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A RT I C L E
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ClC-0 is a chloride channel whose gating is sensitive to voltage, chloride, and pH. In a previous publication, we 
showed that the K149C mutation causes a +70-mV shift in the voltage dependence of ClC-0 fast gating. In this pa-
per we analyze the effects of a series of mutations at K149 on the voltage and chloride dependence of gating. By fi t-
ting our data to the previously proposed four-state model for ClC-0 fast gating, we show which steps in fast-gate 
opening are likely to be affected by these mutations. Computational analysis of mutant ClC-0 homology models 
show electrostatic contributions to chloride binding that may partially account for the effects of K149 on gating. 
The analysis of gating kinetics in combination with the available structural information suggests some of the struc-
tural changes likely to underpin fast-gate opening.

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

The structural changes involved in opening the ClC-0 

fast gate are only partially understood. Several studies 

have attempted to identify residues or secondary struc-

tures that move during ClC-0 fast gating. Based on the 

prokaryotic CLC structures and mutations that greatly 

increase the open probability of ClC-0, Dutzler et al. 

(2003) suggested that the outward movement of E166, 

a residue on the extracellular side of the pore, is re-

quired to liberate a chloride-binding site in the pore 

(Sext) and to open the channel. By showing that inhib-

itors that bind from the cytoplasmic side and at sites 

distant from E166 can restore voltage-dependent gat-

ing to E166 mutants, Traverso et al. (2006) illustrated 

that other residues in the channel are likely to move 

during fast gating. Thus it is possible that E166 is not 

the sole element of the ClC-0 fast gate, and other resi-

dues are likely to play important roles in gating.

On the cytoplasmic side of the pore, several residues 

have been shown to affect fast-gate kinetics (Ludewig 

et al., 1997), the most well described being S123, K519, 

E127, and Y512 (Pusch et al., 1995; Ludewig et al., 1996; 

Middleton et al., 1996; Chen and Chen, 2003; Chen 

et al., 2003; Lin and Chen, 2003). Lin and Chen (2003) 

attempted to determine whether these residues move 

during fast gating by examining their state-dependent 

accessibility. They mutated these residues to cysteine and 

measured reaction rates of MTS reagents, using voltage 

or chloride to change the open probability. These data 

are diffi cult to interpret because accessibility to these res-

idues can be affected by both the conformation of the 

protein and the chloride in the pore that could com-

pete with the charged MTS reagents for access to these 

sites. Nonetheless the data support the hypothesis that 

there may be changes in the intracellular vestibule dur-

ing fast gating, although there may not be a physical 

“gate” there.

Computational studies based on prokaryotic CLC X-ray 

crystal structures and ClC-0 homology models based 

on these crystal structures suggest additional residues 

that may have important roles in gating and permeation 

(Bostick and Berkowitz, 2004; Cohen and Schulten, 

2004; Corry et al., 2004; Faraldo-Gómez and Roux, 2004; 

Miloshevsky and Jordan, 2004; Yin et al., 2004; Gervasio 

et al., 2006). K149 is one such residue, which is both 

strictly conserved (Fig. 1 A) and has been predicted to 

have a signifi cant effect on permeation and gating (Corry 

et al., 2004; Faraldo-Gómez and Roux, 2004). In the 

prokaryotic structures, K131 (equivalent to K149 in ClC-0) 

does not directly coordinate bound chloride, but is part of 

a hydrogen bond network with G106 and S107, two resi-

dues that directly interact with chloride in the pore and 

lie in between two chloride-binding sites (Scen and Sint) 

(Fig. 1, B–D). If the prokaryotic structures are similar to 

a closed state of ClC-0 (Estevez et al., 2003; Lin and 

Chen, 2003; Engh and Maduke, 2005), then these resi-

dues (G122 and S123 in ClC-0) must move in order for 

the channel to open so that chloride can pass between 

Scen and Sext. Thus, K149 is likely to play a key role in 

structural rearrangements required for ClC-0 to open. 

Moreover, electrostatic calculations indicate that the 

charge on K149 has a signifi cant infl uence on the elec-

trostatic profi le of the pore (Faraldo-Gómez and Roux, 

2004), suggesting that it is likely to play a key role in gat-

ing and permeation.
Correspondence to Merritt Maduke: maduke@stanford.edu
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Previous work has shown that mutation at K149 causes 

signifi cant effects on gating and permeation in ClC-0. 

Using cysteine scanning and mutagenesis, we screened 

over 50 sites predicted to be in or near the intracellular 

vestibule of ClC-0 (Engh and Maduke, 2005). Except 

for S123C, which severely disrupts voltage-dependent 

gating and kinetics, K149C caused the largest shift in 

voltage-dependent gating out of all the mutants tested. 

Gating kinetics and the shape of the open probability 

versus voltage curve for K149C look similar to wild type. 

The +70-mV shift in fast gating is the largest measur-

able mutation-induced shift yet recorded for ClC-0. This 

shift indicates that it is harder to open this mutant using 

voltage. Reaction of K149C with MTS reagents was slow 

(0.003 s−1) and caused almost complete inhibition of 

current. Although we were unable to determine whether 

this inhibition was caused by additional effects on gat-

ing or by the MTS reagents directly blocking the open 

pore, the slow rate of reaction suggests that K149 is 

likely to be buried (and not pore lining). Zhang et al. 

(2006) also assessed effects of mutation at K149. They 

showed that mutation to A, R, or L resulted in large 

shifts (+37 to +70 mV) in voltage-dependent gating as 

well as decreased selectivity for chloride relative to other 

anions. The magnitude of the effect of selectivity paral-

leled the magnitude of the effect on gating, consistent 

with the tight coupling between permeation and gating 

in ClC-0. Additionally, they showed that mutation at 

K149 affects the rate at which the pore-lining residue 

Y512C reacts with a negatively charged but not with a 

neutral MTS reagent. This result is consistent with the 

idea that the electrostatic fi eld originating from the 

charge on K149 is signifi cant at the position of Y512, 

a residue whose equivalent in the ClC-ec1 (Y445) directly 

coordinates a bound chloride ion (Scen) (Dutzler et. al., 

2003). This suggests that K149 could affect permeation 

and gating via electrostatic interactions either with Y512 

or with the permeating ions. It also confi rms that K149 

is protonated (i.e., positively charged), in spite of its 

 location embedded within the transmembrane region 

of the channel.

In this paper we further describe the effects of K149 

on the voltage and chloride dependence of fast gating 

in ClC-0. We show the range of effects caused by mutat-

ing K149 to 15 different amino acids. Of these, we char-

acterized four mutants (R, M, S, L) more extensively 

by measuring the opening rate constant as a function 

of voltage and external chloride, and fi tting this data 

to the four-state gating model described by Chen and 

Miller (1996). This allowed us to determine which steps 

in opening are most likely affected by the side chain at 

position 149. To understand these results in light of the 

available structural information, we created and ana-

lyzed ClC-0 homology models for both wild-type and 

K149L. Computational analyses of these models suggest 

that K149 affects chloride binding to all three chloride-

binding sites in the pore, having the greatest effects 

on binding to Scen and Sint. These analyses help us to 

begin to unravel the structural changes that underlie 

ClC-0 gating.

Figure 1. K149 conservation and structure. (A) 
K149 is highly conserved. ClC-0 (Torpedo), ClC-
ec1 (E. coli), and the nine human CLCs were 
aligned using Clustal-W. The alignment of helix 
E is shown with K149 and equivalent positions 
shaded. (B–D) K131 interacts with chloride-coor-
dinating residues on loop CD. (B) Structure of 
ClC-ec1 (1OTT) as viewed from within the mem-
brane with the extracellular space at the top. 
Three bound chloride ions (from top to bottom, 
bound to sites Sext, Scen, Sint) are shown in green. 
Subunits A and B are shown in light brown and 
cyan, respectively. Selected secondary structures 
on subunit A are colored as follows: helix C, yellow; 
loop CD, red; helix D, orange; helix E, purple. 
Helixes J and M and loop LM are transparent. 
To illustrate the interaction between K149 (on 
helix E) and residues on loop CD, residues corre-
sponding to K149 (K131), G122 (G106), and S123 
(S107) (ClC-0 sequence numbers, with ClC-ec1 
numbers in parentheses) are shown as sticks and 
in CPK coloring. (C) Close up of image in (B). 
(D) Image in C rotated to better show G106 and 
S107. In both C and D helixes J and M and loop 
LM are removed. Structural images were created 
using Pymol (DeLano, 2002). 
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M AT E R I A L S  A N D  M E T H O D S

Mutagenesis and Channel Expression
ClC-0 mutant constructs were made in a plasmid derived from the 
pBluescript vector (Stratagene) (Maduke et al., 1998). All constructs 
contained the point mutation C212S, which removes voltage-
 dependent slow-gate inactivation and has no other measurable 
effect on ClC-0 function (Lin et al., 1999). Mutations were intro-
duced using PCR methods, and mutations were confi rmed by 
sequencing through the cloning cassette. Channel expression and 
inside-out excised patch recording were performed as described 
in Engh et al. (see p. 335 of this issue).

Determining Open Probability and Gating Kinetics
The voltage protocols, data collection, correction, and analysis 
were performed as described in the companion paper Engh et al. 
(2007) to obtain open probability (Po), opening rate constant (α), 
and closing rate constant (β) as a function of external chloride 
and voltage (V).

The use of macroscopic recordings to derive opening rate con-
stants (α values) is based on the assumption that the maximum 
Po is equal to one. Although single-channel recordings have shown 
this to be true for wild-type ClC-0 over a large range of external 
chloride concentrations (4–600 mM) (Chen and Miller, 1996), it is 
not certain if this is the case for all the mutants tested. However, 
this only poses a serious problem if the external chloride concen-
tration affects Po, max; if Po, max is less than one but is unaffected by 
external chloride, the analysis will simply underestimate the ef-
fects of mutations on the opening rate constant.

Fitting α(V,[Cl]ext) to the Gating Models
The opening rate constant as a function of voltage and external 
chloride activity (α(V,[Cl]ext) was globally fi t to the four-state 
model (Scheme 1) or the fi ve-state model (Scheme 2) using 
Method 2 described in Engh et al. (2007). The errors on the 
gating parameters determined from these fi ts were also derived as 
previously described (Engh et al., 2007).

Online Supplemental Material
The supplemental material is available at http://www.jgp.org/
cgi/content/full/jgp.200709760/DC1. Figs. S1–S3 depict the analy-
sis of K149 mutations according to the fi ve-state kinetic model. 
Figs. S4–S6 elaborate on the homology model analysis. Fig. S4 
 illustrates the effect of the dielectric constant on the calculated 
electrostatic contribution to chloride binding. Fig. S5 shows the 
electrostatic interaction energies between the bound chloride 
ions and side chains. Fig. S6 depicts the results of the electrostatic 
calculations made on an ensemble of WT and K149 conforma-
tions derived by allowing the residues in the vicinity of the chlo-
ride binding sites to fl uctuate in the 0.3–0.5-Å range.

R E S U LT S

Side-Chain Identity at K149 Affects the Voltage Sensitivity 
of the ClC-0 Fast Gate
To better understand our previous observation that the 

K149C mutation causes a large right shift in the volt-

age dependence of ClC-0 fast gating, we examined (a) 

whether the effect is unique to cysteine substitution, 

and (b) what features of the side chain at K149 caused 

the observed effect. To address these questions, we made 

a series of mutations at K149 and measured their ef-

fects on ClC-0 fast gating. The effects of these mutations 

on voltage-dependent gating are shown in Fig. 2 and 

Table I. Large aromatic (Y, W) or negatively charged 

(D, E) side chains yielded no current, either because 

the channels were closed, had very small conductance, 

or were not expressed properly or transported to the 

plasma membrane. Amide-containing side chains (N, Q) 

yielded low current, which was detectable but insuffi -

cient for accurate characterization of fast gating. Of the 

15 mutants tested, 9 gave enough current to allow for 

characterization of the voltage-dependent fast gating. 

Figure 2. Effects of K149 side chain identity on voltage-dependent 
gating. (A) Example of a voltage pulse protocol (top left) and of 
current responses from a selection of K149 mutants. Such current 
responses were used to derive open probability (Po) as a function 
of voltage (V). (B). Plots of open probability were fi t as previously 
described (Engh et al., 2007) (solid lines), and the resulting gating 
parameters are shown in Table I.
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All 9 mutations caused a right shift in the plot of open 

probability (Po) versus voltage (Fig. 2 B; Table I). The 

extent of this effect was side-chain dependent. It does 

not correlate with side-chain volume, pKa, or the ability 

to form hydrogen bonds (Table I). Consistent with the 

results presented in Zhang et al. (2006), the charge on 

K149 appears to be of some functional importance. The 

role of charge at K149 is not clear-cut, however; although 

negatively charged side chains are not tolerated at this 

position (K149D and E yield no current), many neutral 

side chains produce functional channels, and one neu-

tral side chain causes an effect similar to that observed 

with a positively charged side chain of comparable length 

(compare K149R to K149M). When the results for whole 

series of mutations are considered, it is clear that the 

particular shape of the side chain at K149, and not the 

charge alone, is important for determining the voltage 

dependence of the ClC-0 fast gate. The extent of the 

 effect corresponds to the side chain shape as follows: 

long linear (R, M) < short linear (A, G, S) < branched 

(T, L, N, Q) or bulky (W, Y). The one exception to this 

rule is K149C, since the shape of the cysteine side chain 

is similar to that of serine, and yet the Vo lies in between 

that of the two branched side chains (T, L). Despite this 

one exception, it is reasonable to conclude that the 

 specifi c shape of the side chain at position 149 plays an 

important role in determining the effect on fast gating.

Despite the signifi cant shifts in voltage-dependent 

gating caused by the K149 mutations, the other features 

of fast gating are preserved. For those mutants whose 

gating can be characterized, the shape of open proba-

bility (Po) versus voltage (V) plots is similar to wild type 

(Fig. 2 B and some mutants not depicted). Furthermore, 

these mutants are all activated by external chloride 

([Cl]ext) in a fashion similar to wild type (compare Fig. 3 

to Fig. 1 in Engh et al., 2007). These similarities indicate 

that in the mutant channels the fast gate is operating 

like wild type, but with altered energetics for one or 

more of the steps in the gating mechanism.

The Four- and Five-State Models for Fast Gating
What steps are involved in fast gating? Chen and Miller 

(1996) proposed a fi ve-state model for fast-gate opening 

in ClC-0 (Scheme 2). This model is an extension of a 

simpler four-state model (Scheme 1).

  
(SCHEME 1)

  

(SCHEME 2)

Both these models explain the effect of voltage and ex-

ternal chloride on the kinetics of fast-gate opening. In the 

four-state model, the channel can open either before or 

after extracellular chloride has bound. Opening before 

TA B L E  I

Voltage-dependent Gating of K149 Mutants

Side chain at 149 Vo z Pmin Volume pKa H-bond donors n

mV Å3

WT(K) −95 ± 1.1 0.90 ± 0.01 0.070 ± 0.008 167 10.4 3 25

M −56 ± 1.7 0.66 ± 0.02 0.017 ± 0.005 167 18

R −55 ± 2.1 0.71 ± 0.02 0.015 ± 0.005 194 �12 5 20

A −44 ± 0.7 0.84 ± 0.01 0.014 ± 0.004 90 13

G −43 ± 1.2 0.71 ± 0.02 0.009 ± 0.005 65 20

S −37 ± 1.0 0.82 ± 0.01 0.031 ± 0.007 95 1 45

T −33 ± 1.0 0.86 ± 0.01 0.014 ± 0.003 122 1 16

C −30 ± 1.1 0.84 ± 0.02 0.017 ± 0.006 103 9.1–9.5 13

L −24 ± 1.3 0.85 ± 0.02 0.028 ± 0.007 164 13

N, Qa 125, 149 2

D, Eb 117, 142 �4.5 0

Wb 228 1

Yb 197 9.6 1

Plots of apparent open probability (Po) versus voltage were fi t as described in Materials and methods to derive the voltage at the midpoint in the voltage-

activation curve (Vo), the apparent gating charge (z), and the minimum open probability (Pmin). The mean ± SEM is given for n patches. K149 mutants are 

listed in order of the severity of their effect along with the corresponding amino acid side-chain volume (V) (from Table 7 of Tsai et al, 1999), side-chain 

pKa, and number of side-chain hydrogen bond donors.
aMutants that expressed but had low current.
bMutants that did not give measurable current.
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chloride is bound is hyperpolarization activated; open-

ing after chloride has bound is depolarization activated. 

In the fi ve-state model, the channel can open via the 

hyperpolarization-activated pathway even after chlo-

ride has bound. In the companion paper (Engh et al., 

submitted), we showed that the wild-type data fi t well 

to either the four- or five-state models. In this paper, 

we aim to understand how K149 affects gating by deter-

mining what step(s) in the channel opening process are 

affected by mutations at K149. To do this we measured 

opening rate constants for a series of K149 mutants and 

analyzed them using the conceptually simpler four-state 

model. Because the models are similar to one another 

(both have a chloride-binding step, hyperpolarization-

activated opening, and depolarization-activated opening), 

the results are qualitatively similar. Results for the fi ve-state 

model are in the online supplemental material (Figs. 

S1–S3, available at http://www.jgp.org/cgi/content/full/

jgp.200709760/DC1).

As described in the companion paper for wild-type 

ClC-0 (Engh et al., 2007), plotting the opening rate 

constant (α) as a function of voltage (V) gives a nearly 

V-shaped curve (Fig. 4), like a chevron plot (Chan and 

Dill, 1998). The lefthand arm of the V is governed by the 

hyperpolarization-activated step (the α1
* step in the four-

state model). The steepness of this arm is described by 

the z-value (z1
*), and the position described by α1

*(0), 

the α1
* value at 0 mV. The righthand arm of the V is 

Figure 3. K149 mutants have chloride dependences similar to wild type. (A) Examples of K149L currents in 5 and 310 mM external 
chloride. Voltage protocols used were similar to the example shown in Fig. 2 A. Such current responses were used to derive open proba-
bility (Po) versus voltage (V) (B–E). Po(V) plots were fi t as previously described (Engh et al., 2007) (solid lines), and gating parameters 
are shown in Table S1. Points show mean values ± SEM for 5–21 patches for all external chloride concentrations except 610 mM, for 
which 3–9 patches were used.
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dominated by both the chloride-binding step (the Kc 

step) and the depolarization-activated step (the α2
* step). 

The steepness of this righthand arm depends on both 

z2
* and zc, and the position on α2

*(0), the α2
* value at 

0 mV. How much this arm shifts in response to chloride 

is determined by Kc, the chloride dissociation constant.

Predicting which Step(s) Are Affected by Mutations at 149
By inspection of the shifts in the α(V) plots caused by 

mutations at K149, it can be seen which gating parame-

ters might be affected. For all the mutants, although the 

slope of the righthand arm of the α(V) curve is similar to 

wild type (Fig. 4), the positions of both arms are shifted 

relative to wild type, and the slope of the lefthand arm 

may also be affected. In the four-state model, the slope 

and position of the lefthand arm are determined largely 

by z1
* and α1

*(0), respectively; the slope of the righthand 

arm by both z2
* and zc, and the position by both α2

*(0) 

and Kc(0). Therefore, changes in the slope of the lefthand 

arm suggest that z1
* has changed; changes in the position 

of the lefthand arm suggest that α1
*(0) has changed; and 

a shift in the position of the righthand arm may either be 

caused by changes in α2
*(0) or Kc(0) or both. Fig. 5 illus-

trates that increasing the external chloride concentra-

tion can compensate for the effects of these mutations 

on the position of the righthand arm of the curve. This 

shows that the mutations may affect chloride affi nity, or 

if they affect α2
*(0), that these effects can be compen-

sated for by adding chloride, since in the four-state model 

chloride binding precedes the α2
* step.

To further examine the effect of the K149 mutations, 

we fi t the α(V) plots to see if the mutation-induced shifts 

could be accounted for by changing the value of only 

one parameter in the four-state model (and holding the 

other fi ve parameters to their wild-type values). For all 

parameters tested, the fi ts do not match the mutant data 

(see example where α2
*(0) was allowed to vary, Fig. 4 A). 

Letting two parameters vary yielded better fi ts, with the 

best fi ts resulting when the two parameters were from 

the following combinations of steps (in the four-state 

model): (a) α1
* and α2

*, or (b) α1
* and Kc. Fig. 4 B shows 

one example, where α2
*(0) and α1

*(0) were allowed to 

vary. In every case, good fi ts to the mutant data required 

an �10-fold change in the wild-type value of the α2
*-step 

or Kc-step parameter and a less than twofold change in 

the α1
* step parameter. This suggests that mutations at 

K149 affect at least two of the steps in the four-state 

Figure 5. Increasing the external chloride concentration can com-
pensate for the effects of K149 mutations. For mutants K149M, 
R, S, and L, seven external chloride concentrations were tested. 
For each mutant the chloride concentration that yielded the α(V) 
curve most similar to wild type at 5 mM external chloride 
is shown.

Figure 4. Effects of K149 mutations on the opening rate con-
stant: initial fi ts to the four-state model. The voltage dependence 
of the opening rate constant (α) for wild type and selected K149 
mutants at 110 mM external chloride were fi t to the four-state 
model shown in Scheme 1. Fits are shown as dashed lines. Wild-
type data were fi t by letting all six parameters in the model vary. 
For mutant data, fi ts were derived by letting vary only α2

*(0) (A), 
or only α1

*(0) and α2
*(0) (B), while holding all other parameters 

at their wild-type best-fi t values. The fi ts in (B) yielded α2
*(0) val-

ues for wild type, K149R, M, S, L, in s−1: 501, 135, 143, 55, 39; and 
corresponding α1

*(0) values: 0.96, 0.77, 0.74, 0.52, 0.67. For each 
voltage, the opening rate constant (α) was derived using data 
from at least fi ve patches. These opening rate constants were aver-
aged and the error bars show the SEM.
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model, and have a greater effect on the depolarization-

activated opening (the α2
* and Kc steps) than on the hy-

perpolarization-activated opening (the α1
* step).

Depolarization-activated Opening Is Affected 
by K149 Mutations
To more accurately determine which parameters in the 

gating models are affected by mutations at K149, we 

 selected four mutants (M, R, S, L), whose effects on 

voltage-dependent gating span the range of severity (for 

those mutants where gating is measurable), and we mea-

sured their dependences on external chloride concen-

tration ([Cl]ext). For each mutant, we determined the 

opening rate constant at seven external chloride concen-

trations (in mM: 5, 15, 30, 65, 110, 310, 610) over a range 

of voltages, and then globally fi t the data to the four-state 

model (Fig. 6). The best-fi t values for the parameters are 

shown in Fig. 7, along with errors determined as previ-

ously described (Engh et al., 2007). These errors are not 

simply the errors calculated by the fi tting algorithm but 

are 95% confi dence limits determined independently.

Although our preliminary analysis shown in Fig. 4 in-

dicated that mutations at 149 likely affect two  parameters 

in the gating model, our error analysis shows that for 

our datasets only one parameter is signifi cantly affected, 

namely α2
*(0) (Fig. 7). Other parameters may also be 

affected (as suggested by our preliminary analysis in 

Figs. 4 and 5); however, if such effects exist they must be 

smaller than the error in the fi ts. This means that the 

K149 mutants mainly affect gating by affecting the bar-

rier to depolarization-activated opening.

Interdependencies between Parameters Contribute 
to Error in their Determination
As discussed in the companion paper (Engh et al., 

2007), fi ts to either gating model yield some unexpected 

interdependencies between some of the parameters. 

Specifi cally, all the parameters associated with the Kc step 

and depolarization-activated opening step (α2
*) are inter-

dependent with one another (α2
*(0)-Kc(0), z2

*-Kc(0), 

α2
*(0)-zc, and z2

*- zc). This partially accounts for the large 

error bars on these parameters (Fig. 7). The interdepen-

dencies seen with the K149 mutant data (unpublished 

data) are similar to those observed with the wild-type data 

(Engh et al., 2007). This means that parameters that covary 

with α2
*(0) may also be affected by mutations at 149. 

Figure 6. Effects of K149 
muta tions on the opening rate 
constant: external chloride de-
pendence and fi ts to the gat-
ing model. The opening rate 
constant (α) as a function of 
voltage (V) and external chlo-
ride ([Cl]ext) is shown for mu-
tants K149 M, R, S, and L. Each 
dataset was globally fi t to the 
four-state (Scheme 1) model 
proposed by Chen and Miller 
(1996) (solid lines). The re-
sulting parameter values are 
shown in Fig. 7. For each con-
dition (V, [Cl]ext), the opening 
rate constant (α) was derived 
using data from at least fi ve 
patches. These opening rate 
constants were averaged and 
the error bars show the SEM.
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Such effects could be hidden within the large error 

bars on these covarying parameters (Kc(0) and zc). There-

fore, although the major effect of mutations at K149 

on fast gating is on α2
*(0), which decreases by �10–

40-fold, Kc(0) may also be affected up to �10-fold in 

either direction.

Effect of K149 on the Gating Charge
Since z2

* and zc are also interdependent, changes in these 

parameters may also be hidden within the large error 

bars. However, a closer look at the data indicates that 

K149 mutations are not affecting voltage-dependent gat-

ing by affecting the gating charge. By considering to-

gether the z2
* and zc values (derived from globally fi tting 

the opening rate constant as a function of voltage and 

chloride), it can be seen that K149 mutations do not 

 affect the total amount of charge that moves during 

 depolarization-activated gating. As mentioned above, 

z2
* and zc are interdependent in fi ts to wild type and all 

the mutant datasets. In accord with this interdependence, 

we see that upon mutation of K149 these two parameters 

covary; when moving from left to right across the series 

of mutants shown in Fig. 7 (E and F), z2
* and zc go up and 

down together. This covariance means that the total 

charge that moves in the Kc plus α2
* steps remains un-

changed. To illustrate this, we need to point out that Kc is 

the equilibrium constant for chloride dissociation, and 

zc is therefore the voltage dependence of the chloride 

dissociation equilibrium. To determine the charge that 

moves during depolarization-activated gating (the Kc step 

followed by the α2
* step), we changed the sign on zc to 

convert it to za, the charge that moves during chloride 

association before channel opening. We then added 

z2
* and za and found that this sum was always very near 

to one (Fig. 7 G), and that the uncertainty of this sum 

is much less than the uncertainty of the individual 

parameters. Therefore, for wild type and the four K149 

mutants, the total charge moved during depolarization-

activated fast gating, z2
* + za, is always �1. The value of 

�1 is expected based on the analysis of the Po(V) curves, 

which indicates that the z value for gating is �1 for wild 

type and all the mutants (Table I). Therefore, although 

α2
*(0) is interdependent with z2

* and zc, we conclude 

that K149 mutations do not affect the gating charge of 

depolarization-activated fast gating.

Predicted Effects of K149 Mutations on Pore Electrostatics
Since many of the mutations tested are charge neutraliz-

ing, we wondered if the effects on gating were partially 

due to changes in electrostatics in the pore. In the com-

panion paper (Engh et al., 2007) we described how we 

used the ClC-ec1 X-ray crystal structures to build homol-

ogy models of ClC-0 and analyze the electrostatics of 

chloride binding and movement in the pore. We used 

a similar procedure to create a K149L ClC-0 homology 

model inspired by the E148Q mutant ClC-ec1 structure 

(Dutzler et al., 2003), a structure that has been proposed 

to resemble the conducting state of ClC-0. In this ClC-0 

homology model, E166 (the E148 equivalent) is proton-

ated and rotated out of the Sext chloride-binding site. 

The effects of this manipulation on our electrostatic cal-

culations are discussed in the companion paper (Engh 

et al., 2007), and are the same for both the wild-type and 

K149L backgrounds. Using the E148Q ClC-ec1 structure 

as a basis for our K149L homology model has the benefi t 

of allowing us to make calculations for the Sext site.

Our analysis of the K149L homology models sug-

gests that this mutation affects the electrostatic compo-

nent of chloride binding (Fig. 8, compare ∆Gb for wild 

Figure 7. Best-fi t values for the four-state model gating parameters. 
(A–F) The opening rate constant as a function of voltage and 
chloride (α(V, [Cl]ext)) was globally fi t to the four-state model (see 
Fig. 6), and the best fi t values for the six parameters in the model 
are plotted for wild type (K) and the four K149 mutants (M, R, S, L). 
Kc(0) is given in terms of chloride activity. (G) The total charge 
that moves during depolarization-activated gating (the Kc step fol-
lowed by the α2

* step) was calculated by adding z2
* (the charge 

that moves during the α2
* step) to za (the charge that moves dur-

ing the Kc step, which is equal to −zc). Error bars show the 95% 
confi dence limits determined as described in Engh et al. (2007).
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type and K149L). The K149L mutation causes a signifi -

cant decrease in the electrostatic component of chloride 

affi nity for all three binding sites, Sint, Scen, and Sext, and 

has the greatest effect on the affi nity for Sint and Scen. 

K149L has lower affi nity for chloride than wild type re-

gardless of the number of chlorides in the pore (Fig. 8, 

compare the difference between the open and closed 

circles and the difference between the open and closed 

squares) and regardless of the dielectric constant of the 

protein used in the calculations (see Fig. S4). Although 

the K149L mutation affects the calculated chloride bind-

ing affi nity for all three binding sites, this mutation does 

not affect the electrostatic interactions between chloride 

and other residues in the channel (see Fig. S5).

Our homology model analysis also indicates that 

K149L does not affect how the transmembrane fi eld 

falls across the pore. We calculated the effect of K149L 

on the fraction of transmembrane potential a chloride 

ion traverses as it moves through the pore (V/Vtm). This 

measurement is mostly sensitive to the shape of the pore 

and insensitive to the charges lining the pore. Since 

minimal adjustments were made to create these two ho-

mology models, and thus the shapes of their pores are 

similar, the V/Vtm curve looks the same for K149L (un-

published data) and wild type (Fig. 6 A in Engh et al., 

2007). This suggests that the calculated changes in the 

chloride binding affi nities (Fig. 8) are not a result of 

changes in position of the chloride-binding sites with 

respect to the transmembrane fi eld.

D I S C U S S I O N

K149 Mutants Affect Gating by Affecting α2
*(0) 

and Possibly Kc(0)
We found that all the mutations at K149 we tested caused 

a rightward shift in the Po(V) curve for fast gating. Since 

the effects of K149 mutations on Vo (Fig. 2 B; Table I) 

are largely due to changes in the opening rate α rather 

than the closing rate β (unpublished data), dissection 

of fast-gate opening provides insight into how the muta-

tions affect gating. Our results suggest that mutations at 

K149 alter α by affecting the depolarization-activated 

arm of the gating models (C→C·Cl→O). In the four-

state model, this corresponds to the Kc and α2
* steps. Er-

ror analysis on the fi ts to the four-state model indicates 

that α2
*(0) is the only parameter signifi cantly affected 

by mutations at K149, with changes in the range of up to 

�30-fold for the most severe mutations (Fig. 7). The 

large size of the error bars, which denote 95% confi -

dence limits, indicates that mutations at K149 could 

also have smaller effects on chloride binding affi nity, 

since Kc(0) could vary up to �8-fold between mutants 

and wild type and still fall within the calculated error bars 

(Fig. 7 C). Likewise, mutations at K149 could have even 

smaller effects on hyperpolarization-activated fast-gate 

opening (the α1
* step), since α1

*(0) could vary up to two 

to threefold and still fall within the calculated error bars 

(Fig. 7 A). Whereas our data clearly show that mutations 

at K149 affect fast gating by slowing the rate constant 

of depolarization-activated opening, they do not show 

whether mutations at K149 affect chloride binding 

affi nity or hyperpolarization-activated opening. Further 

work is needed to examine possible subtle effects of 

K149 mutations on these other two processes.

In the companion paper (Engh et. al., 2007), analysis 

of the interdependence of gating parameters in the 

four-state model suggests that the large size of the error 

bars on Kc(0) is in part due to the interdependence 

of Kc(0) and α1
*(0). The interdependence between 

the α2
* step and the Kc step has two sources: (1) the lack 

of features in the α(V[Cl]ext) data needed to deter-

mine all the parameters uniquely and (2) the possibility 

that the chloride-binding step is not in rapid equilib-

rium, such that Kc is not the microscopic chloride 

binding equilibrium, but rather an apparent chloride 

affi nity, defi ned as Kc = (α2
* + k−c)/kc, where kc and 

k−c are the microscopic chloride association and disso-

ciation rate constants, respectively. Kc corresponds to the 

microscopic chloride affi nity (k−c/kc) only if k−c >> α2
*. 

Figure 8. Predicted effects of K149 mutants on chloride binding 
to ClC-0: homology model analysis. (A) Mutations at K149 de-
crease the affi nity of chloride. Poisson-Boltzmann theory was used 
to calculate the electrostatic contribution to the free energy of 
chloride binding (∆Gb) to each site in the pore (starting from the 
cytoplasmic side: Sint, Scen, Sext), for wild type (fi lled symbols, solid 
lines) and K149L (open symbols, dashed lines) ClC-0 homology 
models. The binding of the fi rst chloride to the pore is shown in 
circles and the binding of the third chloride (two chlorides are 
already bound) is shown in squares. The methodology for struc-
tural modeling and electrostatics analysis is analogous to that pre-
viously reported (Engh et. al., 2007), except that here the side 
chain of E166 was neutralized and rotated away of the pore, so as 
to accommodate a chloride ion in Sext. A value of 4 was used as the 
dielectric constant of the protein (see supplemental material for 
further analysis). Lines connect data points for ease in viewing, 
and error bars represent an estimate of the discretization error 
arising from the grid-based Poisson-Boltzmann calculations.
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Although ion-binding steps are often assumed to be in 

rapid equilibrium, no independent measurement of 

chloride binding kinetics in ClC-0 has been made. If 

the kinetics of chloride binding and of the α2
* step are 

similar, Kc will necessarily be affected by changes in α2
*, 

even though the actual chloride-binding step may not 

be affected.

The effects of K149 mutants on α2
*(0) and possible 

effects on Kc(0) are illustrated in the free-energy diagram 

shown in Fig. 9. This diagram only shows depolarization-

activated fast gating. Since K149 mutants decrease the 

rate constant α2
*(0), the height of the α2

* step barrier 

(∆G2
‡) is greater for the mutants (dashed line) than for 

wild type (solid line). Since K149 mutants may also in-

crease or decrease the equilibrium constant Kc(0), the 

difference between the C and the C·Cl states (∆GKc) 

could be either smaller or bigger for the mutants than 

for wild type.

Predicted Effects of Charge-neutralizing Mutations 
on Electrostatics of Chloride Binding
Our homology model analysis predicts that charge-neu-

tralizing mutations at K149 (such as K149L) decrease 

the electrostatic contribution to chloride binding affi n-

ity at all three sites in the pore. If chloride binding is 

part of the mechanism by which mutations at K149 af-

fect fast gating, then the effects of mutations at K149 

on the electrostatics of chloride binding are likely to be 

relevant. As explained in the previous sections, chloride 

binding could be part of the mechanism of fast-gate 

opening if either (a) Kc(0) is affected by mutations 

at K149 but this effect is hidden within the large error 

bars or (b) the kinetics of the various steps in the gat-

ing mechanism are such that one of the microscopic 

chloride-binding steps contributes to α2
*(0). If either 

of these is true, then electrostatic contributions to chlo-

ride binding could partially account for the effects of 

K149 on gating. This helps us in thinking about the 

results from the kinetic analysis, which suggest that 

mutations at K149 might either increase or decrease 

Kc(0). Since our homology model analysis indicates a 

decrease in the electrostatic contribution to chloride 

binding, this suggests that an increase in Kc(0) (corre-

sponding to a decrease in the chloride binding affi nity) 

is more likely.

The relevance of our electrostatic calculations also re-

lies on the assumption that other contributions to the 

mutation-induced change in the chloride binding af-

fi nity do not counteract the electrostatic contribution. 

These additional contributions to the free energy of 

chloride binding include the nonpolar interactions be-

tween chloride and protein as well as the binding en-

tropy. Assuming no signifi cant changes in the structure 

and dynamics of the chloride binding sites, these non-

electrostatic contributions are likely to be comparable 

for the wild type and K149 mutants. As described in the 

supplemental material, we examined the effect of such 

small fl uctuations in the structure on the calculated 

electrostatic contribution to chloride binding affi nities. 

We found that the effect of the K149L mutation on the 

electrostatic contribution to chloride binding affi nity is 

similar whether the single model or an ensemble of 

conformations (within 0.5 Å) is used in the calculations. 

However, further work is required to explore whether 

larger structural or dynamic changes contribute to the 

effect of K149 mutations on other contributions to chlo-

ride binding affi nity.

Two Models for Depolarization-activated 
Fast-Gate Opening
In the companion paper (Engh et al., 2007) we pro-

posed two models for how chloride binds to and moves 

in the pore during depolarization-activated fast gating 

(Models 1 and 2, Fig. 10). In Model 1, the closed state 

before chloride binding (C) has only one chloride 

bound, shown in Scen because this site has the highest 

chloride binding affi nity based on our electrostatic 

 calculations. The microscopic chloride-binding step, with 

equilibrium constant K1, involves chloride binding to 

Sext, and therefore must involve the rotation of the E166 

side chain out of this site. The closed state after chloride 

binding consists of three microstates in equilibrium, 

each with two chlorides bound. The equilibrium con-

stants K2 and K3 describe the movement of chloride 

between sites in the pore, and the K3 step could also 

include the movement of the E166 side chain back 

into Sext. The second chloride-binding step, with rate 

Figure 9. Hypothetical free energy diagram for depolarization-
activated fast gating in wild-type (thick solid line) and K149 mu-
tants (thick dashed lines). Since K149 mutants decrease α2

*(0), 
they increase the height of the C·Cl→O transition, ∆G2

‡. Since 
K149 mutants may also affect Kc(0) (either lowering or raising the 
affi nity for chloride, but most likely lowering), the change in free 
energy for the C to C·Cl transition, ∆GKc, is different for the mu-
tants than for wild type. This energy diagram is for a voltage that 
favors opening, so the open state (O) has lower free energy than 
the closed state (C). For the K149 mutants, this difference is 
smaller, since opening is less favorable.
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constant k4, could also include the rotation of the E166 

side chain out of the pore. All of the steps in the model 

could involve other changes, including the binding, un-

binding, or movement of protons, and/or protein struc-

tural rearrangements.

Model 2 is different than Model 1 in that the starting 

state (C) has two chlorides bound instead of one. The 

two bound chlorides are shown in Scen and Sint, as seen 

in the structures of wild-type ClC-ec1. The chloride 

binding step (C→C·Cl) involves the movement of the 

E166 side chain out of the pore, and the binding of 

chloride to Sext. It could also involve other structural re-

arrangements in the protein. In Model 2 the second 

step (C·Cl→O) must involve protein structural rearrange-

ments, since there is no change in chloride occupancy. 

Therefore, Model 1 and Model 2 differ not only in 

which chloride occupancy states correspond to the 

kinetically observed states (C, C·Cl, O), but also in that 

Model 2 requires additional structural rearrangements 

(in addition to chloride movement and E166 side-chain 

rotation) whereas Model 1 does not.

Hypotheses for How Mutations at K149 Affect Gating
These models provide two different frameworks for ex-

plaining how mutations at 149 can change α2
*(0) and 

indicate whether changes in Kc(0) would also be ex-

pected. In Model 1, effects on K1 would manifest them-

selves as effects on the calculated Kc, but not as effects 

on α2
*. Since all the steps are coupled, depending on 

their relative rates, effects on K2, K3, or k4 could mani-

fest themselves as effects on Kc or α2
* or both. In Model 2, 

effects on chloride binding affi nity would only affect Kc, 

but effects on the protein conformational change that 

occurs during the second step could affect α2
* alone or 

both α2
* and Kc. Although without more information we 

cannot determine whether Model 1 or Model 2 is more 

likely, we can evaluate three simple hypotheses that ex-

plain how mutations at K149 affect α2
*(0) and possibly 

Kc(0). In order for a hypothesis to be deemed satisfac-

tory it must explain the effect of K149 mutations on 

α2
*(0). Since at this point no effects of K149 mutations 

on Kc(0) have been shown defi nitively, a hypothesis does 

not have to explain possible effects of K149 on chloride 

binding affi nity to be considered valid.

One hypothesis (Hypothesis 1) is that mutations at 

K149 affect gating by weakening chloride binding to 

Sext. Our homology model analysis supports the idea 

that K149L weakens chloride binding to Sext. This effect 

on chloride binding affi nity is observed both when 

there is one and when there are multiple chloride ions 

in the pore (Fig. 8). Could a decrease in chloride affi n-

ity to Sext decrease α2
*(0)? For Model 1 (Fig. 10, top) the 

answer is yes because a decrease in chloride binding af-

fi nity to Sext would affect α2
* by affecting k4. It would also 

affect Kc by affecting K1 and k4. For Model 2 (Fig. 10, 

bottom) the answer is no because an effect on binding 

to Sext would only be expected to affect Kc, and not α2
*. 

Therefore the hypothesis that mutations at K149 affect 

gating by affecting chloride affi nity to Sext is reasonable 

for Model 1 but not Model 2.

A second hypothesis (Hypothesis 2) is that mutations 

at K149 affect gating by weakening chloride binding to 

Sint and/or Scen. Our homology model analysis suggests 

that K149L weakens chloride binding to Scen and Sint, 

both when there is one and when there are multiple 

chloride ions in the pore. Could a decrease in chloride 

affi nity to Scen and/or Sint decrease α2
*(0)? For Model 1 

the answer is yes because a decrease in chloride binding 

affi nity to Scen and Sint would affect K3 and K2, respec-

tively. Either of these effects would change α2
* and Kc. 

For Model 2 the answer is no because the α2
* step does 

not involve binding to Scen or Sint. Kc(0) is also not ex-

pected to be affected because it also does not involve 

Figure 10. Two models for chloride movement during depolar-
ization-activated fast gating. As described in the companion paper 
(Engh et. al., 2007), kinetic and structural analyses were used to 
develop two possible models that describe chloride binding and 
movement in the pore during fast-gate opening. In Model 1, the 
dashed line outlines the microstates that are all part of C·Cl. 
K1, K2, and K3 are microscopic equilibrium constants, and k4 is 
a microscopic rate constant. In Model 2, the second step has to 
involve some conformational change that opens the channel but 
does not change chloride occupancy.
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chloride binding to either of these sites. The hypothesis 

that mutations at K149 affect gating by affecting chlo-

ride affi nity to Sint and/or Scen is therefore reasonable 

for Model 1 but not Model 2.

A third hypothesis (Hypothesis 3) is that mutations at 

K149 affect gating by affecting some other protein con-

formational change that is required for opening. For 

example, mutations at K149 may affect the barriers to 

chloride movement between the binding sites. Could 

a change in the barriers to chloride movement between 

binding sites decrease α2
*(0)? For Model 1 the answer is 

yes because an effect on the energetic barriers to chlo-

ride movement in the pore would affect K2 and/or K3, 

and therefore would change α2
* and Kc. For Model 2 

the answer is yes because the second step represents 

some conformational change required for opening that 

does not change chloride occupancy. If this conforma-

tional change involves lowering the barriers to chloride 

movement between sites, and if K149 affects these bar-

riers, then K149 mutations would affect α2
*. Since the 

calculated Kc and α2
* are interdependent (see discus-

sion above), Kc could also be affected. Therefore the 

hypothesis that K149 affects gating by affecting a pro-

tein conformational change (as opposed to a chloride 

occupancy change) is reasonable for both Model 1 and 

Model 2.

Finally, there is the possibility that wild type behaves 

according to Model 2, but that mutations at 149, by 

 reducing chloride affi nity, make the channel behave 

 according to Model 1. Both α2
* and Kc would then be 

affected since the underlying chloride movements for 

each of these steps would be different for wild type ver-

sus the mutant.

How the K149 Side-Chain Features Affect Fast Gating
To assess these above three hypotheses, we considered 

the chemical and physical properties of the side-chain 

substitutions at position 149, since these may give clues 

to the mechanism by which K149 mutations affect gating. 

Although negatively charged side chains are not toler-

ated, an array of neutral side chains give shifted but 

otherwise normal fast gating (Table I). This adds to a 

body of evidence that in ClC-0, sequence conserva-

tion does not correlate with the degree of the effect on 

gating; K149 falls into the same category as other highly 

conserved residues (e.g., Y512 and K165), the mutation 

of which causes mild effects on fast gating (i.e., only 

cause small changes in Vo) (Lin and Chen, 2000, 2003; 

Accardi and Pusch, 2003; Engh and Maduke, 2005), in 

contrast to the severe effects on gating observed upon 

mutation of the highly conserved residues E166 and 

S123 (i.e., in addition to effects on Vo also alter kinetics 

and Pmin, or abolish gating) (Ludewig et al., 1996; Accardi 

and Pusch, 2003; Chen and Chen, 2003; Dutzler et al., 

2003; Lin and Chen, 2003; Traverso et al., 2003; Engh 

and Maduke, 2005). Most revealing is the fi nding that 

for a variety of neutralizing mutations the gating charge 

for depolarization-activated opening is similar to that 

of wild type (Fig. 7 G). Thus, the charge on K149 can-

not be part of the gating charge. Assuming that the 

binding and/or movement of chloride in the pore con-

tribute to the voltage dependence of depolarization-

 activated opening (Pusch et. al., 1995), this fi nding is 

consistent with our electrostatic calculations that sug-

gest that the mutations at K149 do not change the 

electrostatic fi eld in the pore and do not change the 

positions of the chloride binding sites in the electro-

static fi eld.

It was previously proposed that the positive charge 

and/or the hydrogen bond donors on K149 help facili-

tate the movement of chloride between Scen and Sint, the 

two chloride-binding sites closest to this residue in the 

ClC-ec1 structures. Our previously published results on 

K149C hinted that the pKa of this residue may play a 

role in fast gating. Since we have now shown that the 

degree of the effect on fast gating does not directly 

correlate to any of these three side-chain properties 

(charge, hydrogen-bond donors, pKa), then if these 

features are important then their effects must be short 

ranged, requiring the precise placement of the side 

chain. Although the current mutational analysis cannot 

fully separate the infl uence of each of these properties, 

the similarity in shape to lysine seems to be the most 

critical determinant of the extent of the effect of K149 

mutations. Specifi cally, extended linear side chains dis-

play the smallest effect, followed by short linear side 

chains, short branched side chains, and lastly bulky 

side chains. The notion that the precise placement of 

the K149 charge is crucial is supported by the observa-

tion that the K149R mutant displays altered fast-gating 

properties, comparable to K149M. This suggests that 

the longer and bulkier arginine side chain cannot be 

accommodated within the protein environment in the 

same manner as the lysine side chain. Without addi-

tional experiments, such as introducing an unnatural 

amino acid to make a neutralizing mutation that pre-

serves the shape of K149, it is not possible to determine 

the infl uence of the positive charge alone. Nonetheless, 

the fi nding that negative substitutions have severe effects 

on channel function and/or folding suggests that the 

charge on K149 is important.

Altogether, our analysis suggests that the packing of 

K149 with its neighbors is an important factor contrib-

uting to the barrier height of the α2
* step. The packing 

could be important because it determines how well 

chloride is coordinated when it is bound to Scen and Sint, 

and how well it is coordinated as it moves between these 

two sites. Our data therefore indicate that mutations of 

K149 infl uence gating either by weakening chloride 

binding to Scen or Sint (Hypothesis 2) and/or by affect-

ing the movement of chloride between these two sites 

(Hypothesis 3).
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Conclusion
In summary, mutations at K149 affect voltage-depen-

dent fast gating in ClC-0. Side-chain shape seems to be 

a critical determinant of the severity of the effect. This 

argues that short-range, specifi c interactions between 

K149 and its neighbors are important for fast gating. 

Detailed analysis of fast-gate opening pinpoints the major 

effect of K149 mutations as being on the depolarization-

activated gating step that follows binding of extracel-

lular chloride. These results, together with previously 

published results and our analysis of ClC-0 homology 

models, suggest that K149 mutations are likely to af-

fect gating by lowering chloride binding affi nity to one 

or more sites in the pore or by affecting the barriers 

to chloride movement between sites. We suggest two 

models for chloride movement during depolarization-

activated fast-gate opening, one which requires some 

conformational change other than chloride binding or 

movement, and one which does not. Further explora-

tion is needed to distinguish these models.
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