al., 2001). 

 

1.1.2 Ion channels and transporters 

Ion channels differ from transporters in that ions traverse the latter via a cyclical 

scheme of changes in protein configuration, rather than by diffusion, as in the case of 
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channels. This typically results in lower transport number, and steeper dependence on 

temperature for transporters. Although ClC-0, ClC-1 and ClC-2 appear to be channels, 

recent evidence conclusively demonstrates that ClC-ec1, the Escherichia coli ClC 

homologue is a Cl- /H+ exchange transporter (Accardi and Miller, 2004). 

The physiological roles of the ClC channels have been reviewed in detail elsewhere 

(Jentsch et al., 2002). The purpose of this review is to outline the current 

understanding of how ClC channels work at the molecular level. Most of this 

understanding has been furnished from studies of the muscle-type ClC channels using 

the classical approach of electrophysiology in combination with mutagenesis and 

pharmacology, for the most part in the absence of structural information. The first 

section of this review covers the structure of the ClC channels, from early recognition 

of the unusual pore architecture of ClC-0 to recent high-resolution 3-D crystal 

structure of bacterial ClC homologues. The second section of the review details the 

mechanisms of permeation and gating of the ClC channels.  

 

1.2 Physical features of ClC proteins 

 

1.2.1 Structure 

Early studies of the voltage-dependent chloride channels, ClC-0 and ClC-1 sought 

parallels with the well characterised families of cation channels. Voltage-gated cation 

channels that conduct Na+, K+ and Ca2+ ions share common structural features 

(Yellen, 2002). The 3-dimensional structures of some closely related prokaryotic 

potassium channels have been resolved using X-ray based analysis techniques (Doyle 
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et al., 1998; Jiang et al., 2002b, 2002a). As features of the pore region of these 

channels are shared with the voltage-gated cation channels, all of these channels 

probably share the same fundamental pore architecture (Yellen, 2002). Biochemical 

studies of the ClC channels suggested that their molecular architecture was grossly 

different than the cation channels, although some researchers argued for common 

features (Fahlke et al., 1995; Fahlke et al., 1996; Fahlke et al., 1997a; Fahlke et al., 

1997b; Fahlke et al., 1997c; Fahlke et al., 1998; Fahlke, 2000, 2001; Fahlke et al., 

2001). More recently the crystal structure of members of the ClC family from 

Eschericia coli and Salmonella typhimurium has been resolved using X-ray based 

techniques, revealing both contrasts and similarities to the structural features of cation 

channels 

 

1.2.2 ClC channels are ‘double-barrelled’ dimers. 

 

1.2.2.1 Pore stoichiometry 

Preceding the genetic isolation of ClC-0 and the identification of the ClC-family a 

rigorously detailed model of how the Torpedo channel, ClC-0, works was constructed 

that strongly suggested that each channel contains two identical pores. This model 

was built by Miller and various coworkers from observations of ClC-0 channels 

isolated from the native membranes of Torpedo electric organ and reconstituted into 

lipid bilayers (White and Miller, 1979; Miller and White, 1980; White and Miller, 

1981a, 1981b; Miller, 1982; Hanke and Miller, 1983; Miller and White, 1984; 

Richard and Miller, 1990). In this system single channel activity is characterised by a 

long-lived non-conducting state interspersed by bursts of channel activity. During 
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bursts of activity the channel fluctuates between 3 conductance substates, each 

equally spaced by approximately 10 pS, but regardless of the magnitude of the 

individual substate the proportions of the two conductance substates remain 

invariable. This has been demonstrated over a wide range of membrane potentials, 

and ionic conditions. The ionic selectivity of the two conducting substates is also the 

same, favouring Cl- over Br-, and both substates are equally sensitive to block by 

SCN- ion (White and Miller, 1981b). That the fundamental features of the conducting 

substates, conductance and selectivity are the same suggests that there may be two 

equivalent pores, ‘protochannels’ {Hanke, 1983 #1195} or ‘protopores’, in the single 

functionally active channel. This notion was supported by identical, and independent 

regulation of the activity of each of the conducting substates. In bursts of channel 

activity the appearance of the conducting substates is predictable from a simple 

binomial distribution, without the requirement for any empirical adjustment. In 

addition the dwell times of each of the substates conform to a model expected of two 

independent pores. These observations have been confirmed over a wide range of 

experimental conditions (Miller, 1982; Hanke and Miller, 1983; Bauer et al., 1991; 

Middleton et al., 1994; Ludewig et al., 1997b; Lin et al., 1999), strongly supporting 

the twin pore model. In the absence of direct structural information, the most 

compelling evidence for the double-barrelled model came from several 

demonstrations that the conducting substates could be independently manipulated in a 

single channel. In studies exploring the block of ClC-0 by DIDS Miller and White 

showed that in a single channel one of the conducting substates can be inhibited by 

DIDS binding, leaving a single 10pS conducting substate with the same gating 

characteristics as it had before the inactivation event (Miller and White, 1984). 

Binding of a second DIDS molecule results in disappearance of the remaining single 
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substate. The next evidence that the two conducting substates are structurally 

independent of one another came from experiments in which conductance of the 

channel was altered by site directed mutagenesis (Ludewig et al., 1996; Middleton et 

al., 1996). In homomeric mutants both conducting substates are of the mutant variety. 

In heteromeric channels containing one mutant and one wild type subunit one of each 

parental substates can be detected, as well as a third conducting substate, with 

conductance equal to the sum of the wild type and mutant subconductance levels. In 

mutant homomers chemical modification of a site introduced into the pore also occurs 

in two resolvable steps, each affecting one of the conducting substates (Middleton et 

al., 1996). Similar mixed-dimer experiments have demonstrated that gating of the two 

conducting substates is also independent and determined by the subunit composition 

of the channel (Ludewig et al., 1997c), and more recently experiments with channels 

composed of different ClC subunits have demonstrated that the two pore model is also 

applicable to ClC-1 and ClC-2 (Weinreich and Jentsch, 2001[Saviane, 1999 #21)].  

1.2.2.2 Quaternary structure 

The dominant negative effect of some ClC-1 mutations was the first indicator that a 

functional ClC-channel was formed by more than one subunit (George et al., 1993). 

On the basis of co-expression experiments in which wild-type ClC-1 currents were 

titrated against dominant negative mutations Steinmeyer and coworkers demonstrated 

that the channel was a multimer, and reasoned that it was probably composed of more 

than two subunits (Steinmeyer et al., 1994). The size of functional ClC-0 channels, 

estimated from sedimentation studies was more consistent with a dimeric structure 

however (Middleton et al., 1994), and this was also shown to be true of ClC-1 (Fahlke 

et al., 1997b). The dimeric structure of these channels was confirmed by observation 

of channels formed from mixed dimers of wild-type and mutant ClC-0 subunits 
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(Ludewig et al., 1996; Middleton et al., 1996). The definitive evidence that the 

channels are dimers came from direct structural information gleaned from crystallised 

bacterial ClC proteins (Mindell et al., 2001; Dutzler et al., 2002). From cryo-electron 

microscopy of two-dimensional crystalline arrays Mindell and coworkers obtained a 

projection structure of the channel at 6.5 Å resolution (figure) (Mindell et al., 2001). 

At this resolution the topology of the channel is unclear, but the presence of two 

off-axis regions of low electron density in the two-fold symmetrical channel complex 

was clearly demonstrated. These results are entirely consistent with the prediction that 

the channel is a dimer containing two identical pores.  

 

1.2.3 X-ray crystallography 

 

In Escherichia coli the ClC channels have been shown to function as electrical shunts 

to ensure electrical neutrality of outward proton pumping as part of the extreme acid 

resistance response that allows these organisms to survive in the strongly acidic 

environment of the stomach (Iyer et al., 2002). The bacterial ClC channels are 

amenable to high level expression and purification, and so have lent themselves to the 

application of X-ray based techniques that require high-quality protein crystals for 

diffraction analysis. Dutzler and co-workers crystallised channels from Salmonella 

typhimurium and Escherichia coli and solved their crystal structures to 3.0 Å and 3.5 

Å respectively (Dutzler et al., 2002). The sequences of all of the ClC channels are 

similar in the parts of the channel that are embedded in the membrane, suggesting that 

the three dimensional structures are essentially the same. The crystal structure shows 

that each channel is formed from two subunits that interact via an expansive interface 
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in the membrane. Each subunit contains 18 α-helices (A-R), 17 of which at least 

partially span the membrane, while the extreme amino-terminal helix (A) remains in 

the cytoplasm (Figure 1).  

 

 

Figure 1. Domain organization in ClC proteins. (a) Ribbon structure of the stClC dimer is shown in 

the same plane as the membrane, the top of figure is the extracellular region and the bottom is the 

intracellular region, with different helices of one subunit coloured. (b) Alpha-helices of one subunit are 

drawn as cylinders with colouring the same as in panel (a). The top of this figure corresponds to the 

extracellular region, the bottom to intracellular region.  

 

 

The membrane-associated helices within each subunit are tilted with respect to the 

membrane plane, and many do not entirely span the bilayer. Although it is not readily 

apparent from the primary protein structure, there is a loose structural similarity 
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between the amino and carboxy-halves of the individual subunit. The two halves of an 

individual subunit form related structures that are arranged in the membrane in 

antiparallel fashion. In addition to the covalent link between helices I and J the two 

antiparallel halves of an individual subunit appear to interact via helices C and K, and 

H and P respectively. Interestingly fully functional ClC-1 channels can be formed by 

co-expression of fragments of the channel that expressed in isolation are unable to do 

so (Schmidt-Rose and Jentsch, 1997). Channels separated between helices J and K, 

and L and M are able to assemble to form functionally active channels. When the 

channel protein is separated deep into the latter half of the subunit, between helices N 

and O, no active channels are formed. These results suggest that the separate halves of 

an individual subunit contain the structural information to guide self-assembly into 

active channels in the absence of a direct covalent link.  

Inter-subunit recognition may be mediated by interactions between H and P in one 

subunit and P and H in the opposing subunit, at the centre of the channel complex. 

The two subunits also appear to come into contact at the periphery of the inter-subunit 

interface by interaction between helix I of one subunit with helix Q of the other. 

Because of their proximity, an additional contact may be formed between helix A of 

one subunit, and helix R of the other in the cytoplasm, although only one of the A 

α-helices in the dimer is resolved in the crystal structure. The crystallised Salmonella 

typhimurium and Escherichia coli channels lack the expansive carboxy-terminus that 

other family members such as the muscle-type channels have. In the latter channels 

the intracellular tail forms nearly half of the channel protein, and contains two 

Cystathionine beta-synthase (CBS) motifs, the function of which is unclear (Bateman, 

1997; Ponting, 1997) although several lines of evidence suggests that they are 

involved in common gating (Fong et al., 1998; Estevez et al., 2004). Experiments in 



 20 

which truncations of ClC-1 have been formed by removing part of the intracellular 

tail have demonstrated that although about 100 amino acids of the c-terminal are 

dispensable, an element approximately corresponding to the second CBS domain 

(CBS 2) is essential for channel function (Hryciw et al., 1998). This also appears to be 

true of ClC-0 (Maduke et al., 1998). Experiments in which CBS 2 was deleted, while 

leaving the remainder of the carboxy-terminus intact resulted in functional channels 

however, indicating that the defect introduced by these truncations is more 

complicated than simply the absence of CBS 2 (Estevez et al., 2004). Instead, on the 

basis of deletion experiments it appears that a short stretch of approximately 7 amino 

acids preceding CBS 2 is required for channel function (Estevez et al., 2004). 

Function can be restored to inactive carboxy-terminal truncated proteins by 

co-expression of the carboxy-terminal as a separate entity (Schmidt-Rose and Jentsch, 

1997; Maduke et al., 1998), and even by complementation with carboxy-terminal 

protein purified from a bacterial expression system (Maduke et al., 1998). 

Interestingly functional complementation of ClC-1 was only possible when both the 

transmembrane block and the carboxy-terminal each contained a CBS domain, 

suggesting that interaction between these domains mediates the association between 

the two peptides (Maduke et al., 1998; Estevez et al., 2004). At a first approximation 

this suggestion appears to be borne out by experiments from Estevez and colleagues, 

where deletions in CBS 2 prevented co-immunoprecipitation of channels split 

between CBS 1 and 2 (Estevez et al., 2004). Co-immunoprecipitation could also be 

prevented by deletion of about 20-50 amino acids preceding CBS 2 however (Estevez 

et al., 2004; Hebeisen et al., 2004), and functional channels which contain only a 

single CBS domain argue against the necessity of interactions between the CBS 

domains for association between the truncated channel fragments (Estevez et al., 
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2004; Hebeisen et al., 2004). Moreover ClC-1 channels with CBS 1 deleted, but with 

an intact CBS 2 are unable to bind a truncated carboxy-terminal peptide containing 

CBS 1 (Hebeisen et al., 2004). Clearly the nature of protein interactions within the 

carboxy-terminus, and for that matter the structure of the carboxy-terminus in ClC 

channels that carry this motif currently awaits resolution. Some of the other 

prokaryotic ClC-channels have CBS domains (Jentsch et al., 1999). Crystallization 

and X-ray diffraction of these proteins may reveal the function of the CBS domains. 

Alternatively, given that the carboxy-terminus appears to be able to correctly fold to 

adopt the active conformation it is likely that a separate crystal structure determined 

for the carboxy-terminus could be generalised to fit the current model of the channel 

structure. 

1.2.3.1 Selectivity centre  

The selectivity centre of the ClC channels is at the centre of the two antiparallel 

halves of the subunit, and is formed from the ends of several helices. Each of these 

helices has an amino-positive dipole moment that arises from the alignment of the 

dipoles of its hydrogen bonds, and they are arranged with the positive ends focused at 

the selectivity centre. The tilting of the helices with respect to the plane of the 

membrane allows this focus of electrostatic potential at the chloride-binding site, 

while the opposite end of the dipole is accommodated by favourable energetic 

interactions with polar hydrogen atoms of water molecules. The result is presumably 

that the electrostatic influence of the dipoles would tend to stabilise permeating 

chloride ion in the low dielectric-constant environment of the pore. At the binding site 

two main-chain nitrogen atoms and two side-chain oxygen atoms coordinate the 

chloride ion. Presumably the dehydrated ion is stabilised by the partial positive 

charges of the helix dipoles, and the nitrogen and oxygen atoms. A strong electrostatic 
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interaction with a full positive charge in the selectivity centre would be expected to 

greatly reduce conductance (Bezanilla and Armstrong, 1972).  

 

1.2.3.2 The channel pore. 

 

Consistent with their functional independence the two pores in a single dimeric 

channel are separated by a large electronegative expanse of the protein surface. The 

ion conduction pathway is shaped roughly like an hourglass with wide water filled 

vestibules at either end of a constriction about 12 Å long that forms the selectivity 

centre. The vestibules leading up to the selectivity centre are lined with positively 

charged residues. Allowing the conduction pathway to accommodate water is 

probably very important in stabilising the ion in the low dielectric-constant 

environment of the channel. This apparently general feature of channels was predicted 

many years ago, largely to explain the high conductance of certain Ca2+-activated K+ 

channels (Latorre and Miller, 1983). Similarly the effect of surface charges in the 

vestibules is probably to increase the effective dielectric constant that the ion 

experiences in permeating the channel. Surprisingly, the entrance to the selectivity 

centre on the extracellular side seems to be blocked by the side-chain of a glutamate 

residue that is hydrogen bonded to its own amide nitrogen. In this respect, Dutzler and 

coworkers remark that the selectivity filter of the crystallised channel effectively 

contains two ions, the carboxylate group from the glutamate residue and the chloride 

ion (Dutzler et al., 2002). Presumably the side-chain would have to move for a 

chloride ion to be able to permeate, and Dutzler and co-workers have reasoned that 

this event may be part of the activation gating mechanism of the channel (Dutzler et 

al., 2002). More recently Dutzler and co-workers have refined the resolution of the 
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Eschericia Coli channel to 2.5 Å, and defined 3 separate Cl- binding sites in the 

channel pore (Dutzler et al., 2003). As well as the selectivity filter, it also appears that 

permeating chloride ions rest at an internal site at the interface between the internal 

water filled vestibule and the selectivity centre of the channel. In channels in which 

the pore-occluding glutamate residue was mutated to either alanine or glutamine a 

third halogen ion could be discerned in place of the glutamate side chain (Dutzler et 

al., 2003). In this position the ion appears to be coordinated by amide nitrogen atoms 

at the n-terminal helices F and N.  When the equivalent mutations (E166A and 

E166Q) were introduced into ClC-0 channels very few closures of the channel pore 

were observed at the level of individual channels (Dutzler et al., 2003). These 

observations support the notion that occlusion of the pore by the glutamate side chain 

is an intrinsic part of the channel gating mechanism.  

1.3 Function 

1.3.1 Ion permeation 

 

In comparison to other families of chloride channels, which appear to select for anions 

largely on the basis of gross electrostatic effects (for example see (Smith et al., 1999), 

selectivity of ClC channels appears to arise from a more sophisticated mechanism. 

Some features of anion selectivity appear to be common to a wide variety of chloride 

channels however; for example, tight intra-pore binding of large anions that are easy 

to dehydrate. In this section the features of ion permeation and channel block are 

outlined for chloride channels other than the ClC family, which, on the basis of 

similar patterns of ionic specificity appear to share mechanisms of selecting for 
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permeant species. Selectivity of the ClC channels is then discussed, highlighting both 

similarities and contrasts to ionic selectivity in other chloride channel families.  

1.3.1.1 Selectivity of other chloride channels 

Most Cl- channels seem to be relatively non-selective, and permit the permeation of a 

large variety of organic and inorganic solutes that differ widely in their physical 

dimensions (Bormann et al., 1987; Halm and Frizzell, 1992; Tabcharani et al., 1997; 

Mansoura et al., 1998). The ionic selectivity of Ca2+-activated chloride channels has 

been studied in a wide variety of native membranes, and in lipid bilayers following 

reconstitution from native membranes (Young et al., 1984; Evans and Marty, 1986; 

Amedee et al., 1990; Cliff and Frizzell, 1990; Ran et al., 1992; Huang et al., 1994; 

Arreola et al., 1996; Wang et al., 1996; Kozak and Logothetis, 1997; Kuruma and 

Hartzell, 1999; Kuruma et al., 2000). With the exception of the chloride channel from 

olfactory neurones (Hallani et al., 1998) these studies have consistently demonstrated 

the halide permeability sequence I- > Br- > Cl- > F-, with the large I- ion about 5 times 

as permeable as the small F- ion. The same permeability sequence for the halide 

anions is shared by the ligand-gated glycine and GABA receptors (Fatima-Shad and 

Barry, 1993) and swelling-activated chloride channels (Basavappa and Ellory, 1996; 

Halm, 1998), as well as CFTR (Linsdell et al., 1997; Tabcharani et al., 1997). In these 

channels the relative permeability of the halide ions varies directly with the ionic 

radius. Because the electrostatic charging energy of an anion decreases with 

increasing ionic radius, hydration energy also decreases. Transfer of the ion from the 

bulk solution appears to involve the replacement of the waters of hydration of the ion 

by ligands of the channel pore. The variation of permeability in parallel with ionic 

radius indicates that the energy of transferring an ion from the aqueous phase into the 

selectivity filter of these channels varies largely as a function of the hydration energy 
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of the permeating species. At the same time, the energy of solvation of the permeating 

ion by ligands of the pore of these channels is apparently not as steeply dependent on 

ionic radius as the hydration energy, leading to block of ionic conductance by larger 

species. In the standard view this type of selectivity arises from interaction of the 

permeating anion with a weak electrical-field strength (Wright and Diamond, 1977; 

Eisenman and Horn, 1983). It is worth noting that some curious differences exist 

between chloride channel families, for example permeability seems to vary linearly 

with ionic radius in CFTR (Smith et al., 1999), while the relationship is clearly 

exponential for Ca2+ -activated chloride channels (Qu and Hartzell, 2000). High SCN- 

permeability and block of the channel by SCN- binding also seems to be a general 

feature of chloride channels. Single ligand-gated glycine and GABA receptors are 

approximately 7 times as permeable to SCN- as Cl-, but replacement of as little as 2% 

of the Cl- by SCN- is enough to block the channel (Bormann et al., 1987). CFTR is 

also more permeable to SCN- than to Cl-, and SCN- blocks the channel by binding in 

the pore (Tabcharani et al., 1997). Similarly the so-called outwardly rectifying 

chloride channel Cl- channel (ORCC) is more permeable to SCN- than to Cl-, but is 

blocked by relatively low concentrations of SCN- ion (Halm and Frizzell, 1992). All 

of these experiments also demonstrate anomalous mole fraction dependence in 

mixtures of SCN- and Cl-, indicating that the pore of these channels is capable of 

holding more than one anion simultaneously. Significantly, neutralization of a 

positively charged residue in CFTR channels that leads to a reduction of single 

channel conductance also relieves block by SCN-, and removes the anomalous mole 

fraction dependence in mixtures of SCN- and Cl- (Tabcharani et al., 1993). Strong 

interactions with SCN- ion may be a feature of anion specific systems in general. 

SCN- has also been shown to block an I- selective channel from thyroid cells (Golstein 
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et al., 1992), and to interact strongly with the anion exchanger of human red blood 

cells (Dissing et al., 1981). Collectively these results indicate that SCN- ion may be a 

valuable probe for ion permeation and binding in ClC channels, as well as in chloride 

channels in general. 

 

1.3.1.2 In silico modelling of ion permeation 

 

Models of ClC-0 and ClC-1 channels, based on the structural coordinates of 

prokaryotic homologues, have been examined with respect to ion permeation using 

molecular dynamics (Bisset et al., 2005; Cohen and Schulten, 2004; Corry et al., 

2004) and monte carlo simulations (Miloshevsky and Jordan, 2004). These 

simulations are compromised by the finding that the structural coordinates that 

underpin the channel models are based on the structure of ion transporters rather than 

channels (Accardi and Miller, 2004), although the basic architecture appears to be 

conserved (Estevez et al., 2003). The main caveat in modelling ion permeation in the 

modelled channels is that the ion-conducting pore is occluded in the models, requiring 

several amino-acid side chains to be moved to create a continuous pathway. 

Additionally, the modelled channels assume that fast, or protopore, gating of the 

channels correlates to movement of a highly conserved glutamate residue at the mouth 

of the channel (Dutzler et al., 2003), whereas it is now clear that substantial 

rearrangement of the channel mouth occurs during protopore gating (Accardi and 

Pusch, 2003). Nonetheless these in silico simulations faithfully replicate functional 

features such as rectification and chloride-dependence (Corry et al., 2004), and 

multiple-ion occupancy as a requirement for permeation (Cohen and Schulten, 2004), 
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as well as suggesting important roles for several pore-lining residues in ion 

permeation.  

 

1.3.1.3  Selectivity of the ClC channels 

ClC-1 is currently the only member of the ClC-family in which ionic selectivity has 

been systematically studied (Fahlke et al., 1997a; Rychkov et al., 1998). Although 

some features of ClC-1 selectivity are common to other families of chloride channels, 

equilibrium selectivity determined from bi-ionic reversal potential measurements is 

unique to the ClC family. ClC-1 shares the high SCN- permeability of other chloride 

channels as well as the susceptibility to block by SCN-. In contrast to other families of 

chloride channels however, the permeability of various anions does not increase with 

decreasing hydration energy of the permeating species. This is demonstrated by the 

Cl- > I- halide selectivity of ClC-1 that is probably a universal feature of the ClC 

channels (Miller and White, 1984; Jentsch et al., 1990; Steinmeyer et al., 1991b; 

Thiemann et al., 1992; Pusch et al., 1994; Steinmeyer et al., 1995; Fahlke et al., 

1997a; Rychkov et al., 1998; Friedrich et al., 1999). In addition, most ClC-type 

channels are probably Cl- > Br- > I- > F- selective, however some evidence suggests 

that ClC-4 and ClC-5 are selective for Br- over Cl- (Friedrich et al., 1999). For 

wild-type ClC-4 and ClC-5, which pass little or no inward current it is not possible to 

accurately measure current reversal potentials, and therefore it is also impossible to 

calculate permeability ratios. In mutants with altered rectification, measurements of 

the reversal potential made under bi-ionic conditions indicated Br > Cl- > I selectivity 

for both channels (Friedrich et al., 1999). In light of the crystal structure of the 

bacterial ClC channels however (Dutzler et al., 2002), the mutation occurs at the 

strongly conserved glutamate residue present at the extracellular side of the selectivity 
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filter that Dutzler et al. speculate might be involved in activation gating. It is likely 

therefore that the mutations affect selectivity of the channel, and it is therefore unclear 

whether wild type ClC-4 and ClC-5 channels are selective for Br- over Cl-. Curiously, 

the rat isoform of the kidney ClC channel, ClC-K1 expressed in Xenopus oocytes is 

selective for Br- > Cl- > I- (Uchida et al., 1998; Waldegger and Jentsch, 2000b). In the 

ClC-K channels a valine residue replaces the strongly conserved glutamate residue in 

the selectivity centre. Mutation of the residue to glutamate changes the halide 

selectivity sequence to Cl- > Br- > I- (Waldegger and Jentsch, 2000b). In addition a 

chimera in which most of ClC-K1 had been replaced with the ClC-Kb isoform was 

selective for Cl- > Br- > I- (Waldegger and Jentsch, 2000b). It is now understood that 

the ClC-K channels require an additional β-subunit for proper function, and when 

co-expressed with this subunit both mammalian ClC-Ka and ClC-Kb channels are Cl- 

> Br- > I- selective (Estevez et al., 2001; Waldegger et al., 2002). It is presently 

unclear whether selectivity of the rat isoform ClC-K1 is dependent on the presence of 

the β-subunit, or if the fully functional channel is selective for Br- over Cl-. One 

possible explanation for the observed Br- > Cl- selectivity of ClC-K1 may be that 

when it is expressed in the absence of the β-subunit the ClC-K1 channel modulates 

channels endogenous to the Xenopus oocyte, such as appears to have been the case in 

early biophysical studies of ClC-3 (Shimada et al., 2000). 

Although permeability ratios measured for other anions generally decreased with 

increasing size the high permeability of large anions such as SCN- and ClO4
- 

precludes a ‘sieving’ description of ClC-1 permeability. The dependence of 

permeability on anion size appears to fall off at around 5 Å, suggesting a minimum 

value for the internal dimensions of the selectivity centre (Rychkov et al., 1998). This 
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value is in agreement with the estimated minimum pore diameter in the ligand-gated 

chloride-channel family (Bormann et al., 1987).  

Before crystallographic techniques had resolved the details of ion binding in the pore 

of ClC channels, several lines of electrophysiological evidence suggested that the pore 

contained at least two binding sites that were separable on the basis of their 

interactions with permeating ions. Conductance through ClC-0 reaches a minimum in 

mixtures of Cl- and NO3
-, indicating that the pore contains at least two binding sites 

that can be occupied simultaneously (Pusch et al., 1995). ClC-1 conductance also falls 

to a minimum in mixtures of Cl- and SCN- as well as in mixtures of Cl- and ClO4
- 

(Rychkov et al., 1998). In addition, the permeability of these species, determined from 

bi-ionic reversal potential measurements, depends on the concentration ratio, 

strengthening the argument for multiple occupancy of the channel (Rychkov et al., 

1998). Differential I- binding to sites accessible from the extracellular and 

intracellular solutions also supports the notion of multiple binding sites in the 

permeation pathway (Fahlke et al., 1997a). One of these sites is accessible from the 

extracellular solution and binds anions with apparent affinity that varies with 

ion-hydration energy, leading to block of chloride conductance by larger species that 

are easier to dehydrate (Rychkov et al., 1998). Some impermeant anions such as 

cyclamate, and methanesulfonate are able to block ClC-1 conductance when present 

in the extracellular solution, presumably by binding in the channel pore. This 

observation suggests that the binding site for these anions is on the extracellular side 

of the selectivity filter. Furthermore, the ability of various foreign anions to block 

ClC-1 correlates with their ability to shift the voltage-dependence of the channel, 

suggesting that occupancy of this site is somehow coupled to channel gating 

(Rychkov et al., 1998).   
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Like other chloride channels ClC-1 has an anomalous permeability to large organic 

anions. The permeability of ClC-1 to various organic anions in the extracellular 

solution increases in parallel with the size of the hydrocarbon moiety attached to the 

charged carboxyl group (Rychkov et al., 2001). These anions also block ClC-1 

conductance, and in some cases weakly affect gating of the channel.  These 

observations suggest that a region of the permeation pathway accessible from the 

extracellular solution probably excludes water, and that the effective dielectric 

constant in this region of the channel is lower than for the bulk solution. Presumably 

this region corresponds to the anion-binding site that is accessible from the 

extracellular solution. Rychkov and coworkers fit a rate-theory based model to 

current-voltage relationships for ClC-1 in mixtures of Cl- and hexanoate in order to 

examine, albeit qualitatively, the features of the potential-energy surface of the 

permeation pathway. Their results constrained to a model with two discrete binding 

sites and three barriers suggest that the external chloride-binding site is located at the 

periphery of the membrane electrostatic field, and that this site binds Cl- more 

strongly than the internal site. 

1.3.2 Voltage-dependent Gating 

Voltage-gated channels can be compared to field-effect transistors (Sigworth, 2003). 

In transistors the flow of current through a semi-conductor is controlled by the effect 

of voltage on a gating electrode. In voltage-gated channels a certain amount of voltage 

across the channel is required in order for the channel to open and allow the passage 

of ions. The prototype voltage-gated channels are the voltage-gated K+ channels. In 

these channels intense biophysical study of native and cloned channels, mutagenesis 

studies and 3-D crystallographic structural information have provided a fairly detailed 

understanding of how voltage-dependent gating works. By comparison 
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voltage-dependent gating in ClC channels is poorly understood. The next section 

gives a brief overview of gating in K+ channels before discussing the salient features 

of voltage-dependent gating in ClC-type channels. 

 

1.3.2.1 Gating of K+ channels 

There are three well-established mechanisms of voltage-dependent gating in K+ 

channels. Two apparently involve reductions in the internal diameter of the channel 

pore, while the third mechanism involves inhibition of the channel by a peptide 

blocking particle which is covalently tethered to the channel. There is also a detailed 

understanding of how the channels sense voltage, however the link between the 

voltage sensor and the gating machinery of the channel is poorly understood. 

 

The first type of gating involves the S6 transmembrane helices of the channel, which 

form an inverted tepee structure that cradles the selectivity centre formed from the 

S5-S6 loops. At the bottom the helices converge to form a right-handed bundle 

crossing that serves to limit access to the internal water filled vestibule of the channel 

from the intracellular space. At the bundle-crossing point it appears that the S6 helices 

are likely to be kinked in both the open and closed state of the channel (Holmgren et 

al., 1998; del Camino et al., 2000; del Camino and Yellen, 2001). The conformational 

rearrangements in the S6 helices that lead to opening of the channel have become 

apparent from the 3-D structure of the MthK channel, which appears to be crystallised 

in the open state (Jiang et al., 2002b), in contrast to the structure of KcsA which is 

probably crystallised in the closed state (Doyle et al., 1998). In the MthK structure the 

bottoms of the S6 homologues are splayed apart, permitting direct access from the 

intracellular solution to the selectivity filter of the channel. The probable 
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rearrangement that corresponds to channel opening appears to hinge at a strongly 

conserved glycine residue in the S6 helix. One interesting consequence of the 

conformational rearrangements in the open state is that the drop in electrostatic 

potential in the open channel is largely confined to the selectivity filter (Jiang et al., 

2002b). Another interesting feature of gating in the S6 bundle is that blockers that 

bind in the aqueous intracellular vestibule of the channel can be trapped in residence 

by obstruction of the intracellular entrance (Armstrong, 1971; Holmgren et al., 1997). 

 

The other two types of gating in voltage-gated K+ channels close down the pore 

usually after it has been activated by rearrangements in the S6 bundle, accounting for 

the transient nature of K+ currents in spite of persistent stimulation. Because these 

types of gating inactivate the conductance they are usually referred to as inactivation 

gating. N-type inactivation involves block of the channel by the intracellular 

N-terminal domain of the channel (Hoshi et al., 1990; Zagotta et al., 1990). The 

N-terminal apparently blocks the open channel by binding to a site that is made 

accessible by the rearrangement of the S6 bundle during channel opening, leading to 

inactivation of the channel. The interaction of the N-terminal blocking domain with 

the channel appears to be largely driven by electrostatic and hydrophobic interactions 

within the channel (Choi et al., 1991; Murrell-Lagnado and Aldrich, 1993). The N-

terminus competes for its blocking site with intracellular channel blockers (Choi et al., 

1991), and is swept out of the channel by inward potassium flow (Demo and Yellen, 

1991). Mutations in the water-filled intracellular cavity affect binding of the blocking 

domain (Zhou et al., 2001a), demonstrating that this is where the blocking particle 

probably binds. 
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Another form of inactivation remains intact in Shaker K+ channels when the 

n-terminal inactivation domain is removed (Hoshi et al., 1991). This type of 

inactivation, called C-type inactivation probably involves conformational changes that 

occur in the selectivity centre of the channel. C-type inactivation is sensitive to 

extracellular K+ and mutations at the extracellular mouth of the pore (Lopez-Barneo et 

al., 1993). Block of the channel by extracellular TEA prevents C-type inactivation of 

the channel (Choi et al., 1991), as does occupancy of the channel by permeating ions 

(Ogielska and Aldrich, 1998; Immke et al., 1999; Kiss et al., 1999). The likely 

mechanism of C-type inactivation is a partial collapse of the selectivity filter, such as 

occurs in crystallised K+ channels in the absence of permeating K+ ions, (Zhou et al., 

2001b). In support of this notion, selectivity of the channel has been demonstrated to 

change during activation of the channel, clearly indicating that conformational 

changes affect the selectivity centre even during the normal activation (Zheng and 

Sigworth, 1997).  

Coupling between the gating machinery of the channel and the sensing device is best 

understood in channels such as MthK and the mammalian BK channels that have an 

intracellular Ca2+ sensing domain that is attached to the carboxy-terminus of the S6 

helix (Jiang et al., 2001; Jiang et al., 2002a). The intracellular sensing domain forms a 

‘gating ring’ with fourfold symmetry. In the crystal structure of MthK the channel is 

apparently open, and the gating ring is expanded by coordination of a central Ca2+ ion 

(Jiang et al., 2002b). Although the structural details of the coupling between the 

gating ring and the S6 domain are unclear from the crystal structure it appears that in 

the expanded conformation the gating ring forces the S6 domain into the open 

conformation by splaying apart the S6 bundle. Information about the closed state of 

the gating ring comes from the structure of the homologous gating domain from the E. 
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Coli K+ channel (Jiang et al., 2001). In the closed state the gating ring appears to be 

contracted, forcing the S6 bundle to converge, and closing the S6 gate. More recently 

X-ray based analysis has also revealed the structure of the voltage-sensing machinery 

of the voltage-gated channel from Aeropyrum pernix, KvAP (Jiang et al., 2003a; Jiang 

et al., 2003b).  Prior to the availability of detailed structural information a great deal 

of biophysical information had been amassed about voltage sensing in K+ channels. 

The fourth transmembrane segment of the voltage gated cation channels (S4) has 

strongly conserved basic residues at every third position. Mutation of these residues 

has complicated effects on gating of the channel, but in general the results of these 

experiments indicate that the charged residues in S4 are those that are displaced by the 

transmembrane electric field during voltage sensing (Aggarwal and MacKinnon, 

1996; Seoh et al., 1996). In the active channel, the voltage sensor is presumably 

formed by the symmetrical contribution of four S4 segments. Translocation of the 

charges across the membrane has been confirmed by substituted cysteine accessibility 

measurements (Larsson et al., 1996; Yang et al., 1996). The regular position on the 

basic residues in S4 led some researchers to propose that the region moves through 

the membrane like a ‘helical screw’ (Catterall, 1986; Guy and Seetharamulu, 1986). 

In this model S4 rotates so that the region rotates to replace a given charge with the 

next in the series, translating to a longitudinal displacement of the region. Studies in 

which displacement has been measured using fluorescent probes attached to S4 

appear to support the notion of rotation, but the estimated movement of residues 

during the rotation appears to be insufficient to account for the charge displacement 

that accompanies gating of the channel (Cha et al., 1999; Glauner et al., 1999). From 

the crystal structure of KvAP, and fragments of the voltage sensor expressed and 

purified in isolation Jiang and co-authors propose an alternative model (Jiang et al., 
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2003b). Instead of an α-helix that spans the membrane the voltage sensor is instead a 

helix-turn-helix structure composed of S4 and part of S3, that projects from the 

periphery of the channel into the membrane lipid, perpendicular to the normal plane 

of the membrane. Jiang and co-authors refer to this structure as a ‘gating paddle’ 

(Jiang et al., 2003b). In the closed state of the channel the gating paddles appear to be 

located near the intracellular surface of the membrane, and coincident with channel 

opening they are translocated to the extracellular surface of the membrane. In this way 

the paddles appear to act as charged levers, which respond to the transmembrane 

electrical field to mechanically influence the conformation of the channel pore (Jiang 

et al., 2003b). It is important to note that the structural information for this model 

comes from docking the structure of the isolated voltage sensor to the structure of 

KvAP in a conformation that is not unique. Other conformations of are clearly 

accessible, and as such Jiang et al.’s model represents at best a gross estimation of 

how the voltage sensor looks and works.  The gating paddle model view of channel 

gating is refuted by recent findings from Starace and Bezanilla, who demonstrate 

transmembrane proton conduction via a histidine substitution at the outermost 

arginine residue of the voltage sensor (Starace and Bezanilla, 2004). These findings 

suggest that under certain conditions the introduced histidine is simultaneously in 

communication with the aqueous solutions on the inside and outside of the membrane, 

and are inconsistent with the proposal that the voltage sensor is embedded in the lipid 

bilayer. In keeping with these observations the S3-S4 linker of the well-studied 

Shaker channels is always accessible from the extracellular solution (Sigworth, 2003). 

Coupling between the voltage sensor and the conformational changes in the channel 

pore is poorly characterised, and apparently quite plastic. In the CNG channels the S6 

gate closes the channel at positive potentials (Rothberg et al., 2002) even though the 
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operation and direction of motion of the voltage sensor appears to be the same as for 

channels that are closed by the S6 gate at negative potentials (Mannikko et al., 2002) 

In summary the bulk of empirical evidence strongly indicates that movement of the 

S6 segment under the influence of fluctuations in membrane voltage underlies voltage 

dependent gating in cation channels. The current models of how the voltage sensor 

works are, at the level of fine detail, vague and incompatible with the full spectrum of 

empirical evidence. Clearly, further experiments and more detailed structural 

information are required to resolve the intricacies of voltage sensing in cation 

channels. 

 

1.3.3 Voltage dependent gating of ClC channels 

 

Most or all of the ClC channels are voltage dependent. Voltage-dependent gating has 

been best characterised in the Torpedo channel, ClC-0. Two processes that may be 

dissected by virtue of their dependence on time and voltage regulate opening and 

closing of ClC-0 channels (Miller, 1982; Miller and White, 1984). A chloride-

dependent depolarisation-favoured process referred to as protopore gating 

independently activates each of the channels twin pores. The lifetimes of the open 

states of this process are typically in the millisecond range. Long-lived periods of 

quiescence separate bursting activity of the channel. These inactive periods are due to 

a common gating process that closes both pores simultaneously over a time course 

typically in the order of seconds. In contrast to protopore gating, depolarisation 

favours the closed state(s) of the common gate. Fundamentally the same gating 

processes appear to regulate activity of ClC-1, although ClC-1 common gating differs 
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from that of ClC-0 with respect to its kinetics and voltage dependence (Saviane et al., 

1999).  

 

1.3.3.1 Protopore gating: Chloride-activated chloride channels 

Activation gating of some members of the ClC-family is sensitive to chloride 

concentration in the external solution. For this reason the muscle-type chloride 

channels have been referred to as chloride-activated chloride channels (Chen and 

Miller, 1996). ClC channels do not harbour an intrinsic voltage-sensing device 

equivalent to the S4 segment of the voltage-gated cation channels. Instead the voltage 

sensitivity of activation gating in the muscle-type ClC channels is conferred by the 

permeating chloride ion. The involvement of chloride in gating of the channel was 

first demonstrated by Richard and Miller, who showed that cycling of ClC-0 between 

inactivated and conducting states in which either one or both of the pores was open 

was asymmetrical (Richard and Miller, 1990). The authors demonstrated that the 

asymmetry was sensitive to the electrochemical gradient for chloride ion, and 

reasoned that downhill movement of chloride through the channel pore provided the 

free energy required keeping the cycle away from equilibrium. At the time the 

mechanism of chloride coupling to the gating transitions was obscure, but the 

relationship was clearly demonstrated. The coupling mechanism was explored by 

Pusch and coworkers, who demonstrated strong sensitivity of steady-state voltage 

dependence of the channel to external chloride concentration (Pusch et al., 1995).  

Increasing chloride concentration favours the open state of the channel, shifting the 

activation curve to the left on the voltage axis. Pusch et al. (1995) proposed that 

chloride, and other permeant anions open the channel by binding to a regulatory site 
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deep within the channel pore. The intra-pore location of the binding site was implied 

by apparent concentration-dependent interactions in mixtures of Cl- and NO3
- that 

affected conductance and voltage dependence of the channel in parallel. The 

voltage-sensitivity of gating in this model arises from the drop in electrostatic 

potential that the ion experiences in traversing the membrane field to reach the 

regulatory site. From the chloride sensitivity of the activation curve the total charge 

displacement involved in gating the channel is approximately equivalent to one Cl- 

ion traversing the entire membrane-field (Pusch et al., 1995). Chen and Miller refined 

this model of Cl- dependent gating in a rigorous examination of the effect of Cl- 

concentration on the ClC-0 opening rate (Chen and Miller, 1996). These authors 

demonstrated that increasing extracellular Cl- concentration increased the opening rate 

in a rectangular-hyperbolic fashion, supporting the notion that Cl- binding opens the 

channel. The apparent Cl- dissociation constant of the site is clearly insensitive to 

voltage however, suggesting that the binding site is external to the electric field of the 

pore (Chen and Miller, 1996). This observation precludes the hypothesis that a drop in 

electrostatic potential between the bulk solution and the binding site confers the 

voltage-dependence of channel opening. Instead Chen and Miller propose that 

chloride binding shifts the equilibrium of the conformational states of the channel 

protein to a new chloride-liganded closed state which opens at a very high rate (Chen 

and Miller, 1996). The voltage sensitivity in this model arises from displacement of 

the Cl- ion relative to the membrane field during the conformational change; that is, 

voltage influences the conformational equilibrium through its effect on the rate of 

conversion between Cl- liganded closed states. Of course, displacement of the gating 

charge may arise from either physical movement of the Cl- ion into the electrostatic 

field of the channel pore, or from rearrangement of the field around the stationary Cl- 
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ion, or from a combination of both. Once the channel is open, the Cl- ion presumably 

dissociates from the regulatory binding site to permeate the channel, accounting for 

the deviation of the channel gating from thermodynamic equilibrium. As well as Cl- 

and other permeant anions, some impermeant anions are able to gate the channel from 

the external solution, suggesting that the regulatory site is probably located at the 

extracellular side of the selectivity filter (Rychkov et al., 1998). This hypothesis is 

supported by the high-resolution crystal structure of the E. coli channels, in which the 

pore appears to be gated by switching between alternative conformations of the 

pore-occluding glutamate side chain (Dutzler et al., 2003) discussed earlier in this 

review. In one of the structures solved by Dutzler and coworkers, the glutamate 

residue is replaced by glutamine (Dutzler et al., 2003). In this structure halide ions 

(resolved by comparing structures solved in the presence of Cl- and Br- ions, 

respectively) traverse the intracellular and extracellular solutions by way of three 

discrete binding sites. Where the side chain of the pore-occluding glutamate residue 

would normally occupy the outermost of these sites, in the mutant channel the 

glutamine side chain is directed away from the pore towards the extracellular solution. 

Because in the equivalent ClC-0 (E166Q) mutation the channels close very 

infrequently this is probably a good model of the open state of the channel. The 

mechanics of gating transitions between the closed and open states are presently 

unexplored, and interpretations in the context of Chen and Miller’s gating model 

(Chen and Miller, 1996) are purely speculative, but to a first approximation the ionic 

specificity of binding at the regulatory site (Rychkov et al., 1998) is consistent with 

this proposal. In ClC-1 at least, interaction of ions with the regulatory binding site 

seems to be dominated by hydration energies (Rychkov et al., 1998). In terms of 

Eisenmann’s selectivity sequences this type of specificity is generated by interaction 
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of the ion with a weak field-strength site (Eisenman and Horn, 1983), such as would 

presumably arise from the partial positive charge of the amide nitrogen atoms.  

 

In Chen and Miller’s gating model a small (0.3e) charge displacement in the inward 

direction (equivalent to outward displacement of a negative charge in the membrane 

field) an ‘anti-gating’ charge displacement occurs prior to channel opening (Chen and 

Miller, 1996). This unusual behaviour manifests as a bi-phasic dependence of the 

channel opening-rate that, depending on the internal chloride concentration, serves to 

prevent the channel from fully closing at negative potentials. The mechanism of this 

process has not been empirically examined, but it is clear that it becomes faster with 

protonation of a site accessible from the external solution (Chen and Chen, 2001). 

Movement of the negatively charged glutamate residue outwards in the electrostatic 

field during opening of the channel may account for the ‘anti-gating’ charge in Chen’s 

and Miller’s kinetic scheme (Chen and Miller, 1996). At strong hyperpolarizing 

potentials this charge displacement; corresponding to electrostatic repulsion of the 

glutamate side chain would force the channel into the open state. Similarly, 

protonation of the glutamate side chain in the open state would also be expected to 

keep the channel open (Dutzler et al., 2003).  

 

1.3.3.2  Common gating 

The common gate of ClC-0 opens the channel at hyperpolarised potentials with a time 

course of seconds, and closes the channel at depolarised potentials with a time course 

measured in tens or hundreds of seconds (Miller, 1982; Miller and White, 1984; 
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Pusch et al., 1995; Ludewig et al., 1997a). The open probability of the common 

inactivation gate, like the protopore gate, saturates at a significant non-zero value. 

Common gating is also apparent in single-channel records of ClC-1. The common 

gating of ClC-1 differs to that of ClC-0 however, in that the voltage dependence is 

reversed and the time course of closure of the ClC-1 common gate is much faster than 

in ClC-0, typically only 3-5 fold slower than protopore gating (Saviane et al., 1999). 

The voltage-dependence and time course of gating in either channel are quite plastic 

however, and are sensitive to modification of the ionic composition of the bathing 

solution, and of the protein structure. Protonation of ClC-1 reverses the voltage 

dependence of common gating and alters the kinetics of inward-current deactivation 

(Rychkov et al., 1996; Rychkov et al., 1997), and specific point mutations introduced 

in different regions of the primary structure of ClC-1 have similar effects to those of 

low pH (Fahlke et al., 1995; Zhang et al., 2000). Similarly mutations have been 

shown to greatly accelerate common-gating transitions of ClC-0 (Ludewig et al., 

1997b; Maduke et al., 1998). Thus the fundamental mechanism of common gating in 

the muscle-type channels is likely to be shared. Presently the clearest picture of how 

common gating works arises from studies of the temperature dependence of ClC-0 

gating transitions (Pusch et al., 1997). On the basis of these experiments these authors 

proposed a model of common gating that contains two open and two closed states. 

Deactivation of the common gate of ClC-0 is highly temperature sensitive, with a 

temperature coefficient (Q10) of ~ 40. The maximum and minimum open probabilities 

of ClC-0 common gating are also temperature sensitive, both decreasing with 

increasing temperature. Pusch et al. argue that the temperature dependence of the 

minimum and maximum open probability indicates that the closed to open transitions 

are not voltage dependent, but rather that the voltage dependence of gating arises from 
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effects on the equilibrium between like states. In other words the pathways that 

connect the two closed states, or the two open states carry the gating charge, not the 

steps which actually open and close the channel.  

Because the common gate inactivates both pores simultaneously, it is likely to be a 

consequence of specific inter-subunit interactions (Pusch et al., 1997). The clustering 

of dominant negative mutations of ClC-1 at the interface between the two subunits 

supports this notion (Duffield et al., 2003). In addition, Zn2+ binding probably inhibits 

the channel by locking the common gate in the closed conformation (Chen, 1998). 

The binding site for Zn2+ appears to be located near the interface between the two 

subunits (Lin et al., 1999). Mutation of this residue (C212), which is at the end of 

helix G and close to helix H, abolishes the inhibition of the channel by Zn++ and 

eliminates common gating. The dimer interface is not the only region of the channel 

involved in common gating however. Several lines of evidence implicate the 

intracellular carboxy-terminus in common gating. Experiments in which parts of the 

carboxy-terminus of ClC-0 was exchanged with the complementary regions of either 

ClC-1 or ClC-2 demonstrated that the carboxy-terminus is critically important for 

common gating (Fong et al., 1998). Similarly a point mutation in the tail of ClC-0 

inverts the steady-state current-voltage relationship and apparently accelerates 

common gating (Maduke et al., 1998). More recent results directly implicate the CBS 

domains of some of the ClC channels in common gating (Estevez et al., 2004). On the 

basis of homology modelling with the 3-dimensional structure of the CBS dimer from 

bacterial inosine monophosphate dehydrogenase, Estevez and colleagues identified 

residues on the surface of the putative CBS domain dimer that affect the voltage 

dependence of common gating when mutated. They speculate that these residues may 
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be involved in interactions between the CBS domains and unidentified residues on the 

intracellular surface of the channel. 

These observations are interesting in the context of the 3-D crystal structure of the 

bacterial ClC channels. As noted by Dutzler et al. the carboxy-terminus of helix R 

protrudes into the cytoplasm of the cell (Dutzler et al., 2002). In the muscle-type 

channels, and others, helix R is continued to form the intracellular carboxy-terminus. 

The N-terminus of helix R is directly involved in coordination of the chloride ion in 

the selectivity centre of the channel. Mutations in helix R have also been 

demonstrated to affect common gating (Fong et al., 1998). Thus helix R may be 

involved in common gating, perhaps as a device for transduction of intracellular 

events into channel gating (Dutzler et al., 2002; Jentsch, 2002).   

1.3.3.3 Potential coupling of protopore and common gates 

Common gating of ClC-0 depends on the external chloride concentration. In parallel 

with the effects on protopore gating within bursts of channel activity, reducing the 

external chloride also decreases the duration of bursts, indicating that both protopore 

and common gates open less frequently in the absence of extracellular chloride (Chen 

and Miller, 1996). In addition the protopore and common gates show a parallel 

dependence on internal chloride concentration.  Increasing the internal chloride 

concentration decreases the rate of closure of the protopore gates (Chen and Miller, 

1996) while strongly favouring the open state of the common gate of ClC-0 (Pusch et 

al., 1999). Hyperpolarisation activated gating of a point mutant of ClC-1 and an N-

terminal deletion of ClC-2 is also sensitive to changes in the internal chloride 

concentration (Pusch et al., 1999). These observations raise the interesting, but 

speculative possibility that protopore and common gating may be coupled. In ClC-1, 

at least, both gating processes can be qualitatively described by a common six-state 
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kinetic model (Duffield et al., 2003), originally formulated to describe protopore 

gating of ClC-0 (Chen and Miller, 1996). Both gating processes share an unusual 

bi-phasic dependence of the channel opening-rate on voltage, while in the same 

voltage window the closing rate varies as a mono-phasic function of voltage. The 

functional effects of some mutations of ClC-1 also suggest that chloride-sensitive 

gating of the individual pore may be coupled to the common gate. Many of the 

dominant negative mutations in the trans-membrane block that affect common-gating 

of ClC-1 are clustered around the interface between the two subunits, in agreement 

with the involvement of inter-subunit interactions in common gating (Duffield et al., 

2003). Some of the mutations, including G230E (helix F), and P480L (between 

helices M and N) are close to the selectivity centre however, raising the possibility 

that they affect chloride binding. In addition, a dominant mutation of ClC-7 that leads 

to the development of osteopetrosis (Cleiren et al., 2001), presumably by affecting 

common gating of the channel, occurs in the Cl- coordinating site of the selectivity 

centre (P249L). Mutation of the pore-occluding glutamate residue of ClC-0 (E166), 

that Dutzler et al. propose forms the activation gate, results in channels that rarely 

visit the closed state (Dutzler et al., 2003). In single channel records very few closures 

are evident suggesting that both the protopore gate that acts on the individual pore, 

and the common inactivation gate are affected in parallel by the same mutation. 

Collectively these observations suggest that some of the molecular machinery of the 

protopore gate that acts on individual pores, and the common gate that inactivates 

both pores is shared. One possible explanation is that the part of the gate that occludes 

the channel pore and prevents ion permeation; the glutamate gating-residue, is shared 

by both gating mechanisms, but that the common gate is linked to global changes in 
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the channel conformation, as opposed to the localised changes associated with gating 

of the individual pores. 

1.3.3.4 Voltage-dependent gating of ClC-2 

ClC-2 channels activate very slowly, with a time course measured in tens of seconds, 

in response to strong hyperpolarisation (Thiemann et al., 1992; Jordt and Jentsch, 

1997). The kinetics of this gating closely resemble common gating of ClC-0, and 

hyperpolarisation activated gating in ClC-1 induced by low pH or specific point 

mutations. The dependence of ClC-2 gating on external chloride is opposite to that of 

ClC-0 and ClC-1 however. In the latter channels increasing the external chloride 

concentration appears to favour opening of both the protopore and common gates. In 

contrast increasing the external chloride concentration favours the closed state of 

ClC-2 (Pusch et al., 1999). Additionally, in contrast to ClC-0 and ClC-1 gating, ClC-2 

gating also depends on osmolarity (Grunder et al., 1992), arguing against a common 

gating mechanism. ClC-2 gating can be abolished by deletion of part of the N-

terminus of the protein leading to constitutively active channels (Grunder et al., 

1992). Functional gating with wild-type kinetics can be restored to deletion mutants 

by introducing the N-terminus into the carboxy-terminus of the channel, suggesting 

that the effect of the N-terminus is position-independent. Co-expression of ClC-2 with 

ClC-1 abolishes the common gating of ClC-2 (Lorenz et al., 1996), and when the N-

terminus of ClC-2 is replaced with the corresponding region of ClC-0 or ClC-1 gating 

is also abolished (Grunder et al., 1992). Collectively these observations indicate that 

the common, hyperpolarisation activated gating of ClC-2 is fundamentally different to 

common gating of ClC-0 and ClC-1. In excised patch-clamp recordings Pusch and 

coworkers (1999) demonstrated that a faster hyperpolarisation activated gate could be 

distinguished in the N-terminal mutant. The reason that this faster gating process was 
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not evident in two-electrode voltage clamp measurements of the mutant channels in 

Xenopus oocytes is unclear. This type of hyperpolarisation activated gating of ClC-2 

was sensitive to intracellular Cl- in the same way as ClC-0 common gating and 

hyperpolarisation activated gating of a ClC-1 mutant; increasing intracellular Cl- 

concentration favoured the open state. Because of instability of the wild-type channel 

in excised patches, no measurements of the sensitivity of the wild-type channel were 

possible. The relationship of hyperpolarisation activated gating in the truncation 

mutant to gating of ClC-0 and ClC-1 is unclear, however Pusch et al. reason that the 

faster process may only become visible in the absence of the common, hypotonicity- 

and hyperpolarisation-activated gating of ClC-2 (Pusch et al., 1999). 

 

 

1.3.4 Structure function of the muscle-type ClC channels 

 

The aim of the current study was to identify similarities and differences between ClC-

0 and ClC-1 with respect to permeation and gating, and to use these differences to 

guide structure-function studies. For ClC-0 the temperature dependence has been well 

characterised (Pusch et al., 1997), but this is not the case for ClC-1.  For ClC-1 the 

effects of foreign anions on permeation and gating are well characterised (Rychkov et 

al., 1998; Rychkov et al., 2001) but this is not the case for ClC-0. The first two 

experimental chapters of this thesis are devoted to characterising the temperature 

dependence of ClC-1, and the dependence of ClC-0 permeation and gating on foreign 

anions. Ultimately, the information derived from these types of experiments can be 

used to guide structure-function experiments, in the context of 3-dimensional models 

developed from x-ray resolved structures of the bacterial homologues, and using 
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chimera-based strategies. These approaches are explored in the latter part of the 

second, and in the third experimental chapter to explore differences between ClC-0 

and ClC-1 with respect to ion permeation and common gating. 
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2 TEMPERATURE DEPENDENCE OF ClC-1 
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2.1 INTRODUCTION 

Analysis of the temperature dependence of ion channel conductance and gating 

provides valuable information about the thermodynamics of the underlying processes 

(Frankenhaeuser and Moore, 1963; Bamberg and Lauger, 1974; Murrell-Lagnado and 

Aldrich, 1993; Rodriguez and Bezanilla, 1996; Nobile et al., 1997; Rodriguez et al., 

1998). For most channels, the temperature dependence of conductance is not 

significantly different from that of a diffusion limited process, with Q10 1.2-1.7; while 

gating, in general, shows much greater sensitivity to temperature with Q10 ranging 

between 1.5 and 40 (DeCoursey and Cherny, 1998). One of the most temperature 

sensitive biological processes currently characterised is the common gating of ClC-0, 

the Torpedo chloride channel (Pusch et al., 1997). ClC-0 is known for its double-

barrelled structure, in which each subunit of a homodimeric complex forms an 

identical ion-conducting pore (Ludewig et al., 1996; Middleton et al., 1996). Each of 

the twin pores is controlled independently on a millisecond time scale by its own 

protopore gate, while a common gate opens and closes both pores simultaneously 

over a much longer time scale (Miller, 1982). Kinetics of the protopore gate of ClC-0 

are only moderately temperature dependent, with a Q10 of about 2.2. In contrast, 

deactivation kinetics of the common gate are highly temperature sensitive with a Q10 

of about 40 (Pusch et al., 1997). Such a large temperature coefficient may reflect the 

involvement of inter-subunit interactions in common gating (Pusch et al., 1997), 

however, the precise mechanism of common gating in ClC-0 is currently unresolved. 

The skeletal muscle chloride channel ClC-1 shares many structural and functional 

similarities with ClC-0 (Waldegger and Jentsch, 2000a). As has been demonstrated 
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for ClC-0, ClC-1 has a double-barrelled appearance (Saviane et al., 1999; Weinreich 

and Jentsch, 2001) and its open probability depends on the external Cl- concentration 

(Rychkov et al., 1996). There is a substantial difference between the two channels, 

however, with respect to the voltage dependence and kinetics of common gating 

process (Saviane et al., 1999). In ClC-0 common gating is activated by 

hyperpolarisation, while in ClC-1 hyperpolarisation deactivates both protopore and 

common gates in parallel. In addition, the time constant of ClC-1 common gating 

relaxations at negative potentials, unlike that in ClC-0, is just 3-5 times slower than 

that of the protopore gate (Saviane et al., 1999). Interestingly, the voltage dependence 

of ClC-1 gating can be reversed by low pH, so that it resembles common gating of 

ClC-0 (Rychkov et al., 1996). 

 The low single channel conductance and multi-exponential deactivation kinetics of 

ClC-1 make it less amenable to biophysical characterisation than the ClC-0 Torpedo 

homologue. Consequently, studies of ClC-0 channel structure and activity are often 

used as a model for ClC-1, and other ClC-type chloride channels (Jentsch et al., 

1999). Although there is no doubt that protopore gating mechanisms in ClC-0 and 

ClC-1 are very similar, and both depend on the permeating anion, little is known 

about common gating of either channel.  

In the present work temperature was used to probe the mechanisms underlying ionic 

conductance and gating of ClC-1 in control conditions and at low pH. The Q10 of the 

protopore gating transitions of ClC-1 was similar to that of ClC-0, however, the shift 

of the Po of the protopore gate towards positive potentials indicated that the closing 

rate constant of the ClC-1 protopore gate, unlike that in ClC-0, is more temperature 

sensitive than the opening rate constant. Neither the common gate at normal pH nor 
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the hyperpolarisation-activated gate at low pH of ClC-1 had temperature dependence 

comparable with that of the common gate of ClC-0.   



 52 

2.2 METHODS 

2.2.1 Channel Expression 

Human ClCN1 (Steinmeyer et al., 1991b) digested with EcoRV and EcoRI restriction 

enzymes (Promega Corp. Madison, WI, USA) was ligated into the NheI and EcoRI 

sites of the pCIneo mammalian expression vector (Promega Corp. Madison, WI, 

USA) using a PCR generated adapter with 5’ NheI and 3’ EcoRV sites.  The PCR 

derived fragment was later sequenced to exclude errors.  HEK 293 cells were 

transfected with a mixture of the construct and pEGFP-N1 reporter plasmid 

(Clontech, Palo Alto, CA, USA) at a molar ratio of 3:1 using Lipofectamine Plus 

(Life technologies Inc., NY, USA) according to the manufacturer’s instructions.  

Transfected cells were later identified by reporter-plasmid driven expression of Green 

Fluorescent Protein. 

 

2.2.2 Electrophysiology 

Patch-clamp experiments on HEK293 cells were performed in the whole-cell 

configuration using a List EPC 7 (List, Darmstadt, Germany) patch-clamp amplifier 

and associated standard equipment. The standard bath solution contained (mM): 

NaCl, 144; MgCl2, 1; CaCl2, 2; HEPES (N-[2-hydroxyethyl]piperazine-N’-[2-

ethanesulfonic acid]), 5; adjusted to pH 7.4 with NaOH. MES (2-[N-Morpholino] 

ethanesulfonic acid) (5 mM) was used instead of HEPES in the external solution to 

buffer pH to 5.5. The standard pipette solution contained (mM): CsCl, 40; Cs-

glutamate, 80; EGTA-K (ethylene glycol-bis(β-aminoethylether)-N,N,N’-tetraacetic 

acid), 10; HEPES, 10; adjusted to pH 7.2 with KOH. For low pH internal solution, 10 
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mM MES was substituted for HEPES and adjusted to pH 6.2 with KOH.  The 

temperature of the bath was varied using a Peltier-based device with negative 

feedback, and measured (within ±0.05°K) approximately 1-5 mm from the clamped 

cell using a thermistor in the bath solution.   

Patch pipettes of 1-3 MΩ were pulled from borosilicate glass and coated with Sylgard 

(Dow Corning, Midland, MI, USA).  Series resistance did not exceed 5 MΩ and was 

80-85% compensated. Currents obtained were filtered at 3 kHz, collected and 

analysed using pCLAMP software (Axon Instruments, Foster City, CA, USA).  

Potentials listed are pipette potentials expressed as intracellular potentials relative to 

outside zero.   

 

2.2.3 Data Analysis 

The temperature dependence of the rate constants were analysed according to the 

Arrhenius equation : 

ln lnk A
E
RT

a
= !             (1) 

where k is a rate constant at the absolute temperature T, R is the gas constant, and A is 

a constant factor. The activation energy, Ea , was obtained from the slope of the 

Arrhenius plot (ln k versus 1/T) to calculate the enthalpic component: 

!H E RTa
‡

= "           (2) 

Values for Q10 were calculated from the Arrhenius plots according to Q10 =k(T+10 

K)/k(T) for T = 293 K. 

Single channel recording of ClC-1 performed by Saviane et al., (1999) is consistent 

with the presence of two independent gates in this channel; a protopore gate that 

works on each pore, and a common gate that operates on both protopores 
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simultaneously. Time constants of the protopore and common gates obtained from 

single-channel recordings are very similar to the time constants of two exponential 

components that can be fitted to the macroscopic currents. If the time constants 

extracted from whole-cell macroscopic currents reflect relaxations of the protopore 

and common gates, it is possible to derive the open probabilities of the protopore and 

common gates from the relative amplitudes of the corresponding exponential 

components.  During the voltage step from a membrane potential of V1 to the 

membrane potential V, the Po of each gate changes exponentially from one steady-

state to another. Dependence of the Po of the protopore gate on time can be described 

by the following equation: 
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f
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f
o are  the steady state Po of the protopore gate at the membrane 

potential V1 and V respectively and ! f  is the time constant of the protopore gate.  

Similarly for the common gate: 
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where   !s  is the time constant of the common gate. 

Open probability of the channel overall is given by the equation: 

P t P t P tf s
o o o( ) ( ) ( )= !                    (5) 

If the initial voltage V1 is set positive to +60 mV, Po of the protopore and common 

gates is close to unity (Saviane et al., 1999).  Consequently, the result of 

multiplication of open probabilities of the protopore and common gates will be as 

follows: 

! 

P
o
(t) = (1" P

oV

f
)P

oV

s
e
"t /# f + (1" P

oV

s
)P

oV

f
e
"t /# s + (1" P

oV

f
)(1" P

oV

s
)e

" t(
# s +# f

# s# f

)

+ P
oV

f
P
oV

s   (6) 



 55 

This equation contains three exponential terms; however, it can be simplified making 

the following assumption: e et tf s f s f! + !
"

(( )/ ) /# # # # #  when !s >>! f (in practice the latter is 

true if the common time constant at least three times longer than the protopore one). 

As a result, time dependence of the Po of the channel can be described by the 

following equation: 
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The time dependence of the current relaxation is given by the equation: 

I t I P t( ) ( )max= ! o                 (8) 

 where Imax is the peak current at time zero. 

On the other hand, the raw current data points can be fitted with an equation 

comprising two exponential components of the form: 

I t A e A e Ct t( ) / /
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1 2
1 2" "           (9) 

where A1, A2 and C are the amplitudes of the protopore, common  and steady-state 

components of the current respectively. Combining equations 7, 8 and 9 and dividing 

it by Imax it is possible to show that the solution of the final equation at each time point 

exists only if ! !f = 1 ;! !s = 2  and the coefficients in front of the corresponding 

exponentials are equal. Consequently:  
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           (10,11) 

where a1, a2 and c are A1/Imax, A2/Imax and C/ Imax respectively. 

This analysis is based on the assumption that the protopore and common gating 

processes are independent of each other. Our results (Aromataris et al., 2001) show 

that some mutations and drugs can affect the Po of one type of gate without affecting 

the other supporting the validity of the present approach. On the other hand, some 

other properties of ClC-1 indicate that the protopore and common gating in ClC-1 
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might be coupled (Accardi and Pusch, 2000; Aromataris et al., 2001). The method of 

separation of the P f
o and Ps

o presented by Accardi & Pusch (2000), similarly to that in 

the present study, relies on mutual independence of the protopore and common gating. 

These authors, however, showed that the assumption of independence is not crucial 

for the analysis, providing that the time constant of the protopore gating is at least 3 

times smaller than that of the common gating. The same consideration is also valid for 

the present study. 

Normalised peak tail currents for voltage steps to -100 mV after test pulses in  the 

range from -160 to +100 mV  were used to produce apparent Po curves  by fitting  

with a Boltzmann distribution with an offset, of the form : 

! 

Po(V ) = P
min

+
1" Pmin

1+ exp((V1/ 2 "V ) /k)
                  (12) 

where Pmin  is an offset, or a minimal open probability at very negative potentials, V is 

the membrane potential, V1/2 is the half maximal activation potential, and k is the slope 

factor.   The same equation was used to produce Po curves for the protopore and 

common gates with the data points calculated by using equations 10 and 11. 

Results are presented as mean ± S.E.M.   
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2.3 RESULTS 

2.3.1 Temperature dependence of whole-cell currents 

Raising the temperature increased the amplitude of ClC-1 currents and accelerated 

their deactivation at negative potentials (Fig.1a, b). The characteristic inward 

rectification of instantaneous I-V plots was preserved at all temperatures (Fig.1c).  

The Arrhenius plot for the normalized inward conductance measured as a chord 

conductance at -120 mV was essentially linear, and the straight line fitted to the data 

points pooled from several cells had a slope corresponding to a Q10 of 1.6 (Fig. 1d).  

Chord conductance at +60 mV also increased with temperature with a Q10 of 1.6 (not 

shown). 

Apparent Po obtained from normalized peak tail currents was shifted to more positive 

potentials at higher temperatures (Fig.1e). Nevertheless, at the potential of +60mV 

routinely used as a prepulse potential to activate the channels, apparent Po reached its 

maximal value at all temperatures examined. 
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Figure 1. Temperature dependence of ClC-1 macroscopic currents. Current traces recorded from 

the same cell at 20 °C (a) and 30 °C (b) in response to the activation voltage protocol: 100 ms pre-pulse 

to +60 mV from holding potential of  –30 mV was followed by the voltage steps ranging from -140 

mV to +80 mV in 20 mV increments. (c) I-V plots for peak currents ( Imax , eq. 9) at different 

temperatures. (d) Arrhenius plot for inward conductance. Data pooled from 5 cells was normalised to 

the inward conductance at 25 °C for each cell. The average chord conductance calculated from the peak 

current at -120 mV at 25 ºC was 63 ± 23 nS (n=5). The Q10 calculated from the fit of the Arrhenius 
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equation was 1.6. (e) Apparent Po curves derived from normalised peak tail currents at -100 mV at 

different temperatures. The data are fit with Boltzmann distributions as detailed in Methods.  
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2.3.2 Temperature dependence of protopore gating 

Current deactivation at negative potentials could consistently be described by the sum 

of two exponential components and an offset (eq.9) in the temperature range 

examined. The time constants of two exponentials that can be extracted from the 

deactivating currents are believed to represent the time constants of relaxations of the 

protopore and common gating processes (Saviane et al., 1999). Therefore we refer to 

the time constants of exponential components τ1 and τ2 (eq.9) as the time constants of 

protopore and common gating respectively. As expected, the time course of the 

protopore-gating relaxation became exponentially shorter with increasing temperature 

(Fig.2). At temperatures higher than approximately 35 °C the inward current through 

ClC-1 could not be reliably dissected from the capacitive transient at the beginning of 

the voltage pulse. The dependence of the protopore gating time constant on 

temperature could be well fitted by the Arrhenius equation (eq.1) yielding an average 

activation enthalpy for the transition at -140mV of ΔH‡=84 ± 3 kJmol-1, with a 

corresponding Q10 of 3.1 ± 0.1 (n=5).  The apparent activation enthalpies and the 

corresponding Q10 values were voltage dependent, decreasing at less negative 

potentials  (Fig.2, Table 1). 
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Figure 2. Temperature dependence 

of the time constant of the fast 

deactivating exponential component 

of the inward current.  Arrhenius 

plots for τf from a representative cell 

at different voltages. The average 

parameters of the fits from 5 cells are 

presented in Table 1. 

 

 

 

 

 

Table 1.  Voltage dependence of activation enthalpy of protopore gating. Average values of 

apparent activation enthalpy and temperature coefficient (Q10) for the fast exponential component, τf, 

were determined from Arrhenius plots shown in Figure 2. 

 

 -140 mV -120 mV -100 mV -80 mV 

ΔH‡ (kJmol-1) 84.1 ± 2.5 82.9 ± 2.8 72.9 ± 3.0 59.6 ± 2.5 

Q10 3.1 ± 0.1 3.1 ± 0.1 2.7 ± 0.1 2.2 ± 0.1 

 

 

 

The apparent Po of ClC-1, as shown in Fig 1e, represents the combined Po of both 

protopore and common gates; so it is not possible to determine from these data how 

the Po of different gates were affected by temperature. Steady-state open probabilities 

of the protopore gate and the common gate can be dissected by deriving them from 
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the relative amplitudes of the exponential components of deactivating inward 

currents, as shown in Methods. Open probability of the protopore gate was 

temperature dependent such that the half-saturation voltage (V 1/2) was shifted toward 

more positive potentials by 23.4 ± 0.5 mV per 10 ºC increase in temperature, while 

concurrently the minimal Po of the protopore gate was reduced (Fig. 3). 

 

Figure 3.  Effect of temperature on 

steady-state Po of the fast gate.  (a) 

Po of the fast gate was derived from 

the relative amplitudes of the fast 

exponential component as shown in 

Methods (eq.10). Curves represent 

Boltzmann fits to the calculated data; 

the maximal value of Po was 

constrained to 1. (b) V1/2 determined 

from Boltzmann fits for the same cell 

shown in a. plotted against 

temperature.  Solid line is a fit of the 

form V1/2 = mT + b, where T is 

temperature, b is the V1/2 at 0 °C, and 

m is the slope. The average value of 

m calculated from 5 cells was 23.4 ± 

0.5 mV per 10 °C increase in 

temperature (in the range from 14 to 

35 °C). 
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2.3.3 Temperature dependence of common gating 

Common gating relaxations also became faster with increasing temperature. 

Arrhenius plots of the common deactivation time-constant yield an apparent 

activation enthalpy of 103 ± 7 kJmol-1 for this process, corresponding to a Q10 of 4.1 ± 

0.4 (n=5) (Fig 4). Activation enthalpy of common gating relaxations was essentially 

voltage-independent between -80 and -140 mV.  

 

 

 

 

 

 

As with the protopore gate, Po of the common gate was also dependent on temperature 

(Fig 5). The V1/2 of common gating was shifted to more depolarising potentials by 34 

± 2 mV per 10 ºC increase in temperature between 14 and 35 ºC. The minimal Po of 

the common gate showed a tendency to decrease with rising temperature. At high 

temperatures however, when the minimal Po of the protopore gate was in the range of 

0.03 the calculation of the Po of the common gate could be subject to a significant 

error as a leakage current of just 100 pA at -140 mV could significantly increase the 

Figure 4. Temperature 

dependence of the time 

constant of the slow 

exponential component of the 

inward current. Arrhenius 

plots for τs from a 

representative cell at different 

voltages.  
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relative amplitude of the steady state current and increase the estimate of the minimal 

Po of the common gate (see eq. 11). Consequently, it is impossible to make a firm 

conclusion about temperature dependence of this parameter of the common gating 

process. 

 

 

Figure 5.  Effect of temperature 

on steady-state Po of the slow gate.  

(a) Po of the slow gate was derived 

from the relative amplitudes of the 

slow exponential component as 

shown in Methods (eq.11). Curves 

represent Boltzmann fits to the 

calculated data; the maximal value 

of Ps
o  was constrained to 1. (b) V1/2 

determined from Boltzmann fits are 

plotted against temperature. The 

average slope of the line calculated 

from 5 cells was 34 ± 2 mV per 10 

°C increase in temperature (in the 

range from 14 to 35 °C). 

 

2.3.4 Hyperpolarisation activated gating of ClC-1 at low pH. 

A major difference between ClC-1 and ClC-0 channels is in the voltage dependence 

and kinetics of their common gating processes. Common gating of ClC-1 is three 

orders of magnitude faster than common gating of ClC-0, and has opposite voltage 

dependence (Miller, 1982). It is possible to induce, however, a type of gating in ClC-1 
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that resembles common gating of ClC-0, by specific point mutations or low pH 

(Fahlke et al., 1995; Rychkov et al., 1996; Zhang et al., 2000). In the present work an 

internal pH of 6.2 and external pH of 5.5 was used to reverse the voltage dependence 

of ClC-1 gating. To record hyperpolarisation activated currents through ClC-1 the 

holding potential was set to +40 mV and voltage steps to negative potentials were 

applied at 20 s intervals (Fig.6 a,b). The time course of current activation, with the 

exception of a short initial phase (2-5 ms), could be fitted with a single exponential. 

At higher temperatures and potentials negative to -80 mV, inward currents showed 

some inactivation (Fig. 6b). For these currents, time constants of activation were 

determined by fitting current traces with the single exponential between 5 ms after the 

beginning of the pulse and the maximal negative amplitude of the current. The nature 

of the inactivation was not investigated further in the present study.   

Deactivating tail currents recorded on membrane repolarisation required two 

exponentials for an adequate fit. Peak tail currents at +60 mV, as shown in Fig 6 a,b, 

were used to construct apparent Po curves of the hyperpolarisation activated gate (Fig 

6 c).  A fit of the Boltzmann distribution to the experimental data points gave a V1/2 of 

-30.6 ± 0.4 mV and an apparent gating charge of approximately 1.3. Apparent Po of 

hyperpolarisation activated gating was essentially independent of temperature in the 

range between 15 –35 ºC. 

The amplitude of the inward currents was highly temperature dependent in the range 

between 15 and 25 ºC. The Arrhenius plot for the inward conductance in this 

temperature range gave a Q10 of about 6.5. At higher temperatures (25 – 35 ºC), 

however, the Q10 was only 1.2, characteristic of a simple diffusion limited process 

(Fig.6d).  Similar temperature dependence was found for the peak tail currents at +60 
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mV (Fig. 6e). Changes of the current amplitude were fully reversible upon returning 

to the starting temperature. 
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Figure 6.  Temperature dependence of macroscopic ClC-1 currents at low pH. Internal pH was 6.2 

and external pH was 5.5. Current traces recorded from the same cell at 19 °C (a) and 28 °C (b) in 

response to the following voltage protocol.  Hyperpolarisation activated gating of ClC-1 is not evident 

in recordings using the same voltage protocol detailed in fig 1, therefore a different voltage protocol 

was used for these experiments {Rychkov, 1996 #82}. For the course of the protocol holding potential 

was clamped at +40 mV to negate  slow hyperpolarisation activated currents. The membrane potential 
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was stepped from –120 mV to +40 mV in 20 mV increments followed by a tail pulse to +60 mV to 

measure the degree of activation by hyperpolarisation. The membrane was returned to holding potential 

for 10 s between each iteration of the protocol. (c) Apparent Po curves for hyperpolarisation activated 

gating derived from normalised peak tail currents at +60 mV at different temperatures. The data are fit 

with Boltzmann distributions as detailed in Methods. Curves fit at 23 ± 1 °C yielded V1/2 of 30.6 ± 0.4 

mV, and an apparent gating valence of 1.3 (n=7). Arrhenius plots of peak inward (d) and outward 

conductance (e). Data pooled from 7 cells was normalised to the inward conductance at 25 °C for each 

cell. The average chord conductance calculated from the peak current at -120 mV at 25 ºC was 77±22 

nS. 

 

Arrhenius plots of the time course of current activation (Fig. 7a) yielded an activation 

enthalpy of 120 ± 3 kJmol-1, corresponding to a Q10 of 5.4 ± 0.2 (n=7).  This value was 

independent of the voltage at which activation was measured. 

Current deactivation at positive potentials followed a double-exponential time course 

in the temperature range examined, with time constants typically less than 650 ms for 

the fast component (τ1) and 5 s for the slow component (τ2). At +60 mV the relative 

amplitudes were approximately 0.6-0.7 and 0.3-0.4 for the fast and slow component 

respectively. Pooled data from 7 cells was fit to the Arrhenius equation to yield an 

apparent activation enthalpy for the fast component of 102 ± 5 kJmol-1, corresponding 

to a Q10 of 4.0 (Fig. 7b).  The slow component was more steeply dependent on 

temperature, with activation enthalpy of 120 ± 7 kJmol-1, corresponding to a Q10 of 5.1 

(Fig. 7c). 
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Figure 7. Temperature dependence of current kinetics at low pH. Internal pH was 6.2 and external 

pH was 5.5. (a) Arrhenius plots of activating time constant at various potentials for a representative 

cell. The average activation enthalpy calculated from 7 cells was 120 ± 3 kJmol-1, and Q10 was 5.4 ± 

0.2. (b) Arrhenius plot for the faster deactivating component of tail current at +60 mV measured 

following a prepulse to -100 mV. Data are pooled from 7 cells. (c) Arrhenius plot of the slower 

deactivating component of tail current  measured under the same conditions as in B. 
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2.4 DISCUSSION 

2.4.1 Temperature dependence of ClC-1 at normal pH; comparison with ClC-

0.  

The average Q10 for inward and outward conductance of ClC-1 under normal 

conditions was 1.6, a value at the upper end of the range characteristic of diffusion-

limited processes (Q10 1.2 - 1.7).  The Arrhenius plots for individual cells were not 

quite linear (not shown), with higher Q10 values at lower temperatures.  Within the 

pooled data the curvature in the plot was obscured by variability between cells. 

The Q10 of protopore gating relaxations varied between 3.1 at -140 mV and 2.2 at -80 

mV (Table1, Fig. 2).  The voltage dependence of Q10 indicates that the opening and 

closing rates of the protopore gate are not equally sensitive to temperature.  Greater 

Q10  values for gating at more negative potentials are consistent with steeper 

temperature dependence of the closing rate than the opening rate, since the time 

constant of gating relaxations at very negative potentials is dominated by the closing 

rate constant. Conversely, at more positive potentials the opening rate becomes more 

prominent, and decreasing Q10  values indicate that the temperature dependence of the 

opening rate is not as steep as for the closing rate. This conclusion is supported by the 

rightward shift of the apparent Po of protopore gating at higher temperatures (Fig. 3). 

The Po of a channel is related to its opening (α) and closing (β) rates by the 

expression Po= α / (α+β). Consequently, if the dependence of β on temperature is 

steeper than of α then with increasing temperature equilibrium will be shifted such 

that the Po of the channel at a given voltage will be reduced. 

The current results differ from those reported by Pusch et al. (1997) for protopore 

gating of ClC-0.  The Q10 value obtained for protopore gating transitions of ClC-1 was 



 71 

only moderately greater than that demonstrated for ClC-0 (Q10 2.2). In contrast to 

ClC-1 however, the apparent activation enthalpies calculated for ClC-0 protopore 

gating were insensitive to voltage, and similarly steady-state voltage dependence was 

independent of temperature (Pusch et al., 1997). These data indicate that for the 

protopore gate in ClC-0 both forward and backward transitions to the closed state 

have approximately equivalent temperature dependence, and that neither open nor 

closed states are energetically favoured.  

The common gating process, which simultaneously regulates activity of both ClC-1 

pores, has been identified at the single-channel level (Saviane et al., 1999). It differs 

from the corresponding process in ClC-0 with respect to its time course and voltage 

dependence and is very different in its dependence on temperature. ClC-0 common 

gating relaxations have a remarkable temperature dependence, with an apparent 

activation enthalpy of 260 kJmol-1 corresponding to a Q10 of ~40, which suggests that 

the transitions between open and closed states of the common gate in ClC-0 involve 

complex structural rearrangements (Pusch et al., 1997). The present measurements of 

the temperature sensitivity of this process in ClC-1 gave an activation enthalpy of 103 

kJmol-1, corresponding to a Q10 of about 4. Unlike the corresponding processes in 

ClC-0, both protopore and common gating of ClC-1 show similar sensitivity to 

temperature, with the activation enthalpy and Q10 of common gating only modestly 

greater than those of protopore gating. This observation suggests that the structural 

changes that accompany transitions between open and closed states of the protopore 

and common gates are thermodynamically similar in their degree of complexity. The 

similarity between the two gates in ClC-1 extends to the parallel shift of Po with 

temperature (Fig. 3 and 5). By contrast the Po of the common gate of ClC-0 is not 

shifted along the voltage axis with temperature, but, rather, it changes with respect to 
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its maximal and minimal values (Pusch et al., 1997). This unusual effect of 

temperature on the common gate of ClC-0 was described by a model in which the 

open and closed states are connected by steps that depend solely on temperature 

(Pusch et al., 1997). In this respect ClC-1 differs from ClC-0 in that the main effect of 

temperature appears to be on steps that are voltage dependent. 

The temperature dependent displacement of steady state open probability of both the 

protopore and common gating processes of ClC-1 indicates that the free energy of the 

open to closed transition is reduced with increasing temperature. As enthalpy is 

essentially temperature independent, the variation of free energy with temperature is 

due predominantly to the product of temperature and entropy. Knowing V1/2 at 

temperatures T1 and T2 it is possible to calculate the entropic change as (Correa et al., 

1992): 
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where z is the gating charge and F is the Faraday’s constant. Calculations give 

negative entropic change during opening of both protopore and common gates: -226 ± 

4 Jmol-1 K-1and -332 ± 21 Jmol-1 K-1 respectively. 

 

2.4.2 Temperature dependence of ClC-1 at low pH; comparison with ClC-0. 

Protonation of ClC-1 at low pH reverses the voltage dependence of gating and alters 

the kinetics of inward currents (Fig. 6A,B; (Rychkov et al., 1996; Rychkov et al., 

1997)).  Specific point mutations introduced in different regions of the primary 

structure of ClC-1 have very similar effects on channel characteristics to those of low 

pH (Fahlke et al., 1995; Zhang et al., 2000). The titratable residues responsible for 

reversing the voltage dependence of ClC-1 presently remain unidentified. At low pH, 
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the voltage dependence and kinetics of ClC-1 gating, although appreciably faster, 

resemble those of ClC-0 common gating, and point mutations in ClC-0 have been 

described which speed up the kinetics of common gating several fold without altering 

other gating characteristics (Ludewig et al., 1997b). Therefore, the differences in the 

kinetics of ClC-1 gating at low pH and common gating in ClC-0 do not exclude the 

possibility of a common gating mechanism. We investigated the temperature 

dependence of the hyperpolarisation activated gate to determine if it shared the high 

activation barrier and unusual decrease of maximal Po with increasing temperature 

that characterise the common gate of ClC-0. 

The temperature dependence of the inward and outward conductance of ClC-1 at low 

pH was adequately described by two separate fits to the Arrhenius equation, such that 

a clear break point occurred at around 25 °C (Fig. 6D,E). Above this temperature the 

Q10 for inward and outward conductance was 1.2 and 1.7 respectively, indicating that 

at higher temperatures the rate limiting process involves low activation barriers, 

similar to those associated with diffusion. At temperatures below 25 °C however, the 

temperature dependence was much steeper with Q10 values that ranged between 6.0 

and 6.5. Break points in the temperature dependence of conductance (Lass and 

Fischbach, 1976; Chiu et al., 1979; Hagiwara and Yoshii, 1980; Quartararo and Barry, 

1988) or gating kinetics (Chiu et al., 1979; Schwarz, 1979; Kirsch and Sykes, 1987) 

have previously been described in many other channels, and are generally interpreted 

as indicative of phase transitions in the membrane lipids. If a phase transition in the 

membrane lipids of HEK 293 cells were responsible for the break point in the 

Arrhenius plot for conductance, then we would also expect to observe a similar effect 

on the temperature sensitivity of gating transitions. The Arrhenius plots for all gating 

parameters at normal and low pH were linear, and plots of conductance at normal pH, 
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although slightly non-linear, showed no tangible intersection (Figs 1, 2, 4, 7). Break 

points in Arrhenius plots of conductance have also been reported for voltage 

dependent H+ currents in several different cell types, with higher activation enthalpy 

and Q10 values at lower temperatures (DeCoursey and Cherny, 1998). The 

macroscopic current amplitudes used here to determine ClC-1 conductance depend on 

the number of single channels in the membrane available for activation, their Po, and 

the single channel current amplitude. The number of functional ClC-1 channels in the 

membrane appears to remain constant, as the changes in current amplitude are fully 

reversible. Therefore the temperature dependence of macroscopic current amplitude 

reflects the temperature dependence of single channel conductance alone, or in 

combination with the temperature dependence of Po. The apparent Po curves for 

hyperpolarisation-activated gating were not shifted along the voltage axis with 

temperature, however, it was not possible to determine if the maximal Po of the 

channel was changed. If maximal Po did vary with temperature, then transitions 

between conducting and non-conducting states of this gate depend uniquely on 

temperature. A four-state kinetic model, with uniquely temperature dependent 

transitions between open and closed states was proposed for ClC-0, to explain the 

dependence of the maximal and minimal Po on temperature (Pusch et al., 1997). In 

ClC-0 raising the temperature reduced the maximal Po, while in ClC-1 the current 

amplitude increased with a temperature coefficient that suggests that maximal Po 

increases. Alternatively, all of the temperature dependence of macroscopic currents 

may lie in the single channel conductance. The biphasic temperature sensitivity of 

ClC-1 conductance suggests that around a critical temperature a different process 

becomes rate limiting; such that at higher temperatures permeation is diffusion 

limited, but at lower temperatures the height of energy barriers in the permeation 
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pathway limits conductance. Clearly, further experiments are required to determine 

the mechanism underlying the high temperature sensitivity of ClC-1 conductance at 

low pH. 

While gating of ClC-1 at low pH parallels the voltage dependence of ClC-0 common 

gating, the time course is considerably shorter in ClC-1 than in ClC-0. The gating 

kinetics are also more complicated in ClC-1, requiring two exponential components to 

describe current deactivation. The fact that the deactivating kinetic components are 

described by different temperature coefficients implies that they are governed by 

different rate-limiting processes. The temperature coefficients derived here for 

activation of the current, and the slower component of deactivation are approximately 

equal (Q10 ~ 5), and are greater than the coefficients described for other transitions. 

The faster component of deactivating current has a temperature coefficient (Q10 ~ 4) 

similar to that of the common gate at normal pH. The nature of the multiple 

deactivating components remains uncertain, and at this stage I am unable to speculate 

upon the underlying gating processes. It is apparent, however that none of the kinetic 

components described here are associated with temperature coefficients of the 

magnitude seen in deactivation of the common gate of ClC-0. 

In conclusion, temperature dependence of protopore and common gating of ClC-1 is 

consistent with ‘true’ conformational changes in the protein structure during open-

closed transitions which excludes simple blocking mechanism suggested earlier 

(Rychkov et al., 1996). The difference between protopore and common gating 

complexity in ClC-1 is much less pronounced than in the Torpedo homologue, ClC-0; 

nevertheless processes underlying protopore and common gating in ClC-1 are not 

thermodynamically identical. These results demonstrate that increasing temperature 

favours closure of both the protopore and common gates of ClC-1, which is consistent 
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with a net decrease in entropy upon opening of each gate. These observations suggest 

that the open state in ClC-1 is more ordered than the closed state, or that the degrees 

of conformational freedom of the channel are restricted in the open state. 
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3 PERMEATION AND GATING OF ClC-0 BY 

FOREIGN ANIONS 
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3.1 INTRODUCTION  

One of the most important features of ion channels that sustain the electrical 

excitability of biological membranes is the ability to permit the passage of particular 

ionic species while excluding others. In general, anion channels are less selective than 

their cation carrying counterparts, and allow permeation of a wide range of substrates 

including large organic anions (Halm and Frizzell, 1992; Linsdell et al., 1998; Qu and 

Hartzell, 2000). Many Cl- channels including CFTR or the Ca2+ activated Cl- channel 

favour larger halide anions such as I- and Br- over Cl-. The energy of transferring an 

ion from the aqueous phase into the selectivity filter of these channels appears to vary 

largely as a function of the hydration energy of the permeating species. At the same 

time, the energy of solvation of the permeating ion by ligands of the pore of these 

channels is apparently not as steeply dependent on ionic radius as the hydration 

energy, leading to block of ionic conductance by larger species. In contrast, members 

of the ClC-family of Cl- channels ClC-0 and ClC-1 (Jentsch et al., 2002) are 

reasonably specific for Cl-, selecting for Cl- over Br- and I- at equilibrium (White and 

Miller, 1981b; Steinmeyer et al., 1991b; Pusch et al., 1995; Fahlke et al., 1997a; 

Rychkov et al., 1998). Open probability of these channels is sensitive to the Cl- 

concentration in the external solution, and so they have been referred to as Cl- 

activated Cl- channels (Pusch et al., 1995; Rychkov et al., 1996). Channel opening is 

facilitated by voltage-independent binding of Cl- to a regulatory site in the closed 

channel that is accessible from the external solution, a mechanism that has been 

rigorously characterised at the kinetic level (Chen and Miller, 1996). Voltage 

dependence of gating largely arises from a change in protein conformation of the 

closed, Cl--liganded state. During this conformational change the bound Cl- ion acts as 



 79 

the voltage sensor (Chen and Miller, 1996). It has been shown in ClC-1 that the ionic 

selectivity of the regulatory site is different from that of the selectivity centre of the 

channel (Fahlke et al., 1997a; Rychkov et al., 1998). 

The resolution of the 3-D crystal structure of two prokaryotic ClC-type channels 

revealed the precise chemical constitution of the channel pore (Dutzler et al., 2002). 

In agreement with predictions made on the basis of ion-substitution experiments 

(Pusch et al., 1995; Rychkov et al., 1998), the narrowest part of the pore appears to 

harbour two ion-binding sites. The innermost of these sites contained a Cl- ion, 

leading Dutzler et al. (2002) to conclude that this was the selectivity filter of the 

channel. In this site the Cl- ion is coordinated by amide nitrogen atoms from the 

main-chain and side-chain oxygen atoms. The outer site appears to be occupied by the 

carboxylate group of a glutamate residue that is hydrogen bonded to its own amide 

nitrogen. This side chain appears to block the channel pore, and may be part of the 

channel gate. Mutations of this glutamate residue (E166) in ClC-0 rendered the 

channel voltage-independent supporting the notion, that during channel opening the 

protein alters its conformation in response to competitive binding of Cl- which 

displaces the glutamate side chain from the outer site (Dutzler et al., 2003).  

The selectivity of ClC-0 for foreign anions is only known for Br-, SCN-, NO3-, and I- 

(White and Miller, 1981b; Pusch et al., 1995), and these experiments have focussed 

largely on conductance, with only relative Br- permeability determined from 

equilibrium measurements (White and Miller, 1981b). In the present experiments a 

more exhaustive series of anions was used to probe the permeation pathway of ClC-0. 

Equilibrium selectivity for various anions, determined from reversal potential 

measurements was similar to ClC-1. The selectivity of the site that regulates open 

probability of the channel appeared to be different in the open and closed states, such 
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that in the closed state the regulatory site specifically bound Cl- in preference to larger 

anions such as ClO3
- and ClO4

-, but in the open state these ions could block Cl- 

conductance by binding to this site. Conformational changes at the regulatory site 

during open-closed transitions apparently coincided with voltage sensing. Site 

directed mutagenesis of the selectivity center of the mammalian homologue, ClC-1, 

supported the notion that the inner site is concerned with equilibrium selectivity of the 

channel, while the outer site is involved in gating. 
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3.2 METHODS 

3.2.1 Channel Expression and Mutagenesis 

ClC-0 was expressed from pCDNA3 construct kindly provided by Professor 

Christopher Miller, and ClCN1 was expressed as detailed in section 2.1.1 (Aromataris 

et al., 2001; Bennetts et al., 2001). Human embryonic kidney (HEK 293) cells 

(American Type Culture Collection, Rockville, MD, USA) were transfected with a 

mixture of the construct and pEGFP-N1 (Clontech, Palo Alto, CA, USA) reporter 

plasmid at a molar ratio of 3:1 using Lipofectamine Plus (Life Technologies Inc., NY, 

USA), according to the manufacturer's specifications. Transfected cells were later 

identified by the expression of the green fluorescent protein. The quantity of DNA 

was varied for the different channel constructs to achieve peak inward currents in the 

range ~ 5-15 nA for voltage clamp measurements, while current clamp measurements 

were normally performed on cells with peak inward currents > 15 nA at –140 mV to 

limit the effect of HEK cells native conductance on the current reversal potential. 

Mutagenesis of ClCN1 was carried out using a recombinant PCR approach (Ho et al., 

1989), as described previously (Aromataris et al., 2001). Briefly, the region of interest 

was amplified in two separate PCR reactions, with internal overlapping primers 

carrying the mutated nucleotides. The two fragments were fused in a second PCR 

reaction each guiding the synthesis of the complementary strand with priming from 

the overlapping region, the fused product was amplified by external primers, and the 

resulting double stranded product was subcloned into the original template sequence. 

Mutations were introduced into ClCN1 by subcloning PCR derived fragments 

between the EcoRV and AscI sites of WT ClCN1. All PCR derived fragments were 
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later sequenced to exclude the possibility that random errors had been introduced into 

the sequence by the PCR process. 

3.2.2 Electrophysiology 

Patch clamp experiments were conducted using the same recording setup and 

conditions as detailed in section 2.2.2. The standard bath solution contained (mM): 

NaCl, 150; MgSO4, 1; Ca-gluconate, 2; Hepes, 5; adjusted to pH 7.4 with NaOH.  The 

composition of the bath solution was varied by the equimolar substitution of 10, 25, 

50, 75, and 95 or 100% of other sodium salts (NaA) for NaCl. The pipette solution 

contained (mM): CsCl, 40; caesium glutamate, 80; EGTA-K, 10; Hepes, 10; adjusted 

to pH 7.2 with KOH. Patch pipettes had a resistance of 1-3 MΩ when filled with the 

above pipette solution. Series resistance did not exceed 5 MΩ and was 80-85 % 

compensated. Liquid junction potentials between the bath and electrode were 

calculated using JPCalc (Barry, 1994), and corrections made in calculations involving 

membrane voltages and on figures, unless otherwise specified.  

3.2.3 Data Analysis 

Permeability of a substituting anion (A-) relative to Cl- (PA-/PCl-) was estimated 

by plotting the shift in zero-current potential (ΔVE) determined from current-clamp 

experiments from that in 150 mM Cl- against the mole fraction (Mf) of an A-  (where 

Mf =[A-]/[A-]+[Cl-]) for at least 5 concentrations of A-.  The permeability ratio (P) 

was then calculated by fitting a Goldman-Hodgkin-Katz (GHK) equation of the form: 

! 

"V
E

= #
RT

F
ln 1#Mf( ) + PM f[ ]               (1) 

where R is the gas constant, T the temperature, and F is Faraday's constant. 

To measure gating of ClC-0 cells were clamped to a holding potential of –30 mV, 

before a 100 ms step to + 60 mV for 100 ms to fully activate the channels. Currents 
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were then recorded for a period of 200 ms, ranging from –140 mV to 80 mV in 20 

mV increments. Open probability was determined by measuring tail current at –100 

mV for a period of 50 ms. The membrane was clamped to the holding potential for a 

period of 2 s between each sweep. 

To approximate the time course of ClC-0 inward current deactivation and the 

peak current amplitude, current traces were fitted to an equation of the form: 

CtAtI +!= )/exp()( "                  (2a) 

where A represents the amplitude of the exponential component and C is the 

amplitude of the steady-state component. In the case of ClC-1 current traces were fit 

with an equation of the form: 

! 

I(t) = A1 exp("t /#1)( ) + A2 exp("t /# 2)( ) + C                (2b) 

where A1 and A2 represents the amplitudes of the two exponential components and C 

is the amplitude of the steady-state component 

Peak current was calculated as the current at time zero. 

Relative outward conductance was estimated from outward current as a chord 

conductance at a point 20 mV to the right of the reversal potential on I-V plots.  

The peak tail currents, estimated by fitting eq. (2a), for voltage steps to –100 

mV after the test pulses in the range –140 to +80 mV were used to produce apparent 

open probability (Po) curves by fitting with a Boltzmann distribution of the form: 

! 

Po V( ) = Pmin +
1" Pmin

1+ exp V1/ 2 "V( ) /k[ ]
      (3) 

where Pmin is an offset (or minimum Po), V1/2 is the half-saturation potential, and k is 

the slope factor.  
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For experiments with the wild type ClC-1 and ClC-1 point mutants, the Po of 

the fast gate was calculated as described previously and the data were fit with 

equation 3 to generate Po(V) curves (Aromataris et al., 2001; Bennetts et al., 2001). 

Open probability of the channel can be expressed in terms of opening (α) and 

closing (β) rate constants, 

Po = α/(α + β)        (4a) 

And additionally, the current relaxation time constant, τ (Eq. 2a) can also be 

expressed in terms of the opening and closing rate, 

τ = 1/(α + β)        (4b) 

Opening  and closing rate constants were calculated from Po and the time 

course of current deactivation (τ) (Chen, 1998) using the equations,  

α = Po /τ        (4c) 

 β = (1 - Po)/τ        (4d) 

 

3.2.3.1 Rate-theory based analysis of closing rate data 

In a two-state system the closing rate of a voltage dependent channel can be 

fully specified by two terms: a voltage-independent term that depends on the 

activation free energy (ΔG‡
c) of open to closed transition at zero membrane potential; 

and a voltage-dependent term containing the number of equivalent charges that are 

displaced during channel closing (zc). The relationship between these terms can be 

expressed as follows: 

! 

" =
kT

h
exp

#$Gc

‡ # zcFV

RT

% 

& 
' 

( 

) 
*         (5) 

where k is Boltzmann’s constant, T is the temperature, h is Planck’s constant, F is 

Faraday’s constant, R is the gas constant and V is voltage. To compare the effects of 
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different replacement anions on the closing rate, ΔG‡
c was calculated from fits of 

equation 5 to the closing rates obtained at different voltages in 150 mM extracellular 

Cl- and at various mole fractions of foreign anions. 

3.2.3.2 Rate-equilibrium linear free energy relationships 

Information about the gating reaction pathway that connects the open and 

closed states of the channel can be obtained from the analysis of kinetic data using so-

called rate-equilibrium linear free-energy relationships (LFER) (Leffler, 1953). LFER 

is based on the notion that the increment of the free energy of the transition state 

caused by structural (mutations) or environmental factors (ligands, voltage, etc.) falls 

between the increments of the free energies of the closed and opened states, and can 

be described by their linear combination (Leffler, 1953):  

  

! 

G
‡ p
"G

‡( ) =# G
op

open "G
o

open( ) + 1"#( ) Gop
closed "G

o

closed( )         (6) 

where terms with superscript ‘p’ are free energies of the transition, open and closed 

states upon perturbation; and Φ (0 ≤ Φ ≤ 1) is a measure of how closely the transition 

state resembles the open state. A Φ value of 1 indicates that the transition state 

structure of the part of the molecule that is affected by a particular factor is the same 

as the open state structure. Conversely a Φ value of zero corresponds to a closed state-

like structure. Fractional values of Φ can be taken as estimates of the reaction 

coordinate of the transition state. Equation 6 can be reorganised as a Brønsted-type 

relationship (Leffler, 1953): 

! 

log" =#logK + C          (7) 

where α is the opening rate and K is the equilibrium constant. 

This type of analysis has been applied to channel gating where a reaction series has 

been established by varying the gating equilibrium by systematically changing the 
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channel structure, gating agonists or membrane potential (Grosman et al., 2000; 

Cymes et al., 2002). In the present study the log of the opening rate constant was 

plotted against the log of the equilibrium constant when gating equilibrium was 

shifted either by changing the trans-membrane voltage or the ionic species in the 

bathing solution. These plots were fit with straight lines to calculate the value of Φ. 

All data are shown as means ± SEM 
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3.3 RESULTS 

3.3.1 ClC-0 permeability ratios 

Replacement of external Cl- by either glutamate or glucuronate shifted the reversal 

potential to more positive voltages. The fit of equation 1 to the shift of the reversal 

potential gave permeability ratios for these ions that were essentially indistinguishable 

from zero. Of the other organic anions tested in this study cyclamate, propionate and 

formate were very weakly permeant with permeability ratios below 0.05, while 

benzoate and hexanoate were clearly permeant (PA-/PCl- ~ 0.08 and 0.13). Polyatomic 

inorganic anions tested, ClO3
- and BrO3

-, were very weakly permeant with PA-/PCl- < 

0.05, while ClO4
- was permeant with PA-/PCl- ~ 0.09. The reversal potential fell to a 

minimum value in mixtures of NO3
- and Cl-, therefore the permeability ratio for NO3

- 

was calculated from the Nernst equation for the change in membrane potential when 

all of the Cl- in the bathing solution was replaced by NO3
-. These calculations gave 

PA-/PCl- ~ 0.6 for nitrate. Upon replacement of Cl- by SCN- the membrane potential 

became more negative than in the standard Cl- solution, indicating that the channel 

was more permeable to SCN- than to Cl-. SCN- was the only ion tested for which PA-

/PCl- exceeded 1. All halide anions tested were less permeable than Cl-. Bromide had 

the highest permeability (PA-/PCl- ~ 0.8), while the relative permeability of I- and F- 

was quite low (PA-/PCl- ~ 0.1). The complete permeability sequence determined from 

reversal potential measurements was SCN- > Cl- > Br- > NO3
- >> hexanoate > I- > F- > 

ClO4
- ~ benzoate > BrO3

- ~ formate ~ ClO3
- ~ propionate ~ cyclamate > glucuronate ~ 

glutamate (Table 1). 
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Table 1. Permeability of ClC-0 to various anions relative to Cl-. 

 

A- PA
-/PCl

- n 

SCN- 1.252±0.052 7 

Br- 0.814±0.004 5 

NO3
- 0.646±0.033 10 

Hexanoate- 0.126±0.009 9 

I- 0.105±0.004 5 

F- 0.099±0.002 3 

ClO4
- 0.085±0.003 5 

Benzoate- 0.085±0.003 3 

BrO3
- 0.048±0.007 4 

Formate- 0.039±0.004 4 

ClO3
- 0.038±0.005 5 

Propionate- 0.032±0.006 3 

Cyclamate- 0.028±0.003 4 

Glucuronate- 0.014±0.005 4 

Glutamate- 0.009±0.004 5 

 

 

3.3.2 Effects on whole-cell conductance  

Effects of foreign anion substitution on conductance and gating are best studied at the 

level of the single channel. Unfortunately, this was not possible because the single 

current amplitude of ClC-0 in many foreign anions was too small to resolve from 

background noise, and additionally, currents ran down very quickly when Cl- was 
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replaced (data not shown). For this reason the effect on ClC-0 conductance of 

replacing Cl- with various anions was examined in whole-cell mode. The large 

hydrophobic anions, propionate, benzoate and hexanoate, appeared to affect the 

common gating (Pusch et al., 1999) of the channel and were excluded from this part 

of the study. Fluoride was also excluded because it rapidly and irreversibly damaged 

the cells, leading to non-specific effects on the membrane conductance when strong 

positive or negative voltage pulses were applied. 

In order for comparison to data obtained using single channels (White and Miller, 

1981b) the relationship between Cl- concentration and whole cell conductance was 

examined. On replacement of up to half of the external Cl- by the impermeant anions, 

glutamate or glucuronate, the outward conductance decreased little (Fig 1a). Further 

replacement of Cl- by these anions resulted in proportionally greater decreases in 

outward conductance. The decrease in outward conductance with increasing mole 

fraction of external glutamate or glucuronate was presumably entirely due to the 

depletion of external Cl-. The conductance when Cl- was replaced with glutamate was 

normalized to the value obtained in 150 mM Cl-, and plotted against Cl- concentration 

(Fig 1b). This data was fit with a Michaelis-Menten type curve to give an apparent 

dissociation constant for Cl- of 37 ± 5 mM. This value is consistent with the 

previously reported half-saturation of single-channel conductance at ~50 mM Cl- 

(White and Miller, 1981b).  

Replacement of Cl- by other anions apparently interfered with Cl- conductance (Fig 

1a, c, d). Outward conductance decreased to a minimum in mixtures of Cl- and NO3
- 

(Fig 1C); it also dropped rapidly when small fractions of the external Cl- were 

replaced by SCN-, and then saturated with increasing SCN- concentration (Fig 1C). 

Membrane conductance decreased below 10% of the initial conductance at 95-100% 
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replacement of Cl- by most anions with the exception of Br-, NO3
- and SCN- that had 

relative conductances of ~50%, ~ 25% and 25% respectively.  
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Figure 1: Effects of external anion substitution on macroscopic conductance. (a) Normalized 

whole-cell outward conductance in the presence of weakly permeant anions. (b) Cl- dependence of 

macroscopic conductance when Cl- is replaced with glutamate. Whole-cell conductance was 

normalised to the value obtained in 150 mM Cl- and plotted as a function of  [Cl-]o. The data are fit with 

a rectangular hyperbola of the form: G/G150Cl = ((Gmax/G150Cl)[Cl-]o/(Kd+[Cl-]o), where Kd is the [Cl-]o  

that is required to half-saturate the macroscopic conductance. (c) Normalized outward conductance in 

the presence of various permeant anions. (d) Normalized inward conductance when external Cl- is 

replaced by various anions. All data points are means from 4-9 experiments. 

 

Reduction of outward conductance by foreign anions in the external solution reflects 

the block of Cl- flux and the conductance of the foreign species, while the reduction of 
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inward conductance is mostly due to block of Cl- currents. To compare the apparent 

blocking affinity of various anions normalized inward conductance was plotted 

against mole fraction of the test ion and fitted with a dose-response curve to give 

half-effective concentrations (K1/2) for each anion (Table 2).  

 
Table 2. Reduction of ClC-0 inward Cl- conductance by various external anions. Half saturation 

concentrations (K1/2) were determined by fitting curves of the form  

Gnorm = Gmin + (1-Gmin)/(1+[A-]/K1/2) to data such as that shown in Fig. 1d. 

 
A- K1/2 (mM) n 

ClO4
- 31 ± 2 4 

SCN- 35 ± 4 4 

I- 55 ± 3 4 

NO3
- 57 ± 4 4 

ClO3
- 80 ± 9 4 

BrO3
- 113 ± 20 4 

Br- 165 ± 10 6 

 

 

The half-effective concentrations for the reduction of inward conductance increased in 

the series ClO4
-~SCN-< I-~ NO3

-<ClO3
-<BrO3

-<Br-. The apparent blocking affinity 

appeared to correlate with the size of the anion and the ion hydration energy (Fig 2a, 

b).  
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Figure 2. Relationships between apparent blocking affinity and physical properties of the 

blocking ions (a). Half-effective concentration of blocking anion plotted against size and electrostatic 

charging energy of the anion. Values of K1/2 were taken from Table 2, while the thermochemical radii 

(r) were taken from (Marcus, 1991). The electrostatic charging energy (

! 

"G
Born

0 ) was calculated from 

the Born model, treating ions as hard spheres in a continuous dielectric medium: 

!
"

#
$
%

&
'=(
)

11B 2
0
Born r

zG  

where z is the ionic charge, B is a constant equal to –69kJmol-1, ε is the dielectric constant, in this case 

taken as 80, and r is the thermochemical radius. (b) Half-effective concentrations of blocking anions 

are plotted against observed values of the standard molar Gibbs energies of hydration (Marcus, 1991). 

 

Most anions reduced the outward conductance more than the inward conductance (see 

Fig 1a, c and d). Current-voltage plots for ClC-0 in the presence of those anions 

showed strong inward rectification reflecting voltage dependence of the block (Fig 

3a). Block by cyclamate or formate, however, was not voltage dependent, and I-V 

relationships remained linear in the presence of these anions at all mole fractions (Fig 

3b, c) 
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Figure 3. Voltage dependence of the block by the external foreign anions. I-V plots are shown 

when 0 (∇), 25 (), 50 (Δ), 75 (), or 95% () of the external Cl- is replaced by (a) ClO4
-, (b) 

cyclamate or (c) formate. Voltages shown on this figure have not been corrected for liquid junction 

potentials. 

 

3.3.3 Effects on protopore gating of ClC-0 

For comparison with previously published data (Pusch et al., 1995; Chen and Miller, 

1996) the Cl- dependence of ClC-0 protopore gating was examined, to confirm the 

validity of the whole-cell measurements. As expected, replacement of Cl- by 

glutamate, or glucuronate shifted Po(V) to more positive potentials, while the apparent 

gating charge remained unchanged (Fig 4a). The shift of V1/2 with substitution by 

these ions was 54 ± 3 mV and 55 ± 2 mV per 10 fold change in [Cl-]o respectively 

(Fig 4b). Calculation of the opening (α) and closing (β) rate constants from the Po and 

time constants of the fast gate relaxations confirmed the observations of Chen and 

Miller (1996), that the major effect of Cl- depletion was to decrease α, while β was 

increased (Fig 4c, d).  
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Figure 4. Chloride dependence of gating. (a) Apparent Po is plotted against membrane potential at 

150 (∇), 132.5 (), 75 (Δ), 32.5 (), or 7.5 () mM external Cl-. Ionic strength was maintained by the 

replacement of Cl- by glutamate. Boltzmann curves were fit to the data as detailed in the methods 

section. (b) The half-saturation voltages (V1/2) are plotted against [Cl-]o when  Cl- was replaced by either 

glutamate () or glucuronate (). The solid lines are fits of straight lines that give ~ 55 mV shift of 

V1/2 for every 10-fold change in [Cl-]o. (c,d) The opening rate (α), and the closing rate (β) are plotted 

against membrane potential for various [Cl-]o, while ionic strength was held constant by replacing Cl- 

with glutamate. The solid lines are point-to-point straight lines. Symbols for c. and d. are the same as in 

a. Data points are means from 4-12 experiments. 

 

Most of the inorganic anions tested were able to shift Po(V) to more negative 

potentials at mole fractions up to ~ 0.5, but at higher concentration ratios the value of 

V1/2 was shifted to more positive potentials (Fig 5a). A good example of this trend was 
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shown in experiments with Cl- replacement by NO3
- or ClO4

-. Replacement of up to 

half of the Cl- by either ClO4
- or NO3

- shifted V1/2 to the left on the voltage axis. The 

V1/2 reached minimum values of –100 mV and –107 mV in mixtures of ClO4
- or NO3

- 

and Cl- respectively, but as the mole fraction of Cl- was decreased further V1/2 was 

displaced to the right on the voltage axis by ~ 20 mV for every 10 fold reduction in 

[Cl-]o. Similar dependence of V1/2 on mole-fraction was demonstrated for NO3
- in ClC-

0 and for hydrophobic anions in ClC-1 (Pusch et al., 1995; Rychkov et al., 2001).  

Calculations showed that the channel opening and closing rates (the examples are 

shown for NO3
- in Fig 5b,c) had different dependence on the concentration of the 

foreign anions, which may explain the apparent anomalous dependence of the V1/2 on 

the anion substitutions. All inorganic anions tested reduced closing rate of ClC-0 (Fig 

5d). The biggest change was observed at up to 25% of Cl- replacement. At higher 

mole fractions of these anions, closing rate saturated at a non-zero value. The ability 

of foreign anions to reduce the closing rate at 95-100 % Cl- replacement at –140 mV 

followed the sequence:  SCN- ~ NO3
- > ClO4

- > I- ~ ClO3
- > BrO3

-
 ~ Br -. These anions 

affected the intrinsic zero-voltage closing rate β(0) and the corresponding activation 

free energy of closing (ΔG‡
c; eq.5) with a slightly different sequence from that at –140 

mV: SCN->I-~NO3
-~ClO3

->ClO4
-~Br->BrO3

-~Cl-, the discrepancy arising from the 

change in the apparent gating charge by larger anions (Table 3). Nevertheless, both 

sequences correlated well with the thermochemical radius of the anion and its 

hydration energy (Fig 6).  
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Figure 5. Effects of foreign anions on channel gating. (A) Mole-fraction effects of various anions on 

V1/2 values derived from Po(V) curves. (B) Reduction of channel opening rate when external Cl- was 

replaced by NO3
-. The solid lines in panels A and B are point-to-point straight lines. (C) Reduction of 

the closing rate when external Cl- is replaced by NO3
-. Symbols in this figure are the same as in panel 

B. The solid lines represent fits of the equation 5 to the data points. (D) Mole-fraction dependence of 

the closing rate at – 140 mV when Cl- is replaced by foreign anions. (E,F) Mole-fraction dependence of 

the opening rate at –60mV when Cl- is replaced by foreign anions. The solid lines in panels D, E and F 

are point-to-point straight lines. Data points are means from 5-8 experiments. 
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Table 3. Activation free energies of closing (ΔG‡
c) and charge displacement during closing (zc) when 

Cl- was replaced by various anions. 

 
A- ΔG‡

c  (kJmol-1) zc  n 

Cl- 65.8 ± 0.0 0.37 ± 0.00 14 

BrO3
- 65.8 ± 0.0 0.26 ± 0.03 4 

Br- 66.4 ± 0.2 0.32 ± 0.01 4 

ClO4
- 66.7 ± 0.2 0.20 ± 0.02 6 

ClO3
- 68.0 ± 0.4 0.38 ± 0.02 5 

NO3
- 68.1 ± 0.5 0.24 ± 0.04 5 

I- 68.3 ± 0.3 0.35 ± 0.03 4 

SCN- 69.0 ± 0.5 0.19 ± 0.05 5 
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Figure 6. Dependence of channel closing on physical properties of the foreign anions.  Activation 

free energy of closing (ΔGc
‡; eq. 5) plotted against the thermochemical radius of anion (a), and the ion 

hydration energy (b). The Y-axis on the right shows corresponding intrinsic zero-voltage closing rate 

β(0). The Y-values are taken from Table 3, and the X-values are the same as in Figure 2. 

 

The saturating reduction of the channel closing rate appeared to be a common feature 

of all of the anions that were able to block inward Cl- conductance; their effects on the 

opening rate, however, were less uniform. ClO4
-, ClO3

- and BrO3
- did not affect 

opening rate at low mole fractions, but they progressively reduced opening rate at 

higher concentrations with no sign of saturation (Fig 5e). Since glutamate had a 

similar effect, the reduction of the opening rate by high concentrations of these anions 

can be attributed to the lack of Cl- and inability of these anions to replace Cl- as a 

channel opener.   

In contrast, when Cl- was replaced by SCN-, NO3
- or I- at high mole fractions the 

channel opening rate did not continue to decrease as in the Cl- depletion experiments, 

but appeared to saturate at a minimum value (Fig 5f), which suggested that these 
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anions can interact with the regulatory binding site and are able to ‘catalyze’ channel 

opening, although with a lower efficacy. Bromide was also included in this group as it 

was clearly able to stimulate channel opening. 

Replacement of Cl- by either cyclamate or formate resulted in displacement of V1/2 by 

~ 45 mV per ten fold reduction in [Cl-]o, as though their major effect was to deplete 

Cl-. The most obvious effect of these anions on the Po, however, was the increase of 

Pmin (eq.3), from ~0.03 to ~ 0.45 when only 5% of the Cl- remained (Fig 7a,b). This 

effect was attributable to an increased rate of channel opening at more negative 

potentials, and, to a smaller extent, a decrease of the closing rate with increasing mole 

fractions of these ions (Fig 7c,d). While opening rate at potentials more negative than  

-80 mV was increased with increasing mole fractions of cyclamate or formate, it 

decreased at  -60mV, the least negative potential at which we were able to measure 

the time course of current deactivation reliably. 
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Figure 7. Effects of extracellular cyclamate and formate on gating. Apparent Po is plotted against 

membrane potential at various concentrations of either cyclamate (a), or formate (b). Opening rate in 

panel (c) and closing rate in (d) are shown at various concentrations of cyclamate. Symbols in c and d 

are the same as in a. Data points are means from 3-6 experiments. 

 

3.3.4 Rate-equilibrium linear free energy relationship 

Opening and closing rates obtained at different voltages and in the presence of 

different external anions can be used to gain information about transient intermediate 

stages of the conformational change in ClC-0 protein during gating by employing 

rate-equilibrium linear free-energy relationship (see Methods). The relationship 

between the log of the opening rate constant α and the equilibrium constant for gating 
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K=α/β of the channel in 150 mM external Cl- was clearly linear when the 

trans-membrane voltage was varied (Fig 8a), which suggests that a voltage-dependent 

transition in ClC-0 gating is a one step reaction (Cymes et al., 2002). Fit of the 

equation 7 to the experimental data gave a Φ value of 0.6 which implies that when the 

channel reaches its maximum free energy in the reaction trajectory, the structure of 

the gating site is approximately 60% the same as in the open state.  

When the same analysis was applied to the ion substitution experiments, the data 

obtained at –60mV appeared to segregate into two parallel groups (Fig 8b). The first 

group contained Cl-, Br-, glutamate and glucuronate. The second group contained all 

other anions tested. These two groups were fit separately with straight lines, the 

slopes of which were not significantly different from that for the voltage relationship, 

indicating that, as for the gating site, the transition state of the regulatory binding site 

is about 60% the same as in the open state.  

At negative potentials where Po is saturated at a minimum value, opening of the fast 

gate of ClC-0 is predominantly governed by the hyperpolarization-favoured process 

(Chen and Miller, 1996) that depends on the external pH, but is relatively unaffected 

by the external Cl- concentration (Chen and Chen, 2001). At –140 mV, where Po is 

close to its minimum, the slope of the line fitted to the data for all anions except 

Cyclamate and Formate was about 0.25, which suggests that at this potential the 

transition state of the channel structure at the binding site is only about 25% the same 

as in the open state. 
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Figure 8. LFER analysis of gating transitions perturbed by either changes in (a) membrane potential 

or (b, c) different ionic species.  Data in b were calculated at –60 mV, while data in c were calculated at 

–140 mV. Solid lines represent the fit of Equation 6 to the data points, the slope of which yields an 

estimate of the reaction coordinate (Φ) at the transition state. 

 

3.3.5 ClO4
- selectivity of ClC-1 and selectivity-center mutants 

Permeability sequence of ClC-0 determined in this study was very similar to 

that of rat ClC-1 expressed in Sf9 cells, with the exception of ClO4
- (Rychkov et al., 

1998). This anion showed concentration-dependent permeability ratios in mixtures of 

Cl- and ClO4
- and PClO4

- /PCl
- > 1 in rat ClC-1, while in ClC-0 ClO4

- was poorly 

permeant with PClO4
- /PCl

- ~0.09 (Table1). To investigate the apparent difference in 

ClO4
- permeability between ClC-1 and ClC-0 we sought to replicate these results 

using hClC-1 expressed in HEK cells. In cells with lower ClC-1 expression and small 

current amplitudes the reversal potential reached a minimum in mixtures of ClO4
- and 

Cl-, and at higher mole fractions of ClO4
- the reversal potential was shifted to more 

negative values than in pure Cl- (results not shown). In cells with high expression of 

ClC-1 and larger current amplitudes (>10 nA at –140 mV) the reversal potential 

followed the GHK relationship (Eq.1) with increasing mole fractions of ClO4
- (Fig 9). 

For this reason all reversal-potential measurements were performed on cells that 
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expressed relatively large whole-cell currents. Fitting Equation 1 to these data yielded 

PClO4
- /PCl

- of 0.40±0.04. While the relative permeability is higher in rat ClC-1 than we 

have demonstrated for human ClC-1, the value reported here is approximately 4-fold 

greater than that for ClC-0 (Table 1). 
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Figure 9. Permeability of WT 

ClC-1 and the selectivity centre 

mutants to ClO4
-. The shift of 

zero-current potential (Ve) was 

plotted against mole fraction of 

ClO4
-, and the data were fit with 

Equation 1. Data points are means 

from 3-6 experiments. 
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Figure 10. Macroscopic currents and instantaneous I-V relationships for (A) WT ClC-1, (B) G482A 

and (C) M484V elicited from the following voltage protocol. A 200 ms prepulse to 60 mV from a 

holding potential of –30 mV was followed by voltage steps ranging from –140 mV to 80 mV in 20 mV 

increments. Dashed lines indicate zero-current. 

 

Two amino acids differ between the selectivity centres of the ClC-0 and ClC-1.  

Glycine 482 (G482), and methionine 484 (M484) in ClC-1 are substituted for alanine 

(A) and valine (V) at the respective positions in ClC-0 (Dutzler et al., 2002). To 

examine the possibility that difference in the primary sequences of the selectivity 

centres account for the different relative permeability of ClO4
- in ClC-1 and ClC-0 the 

mutations G482A and M484V were separately introduced into ClC-1, and 

macroscopic currents were recorded in HEK 293 cells transiently expressing the 

mutant channels (Fig 10). Deactivation kinetics of currents at negative potentials and 

the voltage dependence of gating in G482A mutant were the same as in wild-type 

channel. Inward rectification of the instantaneous I-V plot, however, was markedly 

diminished in this mutant. The shift of the reversal potential when Cl- was replaced 
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with ClO4
- in the bathing solution was well described by Equation 1, with the fit 

yielding PClO4
- /PCl

- of 0.20±0.03 (Fig 9). 

The M484V mutation occurs naturally in humans, leading to the development of 

myotonia congenita (Meyer-Kleine et al., 1995). Currents from cells expressing 

mutant M484V showed strong inward rectification and altered deactivation kinetics 

(Fig 10), changes also seen in Xenopus oocytes (Wollnik et al., 1997). Displacement 

of the reversal potential when Cl- was replaced by ClO4
- was fit by Equation 1 to give 

PClO4
- /PCl

- of 0.40±0.03 (Fig 9).  

Voltage dependence of the protopore gate was shifted to the left in the M484V mutant 

(Fig 11a) so far that it was not possible to reliably estimate the value of V1/2, nor to 

examine the minimum value of Po at very negative potentials. For wild-type ClC-1, 

the opening and closing rate-constants showed the same qualitative characteristics as 

those calculated for ClC-0 gating. In the voltage range from -140 mV to -60mV, the 

opening rate increased, while the closing rate decreased, with depolarisation (Fig 

11b).  In this voltage range, the opening rate of the fast gate in the M484V mutant 

showed little voltage dependence but was higher at more negative potentials 

compared to the wild type channel, while values of the closing rate were several fold 

lower (Fig 11b). 
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Figure 11. Altered activation gating in M484V mutant. (a) Voltage dependence of protopore gating 

of WT ClC-1, G482A and M484V. Solid lines are Po(V) curves constructed as detailed in the methods 

section. (b) Opening and closing rate constants for WT ClC-1 and M484V. The solid lines are point-to-

point straight lines. Data points are means from 4-12 experiments. 
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3.4 DISCUSSION 

3.4.1 Permeability 

The permeability of ClC-0 Torpedo Cl- channel determined from this study followed 

the sequence: SCN- > Cl- > Br- > NO3
- >> hexanoate > I- > F- > ClO4

- ~ benzoate > 

BrO3
- ~ formate ~ ClO3

- ~ propionate ~ cyclamate > glucuronate ~ glutamate. 

Glutamate and glucuronate (~ 6.0 Å in diameter), the largest anions studied, were not 

measurably permeant, while ClO4
- (4.8 Å in diameter) and hexanoate (cylindrical 

diameter 4.5 Å) were the largest anions that were clearly permeant; which put the 

minimal size of the pore at about 5 Å. Permeation of cations has not been directly 

measured here, and Eq. (1) makes the implicit assumption that membrane currents in 

these experiments are not carried by cations, leading to the criticism that small 

cationic conductance may have adverse effects on the measurements of poorly 

permeant anions. However the least permeant anion in this study, Glutamate, had a 

permeability ratio of 0.009, reflecting both the permeability of glutamate in 

combination with any cationic permeation. Given that, essentially, no permeation 

could be measured for glutamate it is reasonable to assume that cation permeability in 

these experiments was negligible. 

Selectivity of most Cl- channels is determined by the anion interaction with its 

hydration shell and follows the so-called lyotropic series with SCN- being one of the 

most permeant anions (Dani et al., 1983). In terms of Eisenmann’s theory of 

equilibrium selectivity, this lyotropic binding sequence (Eisenmann sequence I) arises 

from interaction with a ‘weak field strength’ site (Eisenman and Horn, 1983). In ClC-

0 SCN- was also the most permeant anion; permeability of the halides, Cl->Br->I->F-, 

however, corresponded to the Eisenmann sequence IV of a cationic site of moderately 
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strong field strength, suggesting that electrostatic interactions in the pore play a 

significant role in determining ClC-0 selectivity.  

The permeability sequence of organic anions with a single negative charge carried by 

the carboxylic group (COO-) was lyotropic, as larger more hydrophobic anions were 

more permeant. Apparent deviation from a ‘moderately strong field strength’ binding 

site for these anions is explained by their asymmetric structure. Since the effective 

radius of the negative charge carried by COO- that interacts with the anion-attracting 

group in the channel pore does not depend on the size of the hydrophobic side chain, 

the electrostatic contribution to interactions with the ClC-0 pore is likely to be similar 

for all such anions. Presumably the permeability ratio for these ions increases with the 

size of the apolar moiety, up to a limit imposed by the dimensions of the pore, 

because of significant hydrophobic interactions in the permeation pathway.      

 

3.4.2 Block 

The whole-cell recording technique used in the current experiments presents several 

problems, including poor control of the intracellular anion concentration. In most 

experimental conditions reported here the channels are open, allowing highly 

permeant anions in the extracellular solution to enter the cell. Since the channel also 

depends on intracellular anions it is possible that the results may be affected to some 

extent by contamination of the intracellular solution by foreign anions used to replace 

Cl- in the extracellular solution. It is worth noting, however, that in the dependence of 

the whole cell conductance on external Cl- (Fig. 1b) was similar to previously 

reported concentration dependence of single channels (White and Miller, 1981b). In 

addition, when external Cl- was depleted in these experiments, the channel closing-

rate, which depends strongly on intracellular Cl- (Chen and Miller, 1996) was only 
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minimally effected (Fig. 4d). Similarly the closing rate was minimally affected when 

Cl- was replaced by Formate or Cyclamate. Therefore it can be concluded that 

contamination of the intracellular solution by extracellular foreign anions was 

minimal, and did not significantly affect the results. 

Block of ClC-0 Cl- currents by the inorganic anions was proportionately greater at 

more positive potentials. Voltage-dependence of block by these species indicates that 

the blocking site is exposed to the electrostatic gradient that spans the channel pore. 

Essentially impermeant anions, such as ClO3
- and BrO3

-, were very effective at 

blocking Cl- currents, suggesting that the blocking site is located on the extracellular 

side of the selectivity filter. The apparent affinity of the blocking site for the various 

anions tested appeared to increase with the size of the anion and followed the 

sequence ClO4
-~SCN-> I-~ NO3

->ClO3
->BrO3

->Br-. In terms of Eisenmann’s 

selectivity sequences this type of specificity arises from interaction of the ion with a 

‘weak field strength’ (Wright and Diamond, 1977; Eisenman and Horn, 1983). X-ray 

crystal structure of the bacterial ClC homologues suggested that the narrowest part of 

the pore in these channels has two anion-binding sites: an inner site that specifically 

coordinates the permeating anion and determines the channel selectivity, and an outer 

site that possibly forms part of the gating mechanism which, in the channel’s closed 

conformation, is occupied by the side chain of a glutamate residue (Dutzler et al., 

2003). The side chain of this glutamate residue is hydrogen bonded to its own amide 

nitrogen and blocks Cl- permeation through the pore. It has been hypothesized that, in 

the open channel, the side chain is displaced so that the partial positive charge of the 

amide nitrogen is free to interact with permeating anions. The type of selectivity that 

this site would generate is consistent with the blocking sequence obtained in the 
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present study, which suggest that voltage-dependent block of the open pore occurs at 

the gating site. 

Observed dependence of apparent blocking affinity on hydration energy appears to 

break down for the largest blocking anion, ClO4
-, probably because it approaches the 

maximum size limit determined by the geometry of the pore, which constrains the 

dimensions of the blocking site to those of the ClO4
- ion, approximately 5 Å in 

diameter.  

In contrast to the ions that appear to block the channel by binding in the pore, block of 

Cl- conductance by the poorly permeant organic anions, cyclamate and formate, was 

voltage independent.  This may indicate that these ions bind to a different site 

somewhere outside of the pore, perhaps in the water filled vestibule that connects the 

narrow part of the pore to the extracellular bulk phase. There is, however, an 

alternative explanation, based on the finding by Chen & Miller (1996), that Cl- 

binding to the gating site is voltage independent. According to their subsequent 

hypothesis, Cl- binds to an electrically superficial site and causes conformational 

changes in the channel protein that involves a redistribution of the electric field in the 

pore and is electrically equivalent to the ion moving inwards. In the open 

conformation, therefore, the gating site is located deep inside the electric field and 

binding to that site is strongly voltage dependent. If formate and cyclamate were able 

to bind to the gating site in the closed state without causing conformational changes 

similar to Cl-, this would render their block voltage independent, although it occurs at 

the same site.  
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3.4.3 Gating 

The opening rate of ClC-0 is not a simple exponential function of voltage, as it 

reflects two fundamental rates of opposite voltage dependence (Chen and Miller, 

1996). Depolarization increases the rate of channel activation by its effect on the 

conformational equilibrium of the Cl- liganded channel. At strong negative potentials, 

however, a Cl--independent and pH-sensitive opening process, that becomes faster 

with hyperpolarization, is evident. At more positive potentials, usually above –100 

mV, the value of the hyperpolarization-favoured opening rate becomes very small, 

and the measured rate approximates that of the pure Cl--dependent process. In the 

present series of experiments opening and closing rates could be extracted from whole 

cell currents in the voltage range between –140 and –60mV, which was sufficient to 

capture the changes in both opening processes in anion substitution experiments. 

When Cl- was replaced by some anions such as ClO3
-, BrO3

- and ClO4
-, the opening 

rate at  –60mV decreased in rectangular hyperbolic fashion, in parallel with Cl- 

depletion experiments. This suggests that these anions do not interact with the gating 

site when the channel is in the closed conformation, or, at best, interaction with that 

binding site is very weak. In contrast, Br-, I-, SCN- and NO3
- appear to interact with 

the regulatory site in the closed channel. This is evident as the opening rate saturates 

at a minimum value with increasing mole-fractions of these anions, rather than 

decreases in rectangular hyperbolic fashion, as is the case when Cl- is removed. In 

addition, at low concentrations, SCN- and particularly I- strongly compete with Cl- for 

the binding site. The affinity of the site for these anions increased with their size and 

hydration energy Cl- < Br- < NO3
-< SCN- < I-. This sequence is similar to the one for 

the open channel block, however, with the noticeable absence of ClO3
-, BrO3

- and 

ClO4
-. This observation, together with the data on the open channel block, suggests 
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that in the closed state the diameter of the gating site is about 4.3 Å (the size of SCN-, 

the largest anion that opens the channel), and apparently due to some steric restriction 

the site is not accessible to ClO3
- and BrO3

-. Upon opening, this restriction is removed 

and the diameter of the site increases so it can accommodate larger anions up to 5 Å 

in diameter (the size of ClO4
-).  

The saturating levels of the opening rate when most of the external Cl- has been 

replaced by Br-, I-, SCN- and NO3
- are lower than in pure Cl- solution. It appears that 

the activation energy of the anion-liganded conformational change that leads to 

channel opening depends on the ionic species present in the regulatory binding site. 

Although having higher binding affinity for the gating site, these anions are unable to 

open the channel with the same efficacy as Cl-, possibly due to limitations imposed by 

their size.  

All inorganic anions that blocked the channel also decreased the closing rate. The 

greatest reduction of the closing rate occurred at mole-fractions of these anions below 

25%; at higher mole-fractions the closing rate appeared to saturate at a minimum 

value. These observations suggest that occupancy of the pore stabilizes the open state 

preventing the channel from closing. The relative effectiveness of these anions in 

reducing the closing rate coincides with their ability to block the pore, which suggests 

that occupancy of the blocking site, not the selectivity filter, stabilizes the open state. 

On the other hand occupation of the gating site would also stabilize the open state, 

which also lends support to the idea that channel block occurs at the gating site. 

Parallels for this hypothesis exist in voltage gated K+ channels where occupancy of 

the pore by permeating ions is apparently coupled to the conformational state of the 

channel, preventing C-type inactivation (Ogielska and Aldrich, 1998; Immke et al., 

1999; Kiss et al., 1999). This is also true of cyclic nucleotide gated channels 
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(Holmgren, 2003), in which C-type inactivation appears to be the principal type of 

inactivation of the channel (Flynn et al., 2001; Flynn and Zagotta, 2001).  

Cyclamate and formate substitution for Cl- resulted in concentration dependent 

increases of the Cl--independent pH-sensitive opening rate at the most negative 

potentials, while at more positive potentials the opening rate was reduced, presumably 

because of the reduction of extracellular Cl-. The effect of formate and cyclamate on 

the opening rate at negative potentials was qualitatively very similar to the effect of 

decreasing pH in the extracellular solution (Chen and Chen, 2001). Clearly, however, 

on the basis of simple electrostatic considerations, the binding site for cyclamate and 

formate, and protons must be different. As previously suggested, cyclamate and 

formate might bind to the gating site of the ClC-0 channel in its closed conformation 

and prevent the voltage dependent transition between two Cl-liganded closed states of 

ClC-0 (Chen and Miller, 1996), labelled C0:Cl and C1:Cl on Fig. 12. The only possible 

transition that channel can undergo in the presence of these anions would be a voltage 

independent transition which, in turn, would lead to an apparent increase of Cl- 

independent, pH sensitive opening rate measured from the whole cell currents.   

 

 

Figure 12. Gating scheme for ClC-0. States labelled C, O and C:Cl and O:Cl are closed, open and Cl- 

liganded states, respectively. Kc represents the Cl- binding equilibrium, α1 and α2 are the Cl- 

independent, pH-sensitive and Cl- opening rates, respectively. γ and δ are the forward and backward 

rates between the Cl- liganded closed states. Cyclamate and Formate appear to act by inhibiting 
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transition between C0:Cl and C1:Cl, and by favouring α1. Diagram reproduced from Chen and Miller 

(1996). 

3.4.4 LFER 

The LFER approach requires a linear free-energy assumption in the energy landscape 

between the open and closed states of the channel. There is evidence to suggest that 

this may not be the case for protopore gating of ClC-0. Coupling of ClC-0 gating to 

chloride permeation may indicate that gating is non-reversible; that is the opening and 

closing transitions may not go through the same reaction pathway in opposite 

directions (Richard and Miller, 1990). A linear relationship between the log of the rate 

constant and equilibrium constant is, however, indicative of a simple two-state 

reaction (Cymes et al., 2002). Because it was possible to establish a linear relationship 

between the rate and equilibrium constants for ClC-0 gating at different voltages the 

adoption of an LFER approach may be justified in the present experiments. 

Within the framework of the Chen and Miller (1996) model, the Cl- binding to the 

gating site is accompanied by a conformational change that displaces the gating 

charge during channel opening. This postulate is indirectly addressed by the linear 

free energy relationships established for the gating reaction pathway when the 

membrane potential or different anions are used as a probe. The value of Φ obtained 

indicates that the structure of the voltage sensing site in the transition state is ~ 60% 

identical to that of the open state. The same is true for the anion-binding site: its 

structure in the transition state is ~ 60% identical to that of the open state. Similar 

values of Φ obtained for the voltage-sensing site and anion-binding site imply that 

during the channel opening and closing, structural rearrangements of both sites 

happen at the same time, or, in other words, voltage sensing occurs simultaneously 

with the change in conformation of the regulatory binding site. 
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Data for the anion substitution experiments obtained at –60mV appeared to segregate 

into two parallel groups. This segregation presumably occurs due to the different 

mechanisms of action of different anions on ClC-0 gating. In one group, Cl-, Br-, 

glutamate and glucuronate largely exert their influence on the equilibrium constant by 

their effects on the closed state of the channel. Chloride and Br- bind to the closed 

state of the channel and open it, while glutamate and glucuronate just reduce the 

concentration of Cl- available to bind to the gating site. The other group contains the 

anions that clearly block inward Cl- conductance, and decrease the closing rate by 

binding to the open state of the channel. Formate and cyclamate seem to fall into the 

second group; however, from their effects on gating, they do not belong to either of 

the two groups.  

At –140 mV, where Po of ClC-0 is voltage independent, a considerably smaller value 

of Φ obtained in anion substitution experiments indicates that, in this voltage range, 

the anion binding site undergoes a conformational change different from that at more 

positive potentials where Po of ClC-0 is voltage dependent. This observation, again, 

gives support to the model of ClC-0 fast gating proposed by Chen and Miller (1996). 

As ClC-0 protopore gating may not completely fulfil the requirements of the linear 

free energy assumption, the Φ values obtained should be treated with some 

reservations. Nevertheless the qualitative results fit well into the current model of 

ClC-0 gating. 

 

3.4.5 Comparison with ClC-1.  

Within the ClC family, the skeletal muscle Cl- channel ClC-1, has the highest 

homology to ClC-0. These two channels share many common features: the 

permeability sequence of ClC-1 (Rychkov et al., 1998) is similar to that of ClC-0, as 
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obtained in this study; ClC-1 fast gating depends on external Cl- as does that of ClC-0 

(Pusch et al., 1995; Rychkov et al., 1996); both have multi-ion pores with at least two 

binding sites (White and Miller, 1981b; Pusch et al., 1995; Fahlke et al., 1997a; 

Rychkov et al., 1998); an outer site acts as a regulatory binding site for Cl-, or as a 

gating site (Rychkov et al., 1998); an inner site determines channel selectivity 

(Rychkov et al., 1998); mutations in the equivalent positions in many cases have 

similar consequences in both channels (for example see (Accardi et al., 2001). Results 

of the present investigation, however, have revealed some noticeable differences. In 

ClC-1, ClO4
- is significantly more permeant than in ClC-0, with a relative 

permeability of ~2 (rat ClC-1 expressed in Sf9 cell, Rychkov et al., 1998) or ~ 0.4 

(present study) compared with ~0.09 in ClC-0. The position of ClO3
- in the 

permeability sequence is also different: in ClC-0 it is virtually impermeant, while in 

ClC-1 it is as permeant as NO3
- (~0.24).  This obviously indicates that the diameter of 

the pore of ClC-0 is smaller than in ClC-1, and that it has different steric restrictions 

that make ClO3
- impermeant. Accessibility of the gating site of the closed channel for 

different external anions is also different. In ClC-1, blocking sequence and gating 

sequence are virtually identical: more potent anion blockers are more efficient in 

shifting gating to more negative potentials, including ClO4
- and ClO3

-, while in ClC-0 

some potent blockers like ClO4
-, ClO3

-
 and BrO3

- are unable to gate the channel, 

which suggests that the size of the gating site in ClC-0 in the closed state is smaller 

than in ClC-1.  

The narrow part of the pore is highly conserved throughout the whole ClC 

family, with the exception of two residues in the GXFXP motif of the N helix 

(GGFMP in ClC-1 and GAFVP in ClC-0) (Dutzler et al., 2002). Mutating residues 

G482 and M484 in ClC-1 to their ClC-0 counterparts alanine and valine provided 
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support for the hypothesis that the ion pore of ClC channels has two anion binding 

sites, one of which determines the selectivity and another that regulates channel 

gating. Residue G482 in ClC-1 forms part of the selectivity filter. From alignment 

with the crystal structure of the prokaryotic ClC channels, the main chain amide 

nitrogens of this residue directly participates in coordinating the permeating Cl- ion. 

Changing this residue from glycine to alanine in ClC-1 reduced the permeability of 

the channel to ClO4
-. Presumably the increased bulk of the alanine methyl group 

reduces the physical dimensions of the selectivity filter, restricting access of the large 

tetrahedral ClO4
- molecule. This mutation did not affect gating, suggesting that the 

inner site is concerned primarily with equilibrium selectivity of the channel. Residue 

M484 is in the outer Cl- binding site. Mutation M484V did not affect the permeability 

of ClC-1 to ClO4
-, however this mutation did have profound effects on the gating of 

the channel. These observations implicate the outer site in gating of the channel, and 

lend support to the hypothesis that the outer site is regulatory and mediates opening of 

the channel (Dutzler et al., 2003). Wollnik et al. (1997) have shown that the M484V 

mutation decreases the single channel conductance of ClC-1, and the mutant channel 

passes very little outward current, which would be consistent with stronger Cl- 

binding to the outer site. A greatly reduced closing rate of the mutant found in this 

study also implies stronger Cl- binding to the open-state of the regulatory binding site. 

An increased opening rate at negative potentials in this mutant suggests that the same 

anion-binding site which mediates channel opening at positive potentials regulates the 

hyperpolarization favoured opening process. 

At the same time the effects of these mutations imply that the differences in ClC-1 

and ClC-0 selectivity and fast gating cannot be attributed solely to the differences 

between their selectivity centers.   
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In summary these results show that in ClC-0 (a) the equilibrium selectivity 

corresponds to a moderately strong field site in the pore; (b) the size of the pore is 

smaller than in ClC-1; (c) the fast gating is regulated by anion binding to a site 

situated externally to the selectivity filter; (d) the dimensions of this site are, again, 

smaller than in ClC-1; (e) the gating site undergoes a conformational change upon 

channel opening that alters its accessibility by different anions and changes its 

position in the electric field; (f) in the range where Po  is voltage dependent, the 

conformational change of the gating site coincides with voltage sensing;  at more 

negative potentials the gating site undergoes a different conformational change. 
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4 Involvement of the intracellular carboxy-terminus in 

ClC-1 common gating 
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4.1 Introduction 

 

ClC proteins have an intracellular carboxy-terminus that varies in length between 

family members. In many ClC proteins, including ClC-0 and all of the mammalian 

isoforms, the carboxy-terminus is characterised by tandem defined structural motifs 

known as CBS domains, after the protein cystathionine-beta-synthase in which they 

were first identified (Bateman, 1997) (Fig. 1). These are the only definable structural 

domains in the carboxy-terminus of these proteins. Though their functional role in 

ClC proteins is unclear the physiological importance of the CBS domains is 

underlined by their involvement in hereditary human disease. Within the ClC family, 

mutations in the CBS domains of ClC-1 underlie congenital myotonia (Deymeer et 

al., 1998), in ClC-2 CBS domains and the linking peptide between them, generalized 

idiopathic epilepsy (Haug et al., 2003), in ClC-5 hypercalciuric nephrolithiasis (Lloyd 

et al., 1997), in ClC-Kb Bartter syndrome (Konrad et al., 2000) and in ClC-7 infantile 

malignant osteopetrosis (Kornak et al., 2001). Diseases in humans caused by 

mutations in CBS domains of other proteins include (affected protein in parentheses) 

homocystinuria (cystathionine β-synthase) (Kluijtmans et al., 1996), Wolff-

Parkinson-White syndrome (AMP-activated protein kinase) (Gollob et al., 2001) and 

retinitis pigmentosa (inosine monophosphate dehydrogenase) (Bowne et al., 2002; 

Kennan et al., 2002). 

Carboxy-terminal truncations affecting CBS 2 of ClC channels typically result in loss 

of function (Lloyd et al., 1996; Schmidt-Rose and Jentsch, 1997; Hryciw et al., 1998; 

Maduke et al., 1998; Schwappach et al., 1998; Estevez et al., 2004; Hebeisen et al., 

2004), however in frame deletion of CBS 1 or CBS 2 of ClC-1 is tolerated, indicating 
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that they are not essential for channel function (Estevez et al., 2004; Hebeisen et al., 

2004). Where the truncated channel retains the first CBS domain (CBS 1), function 

can often be rescued by non-covalent interaction with the complementary carboxy-

terminal fragment containing CBS 2 (Schmidt-Rose and Jentsch, 1997; Maduke et al., 

1998; Estevez et al., 2004; Hebeisen et al., 2004). Most of the structural difference 

between ClC-0 and ClC-1 lies in the carboxy-terminal. Both ClC-0 and ClC-1 

channels exhibit common gating, however the voltage-dependence and kinetics are 

markedly different between the channels. Several lines of evidence implcate the 

carboxy-termini of both channels in common gating (Fong et al., 1998; Maduke et al., 

1998; Estevez et al., 2004). It is therefore reasonable to propose that differences in the 

carboxy-termini might therefore be related to differences in common gating.  

In this chapter replacement of the entire carboxy-terminal of ClC-1 with that of ClC-0 

is demonstrated to result in profound changes to the common gate that simultaneously 

closes both channel pores. These results are consistent with previously published 

findings demonstrating that, for the most part, structural manipulation of the carboxy-

terminal CBS domains of ClC-1 and ClC-0 that does not destroy channel function 

affects common gating (Fong et al., 1998; Maduke et al., 1998; Estevez et al., 2004).  
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Figure 1. Structural conservation in the ClC family. Schematic diagram illustrating domain 

organization of various ClC proteins, drawn to scale shown at bottom right of figure. Shown are the 

human isoforms of the mammalian ClC family members as well as homologues from various 

representative organisms. Magenta boxes indicate homology to the predominantly transmembrane 

‘voltage-gated chloride channel’ motif, dark blue boxes represent CBS domains and light blue boxes 

represent USPA domains. Escherichia coli and Salmonella typhimurium ClC’s are those for which 3-

dimensional crystal structures have been solved. 
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4.2 Methods 

4.2.1 Channel expression and mutagenesis 

PCI neo with human ClC-1 insert was digested with EcoRV and NspV and the 

approximately 800 bp fragment was isolated by gel purification. An NspV site was 

introduced into the corresponding position of ClC-0 using a PCR primer. The PCR 

fragment, from pTLN Xenopus expression-vector containing WT ClC-0 (kindly 

provided by Prof. T.J. Jentsch) was digested with NspV and EcoRI restriction 

enzymes. The two fragments were re-ligated into pCIneo including ClC-1, cut with 

EcoRV and EcoRI. The resulting chimeric ClC insert was entirely sequenced to 

exclude the possibility of PCR or ligation based errors. The chimeric protein is ClC-1 

up to and including residue F547 in helix P, which is part of a motif conserved in 

ClC-0.  

4.2.2 Electrophysiology 

Electrophysiological experiments were conducted as detailed in section 2.3.2. Anion 

exchange experiments were conducted as detailed in section 3.3.2.  

 

4.2.3 Data analysis 

Permeability ratios of substitute anions with respect to chloride were calculated as 

detailed in section 3.3.3. Open probability and temperature dependence data was 

analysed as detailed in section 2.3.3.  
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4.3 Results 

4.3.1 Functional characterisation of the Chimeric channel 

4.3.1.1 Ionic selectivity, current kinetics and gating 

Measurements of the membrane potential of HEK293 cells transiently expressing the 

chimeric channel in normal 150mM Cl- external solution were in agreement with the 

calculated Cl- equilibrium potential. A fit of the Goldman-Hodgkin-Katz equation to 

the shift in membrane potential caused by replacement of extracellular Cl- by ClO4
- 

indicated that the channel was 2.4 ± 0.6 fold more permeable to ClO4
- than to Cl- (fig 

2).  
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The chimeric channel mediated inwardly rectifying currents that deactivated at 

potentials more negative than approximately –40mV. As for WT, current deactivation 

of the chimeric channel followed a double exponential time course at all voltages 

where these measurements were possible, with time constants typically in the order of 

Figure 2: Perchlorate selectivity of the 

chimeric channel. Displacement of 

membrane potential is plotted as a function 

of the mole fraction of extracellular Cl-

replaced by ClO4
-.  Solid line represents a 

fit of the GHK equation, as detailed in 

methods, yielding PClO4-/PCl-= 2.4 ± 0.6. 

Data are means from 5 cells. 
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milliseconds for the faster component and tens of milliseconds for the slow 

component. The relative amplitude of the slow component was much smaller than for 

WT currents, however. No hyperpolarisation induced current increase, characteristic 

of ClC-0 common gating, was detectable in long recordings of current deactivation 

from a holding potential of either -30mV or +40mV (data not shown). Normalised 

peak tail currents measured at -100mV were fit with a Boltzmann distribution to yield 

a half-saturation voltage (V1/2) of –85 ± 1 mV for apparent channel open-probability 

(Fig. 3). One way of differentiating between the protopore gating mechanisms of ClC-

0 and ClC-1 is by their dependence on extracellular anions. Regulation of the voltage 

dependence of gating in the chimera by foreign anions was examined. Replacement of 

50% of the extracellular Cl- by either ClO4
-or I- resulted in a shift of the V1/2 to -131 ± 

1 mV and -134 ± 2 mV respectively (Fig. 3). This is similar to the shift reported for 

WT ClC-1 expressed in Sf9 insect cells (Rychkov et al., 1998), and for I-, opposite in 

direction to the shift in protopore gating shown for WT ClC-0 (Chapter 3, Figure 5). 
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The strong resemblance between the current kinetics, and ionic selectivity of open 

probability of the chimera and WT ClC-1 suggest that gating of the channels is 

fundamentally similar. It follows that, as in WTClC-1, the fast and slow exponential 

Figure 3.  Regulation of apparent 

open probability by external anions.  

Apparent open probability was 

calculated by normalising tail currents 

as detailed in methods. Solid lines 

represent fits of Boltzmann 

distributions to the experimental data 

points. Data are means from 4-12 

cells. 
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components of current deactivation correspond to the deactivation time course of the 

protopore and common gates respectively (Saviane et al., 1999). Using the method 

detailed in section 2.3.3 (see also Aromataris et al. 2000, and Bennetts et al. 2001) the 

open probability of the protopore and common gates was dissected by calculating 

them from the relative amplitudes of two exponential components of current 

deactivation. The data were fit with Boltzmann distributions to yield a V1/2 for 

protopore gating of -100 ± 2 mV, and V1/2 -76 ± 6 mV for common gating (Fig. 4). 

The minimum value of Po
f was typically <0.1, while the open probability of the 

common gate saturated at a minimum value of ~0.7-0.8.  
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In order to further probe the gating mechanism of the channel the temperature 

sensitivity of gating relaxations and steady-state voltage dependence was measured. 

 

4.3.1.2 Temperature dependence of protopore gating 

The time course of the protopore gating transition became exponentially shorter with 

increasing temperature. Fits of the Arrhenius equation to the experimental data points 

yielded a mean activation enthalpy for the protopore gating process measured at –140 

Figure 4:  Open probability of  the 

protopore and common gates of the 

chimeric channel.  Data points were 

calculated from relative amplitudes of 

deactivating currents as detailed in 

methods. Solid lines represent fits of 

Boltzmann distributions as detailed in 

methods. Data are means from 12 

cells, 
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mV, of 81 ± 6 kJmol-1, corresponding to a Q10 of 3.0 ± 0.2 (Fig. 5). The activation 

enthalpy and Q10 values were sensitive to voltage, decreasing at depolarised potentials 

(Table 1). 
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Figure 5. Temperature 

dependence of the time constant 

of the fast deactivating 

exponential component of the 

inward current.  Arrhenius plots 

for τf from a representative cell at 

different voltages. The average 

parameters of the fits from 5 cells 

are presented in Table 1. 



 128 

 

Table 1. Activation enthalpy of protopore gating.  Average values of apparent activation enthalpy 

and temperature coefficient (Q10) for the fast exponential component, τf, were determined from 5 

separate Arrhenius plots such as that shown in Figure 5. 

 

 -140 mV -120 mV -100mV -80mV 

ΔH‡ (kJmol-1) 81 ± 6 78 ± 5 68 ± 6 54 ± 7 

Q10 3.0 ± 0.2 2.9 ± 0.2 2.5 ± 0.2 2.1 ± 0.2 

 

The steady-state voltage dependence of protopore gating was displaced to more 

positive potentials with increasing temperature, while concurrently the minimum 

value of Po
f decreased (Fig. 6a). The half saturation voltage of protopore gating was 

shifted by 24 ± 1mV for every 10°C increase in temperature (Fig.6b). This 

observation indicates that there is a difference in entropy between the open and closed 

states of the protopore gate. The difference was calculated using the method outlined 

in chapter 2, to give a change in entropy (ΔS) of -234 ± 7 Jmol-1K-1 upon opening of 

the protopore gate. 
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4.3.1.3 Temperature dependence of common gating 

The time course of common gating relaxations also became shorter with increasing 

temperature. Time constants and amplitudes of the common gating transition could 

not reliably be determined from deactivating currents measured at –140mV for all 

temperatures, and therefore this data is not presented. Arrhenius plots of the 

deactivation time course measured between –120mV and –80mV yielded an 

essentially voltage independent activation enthalpy of 74 ± 5 kJmol-1 for deactivation 

of the common gate, corresponding to a Q10 of 2.7 ± 0.2 (n=4) (Fig. 7). 

 

Figure 6.  Effect of temperature on 

steady-state Po of the protopore 

gate. This figure shows data from a 

representative experiment. (a) Po of 

the protopore gate was derived from 

the relative amplitudes of the fast 

exponential component. Curves 

represent Boltzmann fits to the 

calculated data; the maximal value of 

Po was constrained to 1. (b) V1/2 

determined from Boltzmann fits for 

the same cell shown in a. plotted 

against temperature.  Solid line is a fit 

of the form V1/2 = mT + b, where T is 

temperature, b is the V1/2 at 0 °C, and 

m is the slope. The average value of m 

calculated from 5 cells was 24 ± 1 mV 

per 10 °C increase in temperature. 
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The steady-state voltage dependence of common gating was shifted to less negative 

potentials with increasing temperature (Fig. 8a). On average the midpoint of the 

gating curve was shifted by 36 ± 2 mV for every 10°C increment in temperature, 

corresponding to a ΔS of -344 ± 17 Jmol-1K-1 upon opening of the common gate (Fig. 

8b) (n = 5). The minimum value of Po
s appeared to be essentially independent of 

temperature. 

 

Figure 7. Temperature 

dependence of the time constant 

of the slow exponential 

component of the inward 

current. Arrhenius plots for τs 

from a representative cell at 

different voltages.  
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4.3.1.4 Sensitivity to Zn2+ and low pH 

In ClC-0, extracellular Zn2+ has been shown to lock the common gate in a closed 

conformation (Chen, 1998). Sensitivity to Zn2+ is lost in ClC-0 mutants that lack 

common gating (Lin et al., 1999). It is possible that ClC-1 inhibition by Zn2+ is also 

linked to common gating and therefore that the chimeric channel, which has greatly 

reduced common gating, also has reduced sensitivity to extracellular Zn2+. Addition of 

Zn2+ to the extracellular solution at up to 10 mM resulted in a maximal inhibition of 

inward currents carried by the chimera by typically 20-30% (Fig. 9).   

 

Figure 8.  Effect of temperature 

on steady-state Po of the common 

gate.  (a) This figure shows data 

from a representative experiment.  

Po of the common gate was derived 

from the relative amplitude of the 

slow exponential component. 

Curves represent Boltzmann fits to 

the calculated data; the maximal 

value of Ps
o  was constrained to 1. 

(b) V1/2 determined from Boltzmann 

fits are plotted against temperature. 

The average slope of the line 

calculated from 5 cells was 36 ± 2 

mV per 10 °C increase in 

temperature 
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Figure 9. Zn2+ sensitivity of the chimera. Whole-cell currents from a representative cell recorded in 

the presence of the indicated concentration of Zn2+ ions added to the extracellular solution as a SO4
2- 

salt. Dashed line indicates zero-current level. 

 

In ClC-1, low pH elicits a type of hyperpolarisation activated gating with voltage 

sensitivity and current kinetics that resemble ClC-0 ((Rychkov et al., 1996) and 

Chapter 2, Fig.6). It is possible that this type of gating results from pH dependent 

modification of normal ClC-1 common gating, and therefore should be absent in the 

chimera. In keeping with this notion, at low pH and positive holding potentials no 

hyperpolarisation activated current increase was discernable in long macroscopic 

current recordings (Fig. 10). 
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Figure 10. Current deactivation at low 

pH and positive holding potential. 

Recording solutions were pHout 5.5, pHin 

6.2. From holding potential +40 mV the 

membrane potential was stepped to –120 

mV for 1.5 s. Dashed line indicates zero-

current level. For comparison see Fig. 6 

Chapter 2. 
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4.4 Discussion. 

 

In this chapter the functional effect of replacing the entire carboxy-terminus of ClC-1 

with the corresponding region of ClC-0 was investigated. The mutant channels 

resembled WT ClC-1 with respect to fundamental features such as ionic selectivity of 

permeation and protopore gating, but with reduced common gating such that the 

fraction of channels that remained open at strongly negative membrane potentials was 

greatly increased with respect to WT ClC-1.  

 

Temperature was used as a probe to further investigate gating of the chimera. Within 

the scope afforded by this analysis, the data showed that gating of the mutant channels 

was the same as WT ClC-1, except with respect to the enthalpic component of 

common gating. The activation enthalpy and corresponding temperature coefficient of 

common gating relaxations at negative potentials was lower in the chimera than in 

WT ClC-1. Effectively, this means that the energetic barrier to channel closing is 

lower in the chimera. Alone, this difference would be expected to result in a decrease 

in the minimum value of Popen, as the energetic cost of channel closing is less, 

however the voltage independence of this value and the similar mid-point of the 

voltage dependence of WT and the chimeric channel common gating indicates that the 

temperature dependence of opening transitions is also affected. The activation 

enthalpies and Q10 values for protopore and common gating in the chimeric channel 

are very similar. One possible explanation could be if the common gating mechanism 

used a separate pathway to modulate gating through the same molecular mechanism 

as the protopore gate, but that the separate pathway is interrupted in the chimera; or 
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alternatively, protopore and common gating are uncoupled in the chimera (for a 

discussion of potential coupling between the gates see section 1.3.3.3). In the 

framework of this scheme the activation enthalpy of common gating in the chimera 

may more closely reflect the gating transitions of the protopore gate, however this 

hypothesis remains to be tested. 

 

The chimeric channel was largely insensitive to extracellular Zn2+. In ClC-0 

extracellular Zn2+ has been shown to lock the common gating mechanism in a closed 

conformation (Chen, 1998). Sensitivity to Zn2+ is lost in ClC-0 mutants that lack 

common gating due to point mutation C212S (Lin et al., 1999). The equivalent 

mutation in ClC-1, C277S has the same effect on common gating as the chimeric 

channel; that is a dramatic increase in the minimal open probability (Accardi et al., 

2001). In ClC-1 inhibition by Zn2+ has been proposed to work via a different, gating-

independent mechanism, and Zn2+ binding linked to different residues than in ClC-0. 

The current results support the idea that ClC-1 inhibition by Zn2+ is due to a similar 

mechanism, where Zn2+ facilitates common gating. This is supported by more recent 

findings that demonstrate that Zn2+ binds to, and stabilises a high-energy closed 

conformation of the ClC-1 common gate (Duffield et al., 2005). 

 

The chimeric channel also showed no evidence of hyperpolarisation induced current 

increase at low pH and positive holding potentials, as has been demonstrated for WT 

ClC-1 in Chapter 2 (Fig. 6) of this thesis, and elsewhere (Rychkov et al., 1996). This 

observation suggests that hyperpolarisation activated gating of ClC-1 is due to an 

effect of pH on common gating, reversing the voltage dependence and altering 
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kinetics and temperature dependence. More experiments are required to establish 

whether this is the case, however.  

 

In summary, replacement of the intracellular carboxy-terminus of ClC-1 with the 

corresponding region from ClC-0 greatly reduces or eliminates common gating of the 

channel. This is apparent from the increased fraction of channels that are not closed 

by the common gate at strongly negative voltages, from the altered temperature 

dependence of slow gating transitions and from insensitivity to extracellular Zn2+. The 

slow, macroscopic gating transitions that are apparent in the chimeric channel show 

none of the characteristics of ClC-0 common gating, and, unlike ClC-1 gating the 

voltage dependence is not reversed by low intracellular pH. The most obvious 

conclusions that can be drawn from these observations are common gating of ClC-1 

requires pairing of sites present in the carboxy-terminus with sites in the membrane-

embedded domain, and the carboxy-terminal sites are not conserved in ClC-0. 
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5 Discussion 
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During the course of completing this thesis new results were published that shed new 

light on the results of my experiments. In this section these results are discussed with 

reference to the current thesis in a retrospective fashion. Also during the course of 

these experiments the first 3-D structures of bacterial ClC’s were published, heralding 

a new era in study of ClC proteins, and for that matter ion channels in general. The 

elucidation of fine details of the cell biology of ClC family members, and structure 

driven discovery of molecular mechanisms of channel function are currently at the 

forefront of research into ClC proteins, and promise to be so in the foreseeable future.  

 

The experiments presented in chapter 2 demonstrate that common gating of ClC-1 is 

distinct from that of ClC-0 with respect to temperature dependence, and the 

underlying thermodynamics of the conformational rearrangements. Recent evidence 

that common gating of ClC-0 and ClC-1 share a common fundamental mechanism 

arises from studies of channel inhibition by Zn2+. In ClC-0 Zn2+ has been 

demonstrated to facilitate slow gating by increasing the entropy difference between 

the open and closed states by 25-30 Jmol-1K-1 (Chen, 1998). Mutation C212S 

abolishes both inhibition by Zn2+ and common gating of ClC-0 apparently by locking 

the common gate in the open conformation (Lin et al., 1999). The corresponding 

mutation in ClC-1, C277S greatly reduces common gating, such that the minimum 

value of the common gating open probability at increasingly negative potentials 

saturates at about 0.8-0.9 (Accardi et al., 2001). More recently it has been shown that 

Zn2+ also inhibits ClC-1 by facilitating common gating, apparently by binding to and 

stabilising a high-energy closed conformation of the common gate (Duffield et al., 

2005). The cysteine residues, C212 in ClC-0 and C277 in ClC-1 are present at the 

carboxy-terminus of helix G, which is highly conserved between ClC-0 and ClC-1. 
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The weight of evidence suggests that ClC-0 and ClC-1 share the fundamental 

mechanism of common gating but differ with respect to kinetics, voltage and 

temperature dependence.  

 

The glutamate-gating model championed by Dutzler and co-authors (Dutzler et al., 

2003) suggests that the only conformational change of the protein that takes place 

during protopore gating is limited to a single side-chain. It is unclear how the bacterial 

protein, subsequently shown to be a H+ Cl- co-transporter rather than a channel 

(Accardi and Miller, 2004), regulates availability of the transport pathway. It is likely 

that the bacterial glutamate ‘gate’ is part of the proton relay chain, and as such 

relevance to gating in ClC channel proteins is unclear. Mutation of the equivalent 

residue in ClC-0 results in channels that rarely visit the closed state, lending 

credibility to the idea that it forms the protopore gate (Dutzler et al., 2003). The 

detailed quantitative analysis of Chen and Miller points towards a more complicated 

picture of protopore gating however (Chen and Miller, 1996). In this analysis voltage 

dependence arises from the permeating Cl- ion penetrating deep inside the closed 

channel before the opening reaction occurs. The complexity of ClC-0 gating is further 

illustrated by differential regulation by external and internal Cl- (Chen et al., 2003). 

Manipulation of the external or internal Cl- concentrations results in selective 

modulation of the channel opening and closing rates, respectively, with widely 

disparate Cl- affinities. Mutations in the channel pore also differentially affect the 

opening and closing rates (Chen et al., 2003). These observations strongly suggest 

that protopore gating is more complex than the local side-chain rearrangement seen in 

the bacterial channels. This is supported by the results presented in chapter 3 of this 

thesis that indicate that the outer vestibule undergoes a conformational change upon 
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opening of the protopore gate. The open-channel blocking data for ClC-0, in 

combination with the ionic selectivity of gating indicates that in the closed state the 

diameter of the gating site is about 4.3 Å (the size of SCN-, the largest anion that 

opens the channel). Upon opening the diameter of the site increases so it can 

accommodate larger anions up to 5 Å in diameter (the size of ClO4
-). Recent evidence 

has emerged that suggests that the conformation of the outer vestibule of ClC-1 is 

tightly linked to channel gating (Hebeisen and Fahlke, 2005). Carboxy-terminal 

truncations of ClC-1 alter both protopore and common gating (Hebeisen and Fahlke, 

2005). The accessibility of an introduced cysteine residue in the outer vestibule is also 

altered by the truncations, and additionally, anion binding from the external side but 

not the internal side is affected. 

Other parts of the channel are also affected by protopore gating. Soon after the 

experiments of chapter 3 were completed evidence was published demonstrating a 

substantial conformational rearrangement of the inner vestibule of ClC-0 upon 

opening of the protopore gate. Accardi and Pusch investigated block of the ClC-0 

C212S mutant that lacks common gating by a clofibric-acid derivative, CPA (Accardi 

and Pusch, 2003), which binds to a site in the intracellular vestibule (Estevez et al., 

2003). CPA affinity was much higher and blocking kinetics slower in the closed state 

of the channel than in the open state, and mutations in the binding region selectively 

affected binding to either the open or closed states.  

Collectively these observations indicate that protopore gating of the muscle type 

channels involves a more complicated mechanism than the local side-chain 

rearrangement seen in the bacterial homologue, although this mechanism still seems 

to have some relevance. In these channels opening of the protopore gate coincides 
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with conformational changes in the vestibules located on both the outside and inside 

of the selectivity filter. 

 

Chapter 3 also presents evidence that the difference between ClC-1 at residue M484 

and the equivalent residue in ClC-0 can account for ionic-selectivity differences 

between the two channels. The positions of the pore mutations in chapter 3 were 

chosen by extrapolation from the bacterial ClC crystal structures (Dutzler et al., 

2002). The results of these mutations were consistent with the expectations of the 

bacterial structures, indicating that for the selectivity centre residues, at least, the 

bacterial coordinates provide a useful template for homology modelling. More recent 

experiments have confirmed the validity of extrapolating from the bacterial structures 

to mammalian channels (Chen and Chen, 2003; Chen et al., 2003; Estevez et al., 

2003; Lin and Chen, 2003). Chen and co-workers have performed extensive 

electrophysiological experiments on pore-lining mutants of ClC-0 driven by 

predictions from the bacterial crystal structures (Chen and Chen, 2003; Chen et al., 

2003; Lin and Chen, 2003; Engh and Maduke, 2005). For the most part the results of 

these experiments were consistent with expectations from the prokaryotic structures. 

Estevez and co-workers identified critical residues involved in ClC-1 block by 9-AC 

by exploiting the difference in 9-AC sensitivity between ClC-1, ClC-0 and ClC-2. 

They then successfully used the bacterial crystal structures to predict additional 

residues involved in binding 9-AC (Estevez et al., 2003). The two pore residues 

mutated in chapter 3 of this thesis, ClC-1 G482 and M484 are implicated in CPA and 

9-AC block of ClC-1 by their data, supporting the role in ion-permeation established 

by the selectivity measurements made here. More recently Engh and Maduke have 

conducted extensive cysteine accessibility experiments in the intracellular vestibule of 
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ClC-0 to show that features of the bacterial 3D structures can be applied to eukaryotic 

homologues with high fidelity (Engh and Maduke, 2005). Collectively these 

demonstrations indicate that the bacterial crystal structures can be used as scaffolding 

for the development of homology models of other ClC proteins.  

 

Chapter 4 presents results implicating the carboxy-terminus of the muscle type 

channels in common gating. Numerous other lines of evidence support this conclusion 

(Fong et al., 1998; Maduke et al., 1998; Estevez et al., 2004). The influence that the 

carboxy-terminus has over common gating seems to arise from interactions between 

the only structurally definable motifs, the CBS domains, and the membrane embedded 

channel domain (Maduke et al., 1998; Estevez et al., 2004). The physiological 

importance of CBS and channel domain interactions in common gating is presently 

unclear, although it seems likely that interactions between the two may transduce 

some intracellular signal such as binding of a soluble ligand to modulate channel 

gating. Several lines of evidence that have emerged recently suggest that intracellular 

adenine compounds may be a ligand for the CBS domains of ClC channels. Recently 

Scott and co-authors showed that CBS domains of the enzymes AMP-activated 

protein kinase and IMP dehydrogenase bind nucleotides and regulate enzyme activity 

(Scott et al., 2004). They also showed that isolated CBS domains of ClC-2 can bind 

ATP but the effect of this binding on channel function was not examined. Niemeyer 

and co-authors showed that replacement of intracellular ATP with AMP speeded up 

the kinetics of ClC-2 activation and deactivation (Niemeyer et al., 2004). Whether this 

effect was due to ATP hydrolysis was not tested but the effect was reduced by an 

epilepsy-linked G715E mutation between CBS-1 (582-637) and CBS-2 (788-840) and 

close to two defined PKA phosphorylation sites, T655 and T691 (Cuppoletti et al., 
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2004). Similarly, Vanoye and George showed that ATP was required for continued 

ClC-4 activity (Vanoye and George, 2002). This effect was less apparent for non-

hydrolysable ATP analogues, suggesting protein phosphorylation, but it was unclear 

whether ATP affected ClC-4 gating, trafficking, or other factors. Because the 

physiological roles of ClC-2 and ClC-4 are presently unclear, the significance of ATP 

binding by these channels remains elusive. It is now clear that, in ClC-1 at least, the 

physiological function of the CBS domains in the carboxy-terminal is to bind ATP to 

modulate common gating (Bennetts et al., 2005). ATP binding shifts open probability 

of the common gate to more positive potentials and reduces the minimum value of 

open probability at negative potentials, effectively inhibiting the channel. Presumably 

the physiological significance of ClC-1 inhibition by ATP is that during metabolic 

stress, when ATP levels in skeletal muscle can be severely depleted (Karatzaferi et al., 

2001), inhibition of ClC-1 is alleviated stabilizing the membrane potential and 

reducing membrane excitability. In this way the ATP sensitivity of ClC-1 links 

membrane excitability to metabolic state, similar to the protective role of KATP 

channels in cardiac ischemia (Suzuki et al., 2002). The widespread conservation of 

tandem CBS domains in the ClC family suggest the function of these domains as 

channel regulators sensitive to intracellular ligands is also likely to be conserved, and 

that while their ligand-sensitivity may vary, nucleotide sensitivity could be a recurring 

theme.  

It is apparent from the effect of ATP binding and CBS domain mutations on common 

gating that the CBS domains interact with elements of the intracellular surface of the 

channel to modulate common gating (Estevez et al., 2004; Bennetts et al.). It is 

reasonable to presume that mutation of the residues on this surface may also have 

effects on common gating. As a guide to future experiments I have constructed a 
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model of the membrane-embedded ‘voltage-gated chloride channel’ based on the 

atomic coordinates of a prokaryotic homologue (Fig. 1). This model was examined 

with respect to mutations, either naturally occurring or otherwise, that are known to 

affect the gating of ClC-1 to identify residues on the intracellular surface that may be 

involved in transducing signals from the carboxy-terminus to modulate gating of the 

channel. Most of the naturally occurring mutations are dispersed throughout the 

protein, or cluster at the dimer interface (Duffield et al., 2003), with few mutated 

residues that are accessible to the intracellular solution. These residues; L198, G200 

and Y261, whose mutation leads to myotonia in humans, form a patch of the protein 

surface that is accessible to the intracellular space. The myotonia causing mutation 

L198V shifts the mid-point of voltage dependence of common gating by +68 mV, 

measured using two-electrode voltage-clamp of Xenopus oocytes (Simpson et al., 

2004). Similarly the dominantly inherited myotonic mutation G200R shifts apparent 

open probability of the channel by +65 mV in the Xenopus system (Wollnik et al., 

1997). Curiously, these mutations shift the voltage dependence by approximately the 

same magnitude and in the same direction as a mutation in CBS 2, H835R (~ +60 

mV), which has been taken as evidence that residue H835 interacts with the 

membrane-embedded channel (Estevez et al., 2004). Residues L198 and G200 are 

present at the carboxy-terminal end of alpha-helix D in the channel model. The 

amino-terminal end of the short alpha-helix D carries the strongly conserved GSGIP 

motif of the ClC channel selectivity filter (Dutzler et al., 2002) (Fig. 11). This raises 

the possibility that helix D transduces signals from the intracellular surface of the 

channel directly to the selectivity centre of the channel. This hypothesis is interesting 

with respect to the ClO4
- selectivity data obtained for the chimeric channel presented 

in Chapter 4 (Figure 2). The reversal potential for the chimeric channel was 
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approximately 50 mV different than the WT channel when 95 % of the extracellular 

chloride was replaced with ClO4
-, indicating that selectivity was altered. This 

observation suggests a possible interaction between the carboxy-terminus and the 

channel pore, and is supported by the recent finding that carboxy-terminal truncations 

of ClC-1, distal to the second CBS domain alter anion-binding affinities to the open 

and closed states of the channel resulting in altered voltage dependence of gating 

(Hebeisen and Fahlke, 2005).  

Residue L198, although conserved in mammalian channels, is not conserved in ClC-0, 

where the equivalent residue is an isoleucine. Residue G200 is highly conserved in 

ClC channels, including ClC-0. Mutation of the corresponding residue in ClC-7 

(G215R) causes dominantly inherited osteopetrosis in humans (Frattini et al., 2003). 
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Figure 1. Homology modelling of ClC-1. Only one subunit is shown in this figure, viewed in 

the same plane as the membrane. The solid grey line shows the approximate position of the 

intracellular membrane surface. Components of the selectivity filter are coloured red. Helix D is 

coloured yellow. Helix F is partly omitted from the foreground for clarity. The approximate position of 

the omitted residues is shown as broken grey lines. To generate a sequence alignment between ClC-1 

and EcClC an alignment of the primary amino acid sequences from the ClC isoforms shown in Figure 1 

was generated using ClustalW (Thompson et al., 1994). To overcome the difference in the length of the 

sequences the non-aligned amino- and carboxy-terminal residues were cropped from ClC-1. This left 

channel domains of ClC-1 from K98 to W595. The structures of individual ClC-1 channel monomers 

were individually modelled on the crystal structure of StClC (PDB entry 1KPL) using Swissmodel, a 

component of SwissPDB viewer (Guex and Peitsch, 1997). The individual domain models were then 

assembled to form dimers, followed by energy minimisation using SwissPDB viewer (Guex and 

Peitsch, 1997). The quality of the models was assessed, and found to be satisfactory using Verify3D 

(Eisenberg et al., 1997). The model was examined for fidelity with respect to empirical evidence. The 

model shared the same sequence alignment between ClC-1 and the bacterial channels as the conserved 

regions shown in Figure 1 of Dutzler et al., 2002. The intracellular pocket that binds blockers 9-AC and 

CPA was examined (Estevez et al., 2003), and the positions of side-chains implicated in 9-AC binding, 

including residue I290 pointing away from the binding pocket, appeared to be duplicated in the current 

model.  
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The recessively inherited mutation Y261C (Mailander et al., 1996) has no apparent 

effect on gating when expressed in the Xenopus system (Wollnik et al., 1997). 

Significantly though, the corresponding residue in ClC-7 is mutated in autosomal 

dominant osteopetrosis (G677V) (Frattini et al., 2003). It is possible, but purely 

speculative to suggest that this residue is specifically involved in transduction of a 

presently unidentified signal originating in the carboxy-terminus, and in the absence 

of that signal the effect of the mutation is not apparent in electrophysiological 

recordings. Residue Y261 of ClC-1 is conserved in ClC-0 but not in other family 

members. This residue is in a loop between helices F and G in the ClC-1 model. Helix 

G projects from the cytoplasmic surface of the channel domain into the hydrophobic 

core of the subunit. Curiously, mutation of residue C277, which is present at the 

carboxy-terminus of helix G results in the same effects on common gating as 

demonstrated for the chimeric channel in this study; that is, an increase in the 

minimum open probability at strongly negative potentials to about 0.8-0.9 (Accardi et 

al., 2001). Other mutations in helix G also affect common gating (Duffield et al., 

2003), although no mechanistic explanation of how this helix might be involved in 

common gating is currently available, and no sensible predictions can be made from 

the model. 

 

Ultimately the mechanism by which the carboxy-terminus interacts with the 

membrane-embedded domain will become clear from direct structural information. 

The bacterial ClC homologues from Escherichia coli and Salmonella typhimurium for 

which high resolution structures have been solved do not have CBS domains (Dutzler 

et al., 2002), but other prokaryotic ClC proteins do (Chapter 4, Fig. 1.), making them 

prime targets for structural studies. Curiously some prokaryotic ClC proteins have 
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additional tandem USPA domains, which have also been implicated in ATP binding 

(Zarembinski et al., 1998). 

 

Future directions for study of the ClC family 

From a cell biology perspective the most pressing questions are what is the 

physiological relevance of ligand binding by CBS domains, and are all of the 

mammalian ClC’s channels, or are some of them transporters? For ClC-1 at least, 

CBS domains appear to sense ATP to link membrane excitability to the metabolic 

state of the cell, although the significance of this hypothesis remains to be established 

in vivo. Resolution of this issue will probably require generation of genetically 

modified animal models, such as a ‘knock-in’ of mutant channels that are ATP 

insensitive. Ligands for the CBS domains of other ClC’s, and their effect on channel 

function remain to be established.  

So far the intracellular mammalian ClC members, from ClC-3 to ClC-7, remain 

poorly characterised. It may be that some, or all of these proteins are not channels, but 

transporters like their bacterial cousins (Accardi and Miller, 2004). For ClC-7 at least 

this hypothesis seems to make sense. The physiological role of ClC-7 is to provide an 

electrical shunt for proton pumping in the resorption lacuna of osteoclasts (Kornak et 

al., 2001), just as the role of the ecClC transporter is to provide an electrical shunt for 

proton pumping (Iyer et al., 2002).  

The future study of ClC protein function is likely to be centred on structural studies, 

principally using x-ray crystallography both as a primary tool and as a guide for other 

biophysical studies. X-ray crystallography of mutant channels and co-crystallisation 

with channel substrates, blockers, binding partners and ligands will be invaluable in 

resolving the fine detail of gating and permeation. Continued study of the bacterial 
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transporters will eventually reveal the details of the chloride and proton transport 

relay chains. This may provide insights into gating of the ClC channels. Vestiges of 

transport-like behaviour are evident in ClC-0. At the level of single channels ClC-0 

gating is not microscopically reversible (Chen and Miller, 1996). The energy required 

to maintain this deviation from thermodynamic equilibrium is derived from the 

chloride concentration gradient (Chen and Miller, 1996). Resolution of the 

mechanism coupling chloride movement to changes in conformation of the transporter 

proteins may therefore shed light on gating of the muscle type channels. As has been 

the case since the structures of the bacterial ClC’s were published, each new structure 

should provide a wealth of novel hypotheses to be tested by the proven tools of 

electrophysiology and site-directed mutagenesis. 
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