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The CLC ‘Cl� channel’ family consists of both Cl�/Hþ

antiporters and Cl� channels. Although CLC channels

can undergo large, conformational changes involving

cooperativity between the two protein subunits, it has

been hypothesized that conformational changes in the

antiporters may be limited to small movements localized

near the Cl� permeation pathway. However, to date few

studies have directly addressed this issue, and therefore

little is known about the molecular movements that un-

derlie CLC-mediated antiport. The crystal structure of the

Escherichia coli antiporter ClC-ec1 provides an invaluable

molecular framework, but this static picture alone cannot

depict the protein movements that must occur during ion

transport. In this study we use fluorine nuclear magnetic

resonance (NMR) to monitor substrate-induced conforma-

tional changes in ClC-ec1. Using mutational analysis, we

show that substrate-dependent 19F spectral changes reflect

functionally relevant protein movement occurring at the

ClC-ec1 dimer interface. Our results show that conforma-

tional change in CLC antiporters is not restricted to the

Cl� permeation pathway and show the usefulness of 19F

NMR for studying conformational changes in membrane

proteins of known structure.
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Introduction

Members of the CLC family have indispensible ion transport

functions in organisms ranging from bacteria to mammals

(reviewed in Jentsch, 2008). Despite its name, the CLC

‘Cl� channel’ family includes Cl�/Hþ anitporters as well as

Cl� channels. This scenario provides a unique opportunity to

investigate the relationship between these two ostensibly

distinct ion transport mechanisms (DeFelice, 2004; Miller,

2006; Lisal and Maduke, 2008). Channels need only change

conformation to remove the physical constraints (the ‘gates’)

blocking ions from entering and exiting the protein’s pore.

Electrodiffusion then occurs rapidly, allowing 106–108 ions to

move across the membrane every second (Hille, 2001).

Transporters, however, work by coordinating a series of protein

conformational changes with every round of ion transport. The

necessity for coordinated conformational change places an

upper limit on the speed of transport, with the fastest known

transporter topping out at 12000 ions/s (Brahm, 1977). A

hypothetical model for how this process could occur in the

CLC antiporters is presented in Figure 1.

The two CLC subtypes share a similar architecture, with

the functional unit consisting of a homodimer in which each

subunit possesses its own ion permeation pathway. At the

functional level, the conformational changes involved in ion

transport by the CLC channels have been more extensively

studied than those of the CLC antiporters. The channels are

regulated by two different gating mechanisms. The ‘fast gate’

mechanism occurs because of the independent opening and

closing of each of the two individual pores within the dimer

(Miller, 1982; Accardi and Pusch, 2000) whereas the ‘slow-

gate’ process involves simultaneous opening and closing of

the two pores, and entails large cooperative conformational

changes between the subunits (Miller, 1982; Bykova et al,

2006). Although the relationship between gating in CLC

channels and transport in CLC antiporters is not well under-

stood, both processes share a common bond in that they are

strongly modulated by changes in Cl� and Hþ concentration

(Pusch, 2004; Zifarelli et al, 2008). Recent work has shown

that in the case of the ClC-0 channel, the slow-gating process

involves Hþ permeation through the protein (Lisal and

Maduke, 2008). This suggests that the gating mechanisms

for CLC channels are a vestige of the antiport mechanism

used by their ancestors, which could occur if mutation caused

one of the conformations involved in the antiport cycle to

become leaky for Cl�.

Just as CLC channels can act as broken antiporters, CLC

antiporters can also be ‘broken’ and made to display channel-

like properties through point mutations made at constriction

points in the Cl� permeation pathway (Jayaram et al, 2008).

These critical residues were identified using the X-ray crystal-

lographic structure of the Escherichia coli Cl�/Hþ antiporter

ClC-ec1 (Dutzler et al, 2003), which is currently the only CLC

for which an atomic resolution structure is known . On the

exterior side of ClC-ec1, a conserved glutamate residue

(E148) occludes Cl� from exiting the protein (Figure 2A).

Mutation of this glutamate to alanine or glutamine abolishes

Hþ transport while retaining Cl� transport, resulting in a

completely uncoupled protein in which Cl�movement occurs

down its electrochemical gradient (Accardi and Miller, 2004).

On the intracellular side of the protein, the Cl� is physically

occluded from exiting by a tyrosine residue (Y445, shown

in Figure 2A). Decreasing the side chain volume at this site

to serine partially disrupts Hþ transport, resulting in

partial uncoupling (a decrease in the Cl�/Hþ transport

stoichiometry) (Walden et al, 2007). Alone, the Y445S or
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E148A mutations result in little to moderate effects on turn-

over rate. However, when combined, the E148A/Y445S ‘dou-

bly ungated’ mutant causes the Cl� turnover rate to skyrocket

to 70 000 ions/s per dimer—almost 20 times faster than wild-

type ClC-ec1 (Jayaram et al, 2008). Although this number

falls shy of what is expected for a conventional Cl� channel, it

is close to six times faster than the fastest known transporter

(Brahm, 1977). Thus, it is highly likely that the doubly

ungated ClC-ec1 mutant behaves similarly to an electrodiffu-

sive channel, facilitating Cl� movement without relying on

coordinated conformational changes.

Although noteworthy, these functional observations do not

directly address the nature of conformational change in the

channel-like ClC-ec1 mutant or the more general, related

question of what types of protein movements are involved

in the normal CLC antiport cycle. A recent crosslinking study

on ClC-ec1 has shown that unlike slow gating in the CLC

channels, antiport does not require a large cooperative move-

ment between the subunits as is observed in the slow-gating

process of ClC-0 (Nguitragool and Miller, 2007). But how can

we observe other, more subtle movements? Although a static

crystal structure cannot on its own give dynamic information

about conformational changes, it can provide a basis on

which to model conformational changes observed by other

means. The crystal structure of ClC-ec1 depicts an ‘occluded’

state, in which a bound Cl� ion does not have access to either

the extracellular or intracellular solutions. In order for trans-

port to occur, additional protein conformations must exist,

which allow the transporter to pick up and subsequently

deliver Cl� from one side of the membrane to the other

(Matulef and Maduke, 2007). However, despite the use of

crystallization conditions spanning a wide range of Cl� and

Hþ concentrations, to date only the occluded conformation

has been observed in the wild-type protein (Dutzler et al,

2002, 2003; Accardi et al, 2005, 2006; Lobet and Dutzler,

2006).

This problem is not unique to the CLC proteins. Although

the growing database of high-resolution membrane protein

structures provides molecular details fundamental to under-

standing membrane protein function (White, 2004), it also

highlights the necessity for complementary studies to assess

protein conformational changes (Elvington and Maduke,

2008). Solution-state nuclear magnetic resonance (NMR)

techniques allow proteins to be observed at ambient tem-

perature, without the physical constraints present in a crystal,

and have the potential to provide tremendous insight into

protein dynamics. Although there have been great advances

in determining structures of membrane proteins by solution
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Figure 1 Basic model for CLC-mediated Cl�/Hþ antiport. This hypothetical model illustrates the essential features of antiport, which occurs
through coupling of ion binding and unbinding to protein conformational changes. CLC proteins are homodimers, with each subunit containing
its own Cl� and Hþ permeation pathways. In this model (moving clockwise), Cl� ions enter the permeation pathway of an empty CLC
homodimer (state A) from the intracellular side of the membrane to form a Cl�-filled state open to the intracellular side of the membrane (state
B). A conformational change in the protein leads to closing of the Cl� pathway from the intracellular face and generates the Cl�-occluded state
seen in the crystal structure (state C). Subsequent binding of Hþ from the extracelluar side of the membrane (forming state D) then leads to
another conformational change that opens the extracellular side of the Cl� permeation pathway and allows extracellular release of the Cl� ions
(state E). Finally the protons transit through their permeation pathway to the intracellular face (state F) leading to their release and return to
the empty state with the Cl� permeation pathway open to the intracellular face. For simplicity, this diagram depicts conformational changes
occurring simultaneously in the two subunits; however, it is likely that both subunits may also operate asynchronously (Zdebik et al, 2008). In
this particular model, coupling arises from the requirement that protons must bind to allow the Cl�-free transporter to reorient; however, the
order of the ion-binding steps is not yet known.
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NMR (Hwang and Kay, 2005; Poget et al, 2007; Wang, 2008),

the necessity of solubilizing the protein in micelles or bicelles

greatly increases the effective size of the complex and cur-

rently limits the use of NMR for full structure determination

of large integral membrane proteins. However, for cases such

as ClC-ec1 in which the X-ray crystallographic structure of

one conformation is already known, NMR has the potential to

build on this knowledge by identifying regions of conforma-

tional change. Once these regions are identified, NMR can be

used to study the dynamics of these changes, thus taking us

well beyond the level of crystallography’s frozen snapshots

(Henzler-Wildman and Kern, 2007).

In this study, we use solution-state 19F NMR to identify

regions of conformational change in ClC-ec1. The fluorine

nucleus possesses several useful properties that make it

ideally suited to such studies (reviewed in Gerig, 1994;

Danielson and Falke, 1996; Gakh et al, 2000). First, the 19F

chemical shift is highly sensitive to its chemical environment

and thus is an excellent reporter of conformational change

(Luck and Falke, 1991; Danielson et al, 1994; Rozovsky et al,

2001). Second, fluorine (1.35 Å radius) is nearly isosteric to

hydrogen (1.2 Å), so the labelling itself does not tend to

perturb protein structure (Danielson and Falke, 1996).

Finally, the NMR sensitivity of 19F is high, and there is no

signal contribution from any natural source (O’Hagan and

Harper, 1999).

Here, we exploit these properties of the fluorine nucleus to

probe conformational change in ClC-ec1. To ensure proper

antiport function, these movements must be coupled to

binding and unbinding of substrate ions (as illustrated in

the model in Figure 1). On manipulating either [Hþ ] or [Cl�]

to drive these conformational changes, we observe concur-

rent changes in the 19F-NMR spectrum of fluorotyrosine-

labelled ClC-ec1. Using site-directed mutagenesis, we have

Figure 2 19F NMR detects Hþ -dependent conformational changes in ClC-ec1. (A) ClC-ec1 stereoview illustrating the two identical subunits
(blue and grey). The bound Cl� ions together with presumed Cl� permeation pathway are shown in green, with the expanded view below
illustrating coordination of one of these ions by Y445 (orange) and E148 (pink). The protein’s tyrosine residues (nine per subunit) are shown
space filled and highlighted in orange. (B) 19F spectra of wild-type ClC-ec1 labelled with F-tyrosine. The appearance of new intensities at �60.4
and �61.4 p.p.m. when the pH is shifted from 7.5 to 5.0 indicates that at least one of the nine F-tyr residues in ClC-ec1 experiences a change in
its chemical environment. The change in pH is experienced by both the extracellular and intracellular faces of protein as these experiments are
performed using detergent-solubilized ClC-ec1. (C) Denaturation of ClC-ec1 with 6 M urea results in a collapsed spectrum centred at the same
chemical shift as free F-tyrosine. (D) The Y445F mutation removes fluorine labelling at the Cl�-coordinating Y445 position. Comparison of wild
type and Y445F spectra at pH 7.5 highlights the decrease of intensity in the �57.0 to �60.0 p.p.m. range in the Y445F mutant. (E) The Y445F
mutation does not abolish Hþ -dependent spectral changes; therefore, at least one other tyrosine residue is experiencing a change in chemical
environment.
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determined that some of this spectral change is due to

structural changes occurring in regions outside the Cl�

permeation pathway, near the subunit interface. These sub-

strate-dependent spectral changes are absent in a high-turn-

over ClC-ec1 mutant acting in ‘channel-mode’. However,

spectral changes persist with the addition of uncoupling

mutations that degrade the Cl�/Hþ transport stoichiometry

but retain a normal Cl� turnover rate. These results provide

our first glimpse of the conformational changes that govern

the transport cycle in the CLC antiporters.

Results
19F NMR detects Hþ-dependent conformational changes

in ClC-ec1

For an antiporter such as ClC-ec1, conformational change is

driven by the coordinated binding and unbinding of substrate

ions. Hence, we would expect that a change in substrate

concentration would lead to a change in the ensemble of

protein conformations in solution. We first examined the

effect of [Hþ ] on ClC-ec1 conformation under conditions

where Cl� is present at saturating levels (Lobet and Dutzler,

2006)—a manipulation that should limit the number of

significantly populated conformations. In terms of the

model shown in Figure 1, increasing the Hþ concentration

at saturating Cl� would shift the population from states B and

C to state D. As these different conformations are adopted,

the changing chemical environment surrounding fluorinated

residues will result in a change in the protein’s 19F-NMR

spectrum.

We identified tyrosine as an attractive candidate for fluor-

ine labelling in ClC-ec1 because of the location of these

residues in regions of interest. As illustrated in Figure 2A,

ClC-ec1’s nine tyrosine residues are distributed throughout

the protein, thus providing probes at key regions near the

subunit interface and lining the Cl� permeation pathway.

Fluorotyrosine (Supplementary Figure 1) is readily incorpo-

rated into proteins biosynthetically by excluding the

unlabelled amino acid from the growth media while supple-

menting with the fluorinated analog (Danielson and Falke,

1996). Following labelling in this manner, F-tyr-ClC-ec1 was

found to be fully functional in assays for Cl� and Hþ flux

(Supplementary Figure 2).

As shown in Figure 2B, shifting the pH of the F-tyr-ClC-ec1

sample from 7.5 to 5.0 causes the appearance of new in-

tensities at �60.4 and �61.4 p.p.m. in the 1D 19F-NMR

spectrum. The pH shift used here represents a functionally

significant change from an environment supporting negligi-

ble transporter activity (pH 7.5) to one promoting high

activity (pH 5.0) (Accardi et al, 2004). This result indicates

that at least one of the nine F-tyr residues in ClC-ec1 is subject

to an Hþ -dependent change in chemical environment. The

observed Hþ -dependent spectral changes are not the result of

irreversible aggregation of the protein, as spectral changes

seen at low pH are reversible on return to neutral pH. Such

reversibility was confirmed in all experiments presented in

this study (data not shown).

The spectra of F-tyr-ClC-ec1 presented in Figure 2 show

significant chemical shift dispersion between �55 and

�70 p.p.m. range, indicating the presence of a folded protein

in which F-tyrosine residues are experiencing different

chemical environments. This is in contrast to the signal

observed for free F-tyrosine, which exhibits a sharp Hþ -

insensitive peak at �61.1 p.p.m. (Figure 2C). Denaturation

of ClC-ec1 with 6 M urea results in a collapsed spectrum

centred at the same chemical shift as free F-tyrosine. This

spectral collapse indicates unfolding of the protein and

elimination of the signal dispersion observed for the intact

protein. Although the pH shift used for these experiments

represents a functionally significant change, we must con-

sider the possibility that changes in [Hþ ] could induce

artifactual changes that are not necessarily relevant to trans-

porter function. However, the absence of Hþ -dependent

spectral changes in one of the mutants used in this study

(see below) argues strongly against this possibility.

The spectral changes observed for F-tyr-ClC-ec1 in

Figure 2B indicate that we are successfully monitoring

changes in the chemical environment surrounding tyrosine

residues in ClC-ec1. As NMR measures an ensemble of

protein conformations over time, these spectral changes

may arise from a combination of several events. A change

in structure of one or more of the kinetically stable

conformational states or a shift in equilibrium distribution

between these states would be observed as a change in

chemical shift. Structural changes may result from both

local perturbations in regions surrounding the fluorine

label as well as from larger alterations to the protein’s

tertiary structure. Local changes may arise from many

sources, including protonation of nearby residues, binding

of a nearby Cl� ion, or changes in mobility allowing

tyrosine ring flipping. Both local and gross changes to protein

structure have the potential to impact protein function. In

addition to changes in chemical shift, some of the spectral

changes we see may arise from changes in line width because

of changes in residue mobility or the exchange rate between

conformational species. Although our resolution is not suffi-

cient to determine line widths and thus quantify the relative

contribution of this effect, the conclusions drawn in our

studies do not require such a distinction. Regardless of the

underlying reason, a residue that contributes to the observed

spectral changes participates in conformational change in

some capacity. Thus, we define all of these events (changes

in exchange rate, equilibrium distribution, local and gross

structural changes) as reflecting ‘conformational change’ in

our studies.

The Cl�-coordinating residue Y445 is an obvious candidate

for participation in conformational changes. As depicted in

the crystal structure, Y445 occludes a bound Cl� ion from

exiting the protein (Figure 2A). Therefore, Y445 must move to

allow Cl� transport. To determine the contribution of F-Y445

to the ClC-ec1 spectrum, we mutated this residue to pheny-

lalanine, thus removing the corresponding resonance from

the F-tyr-ClC-ec1 19F-NMR spectrum. Importantly, this muta-

tion does not seriously impair ClC-ec1 function (Supple-

mentary Figure 2; Walden et al, 2007). The Y445F mutation

results in a decrease of intensity in the �57.0 to �60.0 p.p.m.

range as compared with wild-type ClC-ec1, but maintains a

qualitatively similar Hþ response (Figure 2D and E). The

persistence of these Hþ -dependent spectral changes in the

Y445F mutant indicates that the F-Y445 signal alone cannot

account for the changes observed in wild-type F-tyr-ClC-ec1.

As Y445 is the only tyrosine residue present in the Cl�

permeation pathway, Hþ -dependent structural changes

must also be occurring elsewhere in the protein.

ClC-ec1 conformational changes observed by 19F NMR
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Hþ -dependent conformational changes occur

at the ClC-ec1 dimer interface

As there is no comprehensive method for theoretically pre-

dicting 19F chemical shift based on protein environment,

peak assignments are usually performed using site-directed

mutagenesis (Frieden et al, 2004). Owing to the large overlap

in signal from the multiple F-tyrosine residues in our sample,

we sought to simplify the spectrum by eliminating multiple

tyrosine residues simultaneously. We reasoned that the F-

tyrosine residues located on the surface of ClC-ec1 likely

experience greater mobility than those buried in the protein’s

interior. Such mobile residues would yield strong peaks that

could potentially mask the lower intensity, broader peaks

produced by the less mobile interior tyrosine residues. To

better observe the resonance of these interior residues, we

engineered a mutant ClC-ec1 termed ‘Buried Only’ in which

those tyrosine residues with a solvent accessible surface area

of 410% were mutated to phenylalanine. Accessibility was

determined using ASAVIEW (Ahmad et al, 2004) from the

crystal structure of ClC-ec1 (pdb 1OTS). As highlighted in

Figure 3A, this leaves a total of five tyrosine residues per

monomer intact and subject to fluorine labelling. The ‘Buried

Only’ mutant maintains wild-type function, as shown with

Cl� and Hþ flux assays (Supplementary Figure 2). A sum-

mary of all proteins and functional consequences of muta-

tions used in this study is presented in Table I.

As compared with wild-type ClC-ec1 at pH 7.5, the Buried

Only mutant produces more discrete (albeit broad) peaks,

with much of the signal intensity in the �59 to �62 p.p.m.

range being eliminated (Figure 3B). When the pH of the

Buried Only sample is shifted to 5.0, the peaks at �58.2

and �59.5 decrease in intensity, and a higher intensity

Figure 3 ClC-ec1 undergoes Hþ -dependent conformational change at the subunit interface. (A) Stereoview of ClC-ec1 illustrating the location
of the tyrosine residues present in the ‘Buried Only’ mutant. This mutant contains only those five tyrosine residues interior to the protein with a
solvent accessible surface area o10%. All other tyrosine residues have been mutated to phenylalanine, and thus are not fluorine labelled in all
subsequent experiments. The Cl�-coordinating residue Y445 and subunit interface residue Y419 are highlighted. (B) Compared with wild-type
ClC-ec1 at pH 7.5, the Buried Only mutant produces more discrete, (albeit broad) peaks, with much of the signal intensity in the �59 to �62
range being eliminated. (C) Hþ -dependent spectral changes are retained in the Buried Only mutant. (D) Removal of fluorine labelling at the
Y445 position in the Buried Only background does not eliminate Hþ -dependent spectral changes. (E) Removal of labelling at the Y419 position
eliminates much of the Hþ -dependent response observed in the Buried Only mutant. (F) Comparison of Buried Only mutant spectra at pH 7.5
and 5.0. Mutation of either Y445 or Y419 to phenylalanine results in loss of signal in the 57–58 p.p.m. region at pH 7.5. Hence, mutation of one
of these residues influences the chemical shift of the other.

ClC-ec1 conformational changes observed by 19F NMR
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emerges at �60.4 p.p.m. (Figure 3C). The emergence of this

higher intensity at pH 5.0 is qualitatively similar to what is

observed in the wild-type ClC-ec1 spectrum (Figure 2B). The

retention of Hþ -dependent spectral change in the Buried

Only mutant indicates that structural changes are occurring

within the interior of the protein, and are not simply because

of changes occurring on the protein surface.

Removal of labelling at Y445 in the Buried Only back-

ground results in a decrease in signal in the �57 to

�60 p.p.m. range, but does not abolish [Hþ ] responsiveness

(Figure 3D). This result is qualitatively similar to that ob-

served for the Y445F mutation in the wild-type background

(Figure 2D and E). The persistence of Hþ -dependent spectral

change in the Y445F Buried Only mutant allows us to further

localize the structural changes to the four internal tyrosine

residues that remain labelled in this protein. One of these

residues is Y419, which lies at the ClC-ec1 subunit interface

(Figure 3A). Mutating this residue to phenylalanine in the

Buried Only background eliminates much of the observed

Hþ -dependent spectral change (Figure 3E), thus indicating

that the ClC-ec1 dimer interface is subject to Hþ -dependent

structural changes. It is of note that because mutation of

either Y445 or Y419 to phenylalanine results in loss of signal

in the �57.0 to �60.0 p.p.m. region at pH 7.5, mutation of

one of these residues must influence the chemical shift of

another residue (Figure 3F). Although this interdependency

complicates the assignment of specific resonance to a parti-

cular residue, it does not diminish the conclusions drawn

here: protein movement is occurring outside the Cl� permea-

tion pathway, and the subunit interface participates in this

movement. Although the remaining buried tyrosine residues

were not examined, the subtlety of changes persistent in the

Y419F Buried Only mutant indicates that spectral contribu-

tion from these residues will be relatively small. Therefore,

assessment of their contribution will require a higher resolu-

tion technique in which resonance from single residues can

be identified unambiguously.

The ClC-ec1 ‘Channel-like’ mutant is not subject

to Hþ -dependent changes associated with

ClC-ec1 transporters

The E148 residue of ClC-ec1 lies in the Cl� permeation

pathway and acts as the external Cl� gatekeeper (Dutzler

et al, 2003) (Figure 2A). Mutation of this residue to alanine

uncouples Cl�/Hþ antiport, resulting in a protein that can

transport Cl� down its electrochemical gradient without

transporting Hþ in the opposite direction (Accardi and

Miller, 2004). It was hypothesized that as this mutant

allows uncoupled Cl� movement to occur, it may act as a

Cl� channel. Contrary to this proposition, the Cl� turnover

rate of the E148A mutant is no higher than wild type.

However, when the E148 mutation is combined with muta-

tion of Y445 to a smaller residue, the turnover rate of the

double mutant jumps to a level nearing that of a bona fide

channel (Jayaram et al, 2008). This led to the conclusion that

the mechanism of Cl� flux through this double mutant

involves channel-like electrodiffusion rather than the alter-

nating-access cycle of conformational changes that must

occur in the wild-type protein (Jayaram et al, 2008). To test

the behaviour of this mutant using our 19F-NMR assay, we

generated it in the Buried Only background and verified the

high-turnover rate for the labelled protein (Supplementary

Figure 2). In this uncoupled ‘Channel-like’ mutant (E148A/

Y445S Buried Only), the Hþ -dependence of the protein’s
19F-NMR spectrum is eliminated (Figure 4A). The absence

of Hþ -dependent spectral change indicates that this mutant is

not subject to the same conformational changes as wild-type

ClC-ec1 and thus argues that 19F spectral changes reflect

functionally relevant protein movement.

We next sought to determine whether the lack of Hþ -

dependent structural change in the Channel-like mutant was

due to the increase in Cl� turnover rate or rather to individual

contributions from the E148A and Y445S mutations.

To address whether uncoupling through E148A impacts

Hþ -dependent conformational changes, we examined this

mutation in the Y445F Buried Only background. In this

‘Uncoupled Transporter #1’ protein, F-tyr labelling occurs at

the same four positions as its Channel-like counterpart, thus

facilitating comparison between structural changes because

of E148A uncoupling alone versus changes because of

increased Cl� transport rate. The E148A/Y445F Buried Only

mutant retains the uncoupling phenotype but has a turnover

rate similar to that of wild-type ClC-ec1 (Supplementary

Figure 2). As shown in Figure 4B (left panel), the

Uncoupled Transporter #1 spectrum remains Hþ -dependent;

therefore, uncoupling through E148A alone is not sufficient to

abolish Hþ -dependent conformational changes.

Similar to the E148A mutation, the Y445S mutation alone

results in a severely uncoupled transporter (Walden et al,

2007). In addition, it has been crystallographically observed

that mutations at the Y445 position result in decreased Cl�

occupancy at the ClC-ec1 central Cl�-binding site (Accardi

et al, 2006). To determine whether these effects account for

the abolition of Hþ -dependent spectral changes in the

Table I ClC-ec1 proteins used in this study

Protein name Mutation(s) Functional effect(s)

Wild-type ClC-ec1 None NA
Y445F Y445F Slightly reduced Cl� transport rate (Walden et al, 2007)
Buried Only Y75F, Y100F, Y210F, Y382F None
Y445F Buried Only Y445F (Buried Only background) Slightly reduced Cl� transport rate (Walden et al, 2007)
Y419F Buried Only Y419F (Buried Only background) None
Y419F/Y445F Buried Only Y419F, Y445F (Buried Only background) Slightly reduced Cl� transport rate (Walden et al, 2007)
Channel like E148A, Y445S (Buried Only background) High Cl� transport rate (Jayaram et al, 2008)

No H+ transport (Jayaram et al, 2008)
Uncoupled Transporter #1 E148A, Y445F (Buried Only background) No H+ transport
Uncoupled Transporter #2 Y445S (Buried Only background) Low Cl�/H+ coupling ratio (Walden et al, 2007)

Protein names (as given in figures), associated mutations, and functional effects of these mutations are presented. Function was assayed as
reported in Supplementary Figure 2 and supported by earlier work as cited.
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Channel-like mutant, we examined the Y445S mutation alone

in the Buried Only background. As expected, the Y445S

mutation reduces the protein’s Hþ transport ability without

having much effect on the Cl� transport rate (Supplementary

Figure 2). The Y445S Buried Only protein (Uncoupled

Transporter #2) exhibits Hþ -dependent spectral changes

similar to those observed for the E148A mutant (Figure 4B,

right panel). This indicates the functional effects conferred by

the Y445S mutation alone cannot account for the abolition of

Hþ -dependent spectral changes observed in the Channel-like

protein.

A comparison of the Hþ -dependent spectra of the

Uncoupled Transporter proteins, the Channel-like protein,

and the fully Coupled Transporter is shown in Figure 4C.

These proteins are labelled at the same tyrosine positions,

and differ only in the mutations present at the Y445 and E148

positions. The observation that the spectra of the Uncoupled

Transporters and the Coupled Transporter are very similar

indicates that the E148A and Y445 mutations alone do not

cause a substantial change to protein structure or the ex-

change rate between conformations at either [Hþ ]. This

strongly suggests that—although Cl�/Hþ coupling is im-

paired in these proteins—the conformational changes in-

duced by Hþ binding at high [Cl�] remain largely intact. In

contrast, in the Channel-like mutant, much of the resonance

is broadened at both pH 7.5 and 5.0. This indicates that either

the structure of individual conformations, the steady-state

distribution of conformations, and/or the rate of interconver-

sion between conformations is altered in this protein. The

lack of spectral Hþ dependence of this Channel-like protein

indicates that it is not subject to the same Hþ -induced

conformational changes that occur in the coupled or

uncoupled transporters.

Hþ-dependent conformational changes occur

at the subunit interface in the absence of Cl�

The experiments described above were performed at saturat-

ing concentrations of Cl�, thus allowing us to examine Hþ -

dependent conformational changes occurring in ClC-ec1 in

the Cl�-bound form. Performing similar experiments under

zero-Cl� conditions allows us to access additional conforma-

tions achieved by the Cl�-unloaded protein. In terms of the

model presented in Figure 1, this would include states A, F,

and E.

As seen in Figure 5A, when the pH of the zero-Cl� Buried

Only sample is shifted to 5.0, the peak at �59.5 decreases in

intensity and a higher intensity emerges at �60.4 p.p.m. The

persistence of these Hþ -dependent spectral changes indicates

that protonation confers ClC-ec1 conformational change in-

dependent of Cl� binding. The changes include regions out-

side the chloride permeation pathway, as the spectral change

persists even when fluorine labelling is removed at the Cl�-

coordinating residue Y445 (Figure 5B). Removal of labelling

at the Y419 position abolishes much of the spectral change

observed in the Buried Only protein, which indicates that the

subunit interface participates in Hþ -dependent conforma-

tional change even in the absence of Cl� (Figure 5C). The

functional significance of the observed spectral changes is

supported by their absence in the ClC-ec1 Channel-like

mutant (Figure 5D).

Unlike experiments performed under saturating Cl� con-

ditions (Figure 3), at zero Cl�, mutation of either Y419 or

Y445 results in loss of signal in distinct regions of the

spectrum. Comparison between spectra from the Buried

Only and Y445F Buried Only proteins illustrates that the

broad peak between �60.5 and �65.0 p.p.m. disappears in

the Y445F mutant and thus likely corresponds to Y445

Figure 4 The ClC-ec1 Channel-like mutant is not subject to Hþ -dependent conformational changes associated with ClC-ec1 transporters.
(A) The Channel-like mutant (E148A/Y445S, Buried Only) exhibits no Hþ -dependent spectral change. (B) In contrast, spectra from both
Uncoupled Transporter mutants (E148A/Y445F Buried Only and Y445S Buried Only) change with [Hþ ]. (C) Comparison of the Channel-like
mutant to Uncoupled and Coupled Transporter proteins. The Coupled Transporter protein corresponds to Y445F Buried Only (data presented in
Figure 3D). All mutants in this panel are F-tyr labelled at the same four positions (mutation at Y445 eliminates labelling of this residue in all
four constructs). The spectra of the ClC-ec1 Transporters are similar to one another at each pH and markedly different from the spectra of the
Channel-like mutant.
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(Figure 5E). Likewise, comparing spectra from the Buried

Only and Y419F Buried Only proteins indicates that at pH 7.5,

Y419 is responsible for the peak centred at �59.5 p.p.m. and

that this peak shifts to �60.4 p.p.m. at pH 5.0.

19F NMR detects Cl� binding within the Cl� permeation

pathway and Cl�-dependent conformational change

outside this region

Comparison of spectra obtained in the presence and absence

of Cl� also allows for examination of changes induced by Cl�

binding. As seen in Figure 6A, the Buried Only 19F spectrum

is highly sensitive to Cl� concentration. At pH 7.5, the peak

corresponding to Y445 at zero Cl� (between �60.5 and

�65.0 p.p.m.) shifts downfield to �58.2 p.p.m. in 100 mM

Cl�. At pH 5.0, a similar Cl�-dependent downfield shift is

observed. Among other contributions, this shift could result

from the fluorine nucleus being in proximity to a negatively

charged Cl� ion. As Y445 lines the Cl� permeation pathway

(Figure 2A), it is not surprising to observe these Cl�-depen-

dent spectral changes. Therefore, in addition to reflecting

conformational changes that occur on Cl� binding, changes

in the 19F spectrum also reflect Cl� binding itself.

To distinguish Cl�-binding effects occurring outside the

permeation pathway, we examined the impact of Cl� on the
19F spectrum of Y445F Buried Only. At pH 7.5, Cl� causes a

decrease in intensity in the peaks occurring at �59.6 and

�60.9 p.p.m. (Figure 6B, left). This indicates that under these

conditions, Cl� has an effect on protein conformation outside

the Cl� permeation pathway. At pH 5.0, however, the Y445F

Buried Only spectra with and without Cl� remain nearly

identical (Figure 6C, right). Comparing this to the Cl�-depen-

dent change observed in the Buried Only spectrum at pH 5.0

(Figure 6A, right) illustrates that at this lower pH, the effect of

Cl� binding is localized to the permeation pathway.

To determine whether the Cl�-dependent spectral change

observed at pH 7.5 represents conformational change

occurring at the subunit interface, we examined the effect

of [Cl�] on proteins containing the Y419F mutation. As seen

in Figure 6C, addition of the Y419F mutation yields a

Cl�-dependent spectral shift that is qualitatively similar to

that observed with the Buried Only protein. The persistence

of spectral change in this single mutant is not surprising, as

the Cl�-coordinating residue Y445F is still intact and fluorine

labelled. We therefore examined the Y419F/Y445F double

mutant to determine whether these two residues together

could account for the Cl�-dependent spectral change observed

at pH 7.5. As seen in Figure 6D, mutating both residues

simultaneously removes the Cl� dependence. Thus, Cl� bind-

ing exerts an effect both inside the Cl� permeation pathway

and at the subunit interface. Importantly, the Channel-like

mutant does not display Cl�-dependent spectral change at

either pH (Figure 6E), which indicates that Cl�-dependent

conformational changes observed outside the permeation

pathway in ClC-ec1 transporters are no longer present in this

protein. Direct Cl� binding or changes within the permeation

pathway cannot be observed in the Channel-like mutant

because of lack of labelling at the Y445 position.

Discussion

We have described here the use of solution-state 19F NMR to

monitor substrate-driven conformational changes occurring

Figure 5 Hþ -dependent conformational changes occur in ClC-ec1 in the absence of Cl�. All spectra are from protein samples prepared in
buffer containing zero Cl�. (A) Hþ -dependent spectral changes are observed in the Buried Only mutant. (B) Hþ -dependent spectral changes
persist with the removal of fluorine labelling at the Y445 position. (C) Removal of labelling at the Y419 position eliminates much of the
Hþ -dependent response observed in the Buried Only mutant. (D) The Channel-like mutant (E148A/Y445S Buried Only) does not experience
Hþ -dependent spectral changes. (E) Comparison between Buried Only, Y419F Buried Only, and Y445F Buried Only in zero Cl� highlights the
location of Y419 and Y445 resonance within the Buried Only spectrum.
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in ClC-ec1. This approach was inspired by the observation

that despite being crystallized under a variety of conditions,

only one ClC-ec1 conformation has ever been observed. The

fluorine nucleus’ small size, exquisite sensitivity to chemical

environment, and ease of incorporation make it an excellent

reporter of conformational change and ideally suited for

overcoming this predicament. Although 19F NMR has been

used primarily on soluble proteins (Hull and Sykes, 1975;

Gerig, 1994; Danielson and Falke, 1996), its feasibility has

also been shown with membrane proteins up to at least the

size of the 65 kDa D-lactate dehydrogenase (Sun et al, 1996;

Loewen et al, 2001; Oxenoid et al, 2002; Prosser et al, 2007).

The focus of many of these earlier studies has been on

structural questions related to single conformations, where

the fluorine nucleus has been used as a probe to ascertain the

topological disposition or membrane immersion depth of

different test residues. Assessment of membrane protein

conformational change has been performed using solid-

state 19F NMR, but to date these methods have been limited

to very small proteins such as the 25-residue peptide

corresponding to the transmembrane domain of the M2

proton channel (Hong, 2007; Luo et al, 2007; Witter et al,

2008). Here, we show that solution-state 19F NMR can also be

used to identify regions of conformational change in an

integral membrane protein as large as the 102 kDa ClC-ec1

homodimer.

Functional significance of observed spectral changes

As our experiments have been performed on detergent-solu-

bilized protein, it is necessary to question whether the

spectral changes observed in our system report on conforma-

tional changes that are relevant to the ClC-ec1 transport cycle.

Several pieces of evidence indicate this is indeed the case.

First, we show that in the Channel-like mutant, Cl� and Hþ

binding do not cause the same conformational change in-

duced in the transporters, as illustrated by the lack of Hþ and

Cl� dependency of the Channel-like 19F spectra (Figures 4A

and 6E). Our data therefore provide strong support for the

conclusion that this protein allows Cl� to move through its

pore in an electrodiffusive manner that does not rely on

coordinating a series of conformational changes with every

round of ion transport (Jayaram et al, 2008).

Second, we have shown that the loss of substrate influence

on conformation is specific to the high-turnover aspect of the

Channel-like mutant (E148A/Y445S, Buried Only), as intro-

duction of the E148A and Y445S uncoupling mutations

individually does not eliminate Hþ -dependent spectral

changes (Figure 4B). Additionally, the Uncoupled Trans-

porter spectra are similar to coupled ClC-ec1 under both

Hþ conditions (Figure 4C). In the case of E148A, this

indicates that the mutant protein remains conformationally

sensitive to pH despite being functionally insensitive to pH.

This result parallels observations from an earlier report, in

Figure 6 19F NMR detects Cl� binding within the Cl� permeation pathway and Cl�-dependent conformational change outside this region.
(A) Cl� induces a change in chemical environment of one or more tyrosine residues in the Buried Only protein at both pH 7.5 and 5.0.
(B) Removal of fluorine labelling at the Y445 position abolishes the Cl�-dependent spectral effect at pH 5.0 (right panel) but not at pH 7.5 (left).
(C) In the absence of Y419 labelling, Cl�-dependent spectral changes are observed at pH 7.5. (D) Removal of labelling at both the Y419 and
Y445 positions eliminates the Cl�-dependent spectral changes at pH 7.5. (E) The ClC-ec1 Channel-like mutant (E148A/Y445S Buried Only)
does not experience a Cl�-dependent spectral change at either pH.
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which the E148A uncoupling mutation had no effect on the

Hþ -induced spectral changes of fluorescent labels along

‘helix R,’ which lines the Cl� permeation pathway (Bell

et al, 2006). Likewise, the persistence of Hþ -dependent

spectral changes in the Y445S mutant indicates that neither

the uncoupling nor the changes in Cl� occupancy at this

site abolish the protein’s conformational sensitivity to

[Hþ ]. Thus (for both single mutations), despite the loss of

Hþ/Cl� coupling, the observed antiporter conformational

changes remain largely intact.

Finally, we have shown that changing the concentration of

Cl� (a much less promiscuous protein binder than Hþ ) also

results in changes to ClC-ec1’s 19F spectrum (Figure 6).

Although the majority of this spectral change can be attrib-

uted to Y445 (which is expected to be highly sensitive to Cl�

concentration because of its proximity to a bound chloride

ion), we also observe Cl�-dependent spectral effects outside

the Cl� permeation pathway (Figure 6B, left) including at the

subunit interface (Figure 6D). Thus, binding of either sub-

strate ion induces a conformational change that is observable

in our system. Furthermore, the substrate-dependent spectral

changes observed outside the Cl� permeation pathway

are not likely to be due to electrostatic effects of ion binding,

as the major contributor (Y419) is 20 Å away from the

Cl�-binding sites.

Characteristics of ligand-driven conformational

change in ClC-ec1

CLC-mediated antiport occurs through a series of conforma-

tional changes coupled to binding and unbinding of Cl� and

Hþ . Manipulating the concentration of these substrates will

therefore drive the protein to adopt different conformations

corresponding to various states of ion occupancy. In this

study, we have manipulated [Cl�] and [Hþ ] to examine the

conformational changes involved in transition of ClC-ec1

between four major states: ligand-free, Cl�-bound, Cl�/Hþ -

bound, and Hþ -bound (Figure 7). The ligand-free state

predominates at pH 7.5 and zero Cl�. Transition from the

ligand-free state to the Cl�-bound state is observed on

increasing the Cl� concentration to a saturating level (Step

1 in Figure 7, moving clockwise). This transition was found

to involve regions distal to the Cl� permeation pathway

(including the subunit interface), as indicated by the Cl�

dependence of the Y445F Buried Only spectrum (Figure 6B)

and the abolition of spectral changes in the Y419F/Y445F

double mutation (Figure 6D). On increasing [Hþ ], the Cl�-

bound protein is converted to the doubly liganded form

(Step 2 in Figure 7). This conformational change also involves

movement outside the chloride permeation pathway, as

shown by the persistence of Hþ -dependent spectral changes

in Y445F Buried Only (Figure 3D). We have further localized

part of this conformational change to the subunit interface

(Y419F Buried Only, Figure 3E). Transition between the

doubly liganded state and the protonated state is driven by

removing Cl� under high [Hþ ] (Step 3 in Figure 7). Unlike

the other transitions observed in our study, Cl� binding to

protonated ClC-ec1 seems to only induce local changes with-

in the Cl� permeation pathway. This hypothesis is based on

the fact that no Cl�-dependent spectral change is detected in

the Y445F Buried Only protein at pH 5.0 (Figure 6B, right).

However, we cannot rule out the possibility that movement

occurs in regions of the protein that are not near any of the

F-tyr reporters in our system. Lowering [Hþ ] under zero Cl�

drives ClC-ec1 to return to the ligand-free state (Step 4 in

Figure 7). Similar to Step 2, this transition also involves

movement distal to the Cl� permeation pathway, including

movement at the subunit interface. This is evidenced by the

spectral [Hþ ] dependence of Y445F Buried Only under zero

Cl� (Figure 5B) and the abolition of such dependence on

mutation of Y419F (Figure 5C).

In summary, we have shown that conformational change

outside the Cl� permeation pathway of ClC-ec1 is involved in

three of the four transitional steps examined in this study.

The functional consequences of such distant communications

have previously been observed for a human Cl�/Hþ anti-

porter (hClC-4) as well as two CLC channels (ClC-0 and

ClC-2). In hClC-4, inhibition by zinc was drastically reduced

by alterations in the permeation pathway (either by mutagen-

esis or by changes in the permeant ion), yet the proposed

zinc-binding site was localized through mutagenesis to an

extracellular loop region (Osteen and Mindell, 2008). This

loop connects to a helix that extends into the core of the

protein near the ion-binding sites, presumably enabling cou-

pling of zinc binding and ion permeation. Although the

influence of zinc binding on protein conformation was not

directly examined, this study supports the idea that regions

distal to the ion permeation pathway can have important

functions in CLC transporter function. Similarly, in both ClC-

0 (the Torpedo electric organ CLC channel) and the ClC-2

channel from guinea pig, mutations at the extracellular face

of the protein and distant from the Cl� permeation pathway

have been shown to affect properties of the channel pore

(Ludewig et al, 1997; Niemeyer et al, 2009). Our own data

suggest that such long-range communications also exist

in ClC-ec1 and provide the first structural evidences that

functionally relevant conformational changes occur outside

the Cl� permeation pathway.

Inter-subunit crosstalk in ClC-ec1

Removal of labelling at the Y419 position (located at the

subunit interface) decreases the spectral impact of both Hþ

Cl–
Ligand-

free

1

Distal change
(interface)

1

4 2

Distal
change 

(interface)
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change 

(interface)

3

H+ Cl– H+Local changes 
only

3

Figure 7 Ligand-binding events and their associated conforma-
tional changes in ClC-ec1. In this schematic, ClC-ec1 is depicted
in four major states corresponding to the four permutations of ion
occupancy explored in our study. With the exception of Step 3, all
transitions involve conformational change outside the chloride
permeation pathway, near the subunit interface.
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and Cl� (Figures 3E, 5C, and 6D). This indicates that the

subunit interface participates in both Cl� and Hþ -driven

conformational changes. However, this does not mean that

Y419 is the only residue involved in these changes. The

Y419F mutation alone does not abolish the Cl� dependence

of the ClC-ec1 spectrum (Figure 6C). It is only when labelling

at the Cl�-coordinating residue Y445 is concurrently removed

that the spectral Cl� dependence is abolished (Figure 6D).

This indicates that both the Cl� permeation pathway and the

subunit interface are influenced by Cl� binding.

Hþ -dependent spectral changes also persist in the Y419F

mutant, although these changes are more subtle than those

observed on changes in [Cl�] (Figures 3E and 5C). Although

higher resolution studies will be needed to determine with

certainty which residues account for these changes, we

hypothesize that Y445 is a likely contributor. Although the

contribution of Y445 to the spectral Hþ dependence seems

small in comparison with that of Y419, the magnitude of

chemical shift does not necessarily reflect the magnitude of

underlying protein movement. Therefore, although a change

in chemical shift indicates a change in environment, it does

not provide information concerning the scale of this change.

Removal of tyrosine labelling at either the Y445 or the Y419

position results in the disappearance of signal in the �57.0 to

�60.0 p.p.m. range at pH 7.5 under saturating Cl� (Figure 3D

and E). This indicates that mutation of one of these residues

influences the signal of the other labelled residue, further

supporting the idea of crosstalk between the subunit interface

and the permeation pathway. The spectral interdependence

of Y445 and Y419 at saturating Cl� may arise from either a

change in structure of one or more of the kinetically stable

conformational states or from a shift in the equilibrium

distribution of these states. In the crystallographically acces-

sible ‘occluded’ state, the Y445F mutation alone does not

change the observed ClC-ec1 structure (Accardi et al, 2006).

However, this static picture cannot exclude the possibility

that the Y445F mutation could influence the structure of ClC-

ec1 in other conformations or the movements necessary to

achieve these conformations. Indeed, the possibility that

Y445F influences protein dynamics is supported by the fact

that this mutant has a decreased Cl� turnover rate (Walden

et al, 2007) (Supplementary Figure 2). Y419F, on the other

hand, behaves more like the wild-type protein in assays for

Cl� and Hþ flux. As there is no crystal structure available for

this mutant, we do not know whether there is any change to

the occluded structure.

Interestingly, the spectral interdependence of Y445 and

Y419 is not observed at zero Cl�, where mutation of each

residue results in loss of signal in distinct regions of the

spectrum (Figure 5E). This indicates that the effect of muta-

tion of Y445 or Y419 may only be translated to the other

residue in the presence of Cl�. Although the underlying

reasons for the spectral interdependence of Y445 and Y419

at saturating Cl� remain unknown, this information is not

necessary for the conclusions drawn here. In the absence of
19F labelling at the Y445 position, substrate-dependent spec-

tral changes persist. This indicates protein movement must

occur outside the Cl� permeation pathway of ClC-ec1. In

contrast, the Y419F mutation eliminates much of the sub-

strate-dependent spectral change observed in the Buried Only

mutant without altering function, and thus this residue must

be subject to changes in chemical environment.

We have shown that functionally relevant conformational

change occurs at the ClC-ec1 dimer interface, but our NMR

data alone do not allow us to draw conclusions concerning

the nature or magnitude of these changes. However, informa-

tion obtained from earlier studies can be used to limit the

possibilities. One such study showed that constraining move-

ment at the ClC-ec1 dimer interface through covalent cross-

linking does not impair protein function (Nguitragool and

Miller, 2007). Therefore, a large reorientation of the subunits

relative to each other cannot be necessary for coordinated ion

transport. This indicates that—unlike the large movement

observed during gating of the CLC channels—relative inter-

subunit movements in the CLC antiporters are likely to be

small. Additional insight into the nature of inter-subunit

communication comes from recent work with concatemers

of a human CLC antiporter, hClC-5. Here, it was shown that

antiport activity persists even when concatemers consist of

one wild-type subunit and one non-functional subunit

(Zdebik et al, 2008). This result indicates that any function-

ally relevant inter-subunit crosstalk cannot rely on ion per-

meation—a concept that is supported by our observation that

even in mutant forms of ClC-ec1 in which Hþ transport is lost

or impaired, Hþ -dependent conformational changes remain

largely intact (Figure 4B and C). Considered in light of these

earlier studies, our results show that there are small con-

formational changes occurring at the ClC-ec1 dimer interface.

These changes are absent in the Channel-like mutant protein,

which suggests a link between the observed conformational

changes and CLC antiport activity.

Conclusion

Although the details of the molecular movements involved in

ClC-ec1 conformational cycling remain to be fully elucidated,

here we have made several important observations concern-

ing the nature of these movements. First, we have shown that

substrate-driven conformational change is not constrained to

the Cl� permeation pathway alone as was hypothesized

earlier. Second, we have shown that the interface between

the subunits of the ClC-ec1 homodimer participates in sub-

strate-dependent protein movement. Third, we found that

removal of the protein’s Hþ transport ability does not

eliminate the Hþ -dependent protein movement observed in

the intact antiporter. Finally, we observed that the ClC-ec1

Channel-like mutant is not subject to the same substrate-

dependent conformational changes that occur in the ClC-ec1

transporters. Together, these results provide new insight into

conformational change in ClC-ec1 and lay an essential foun-

dation for future studies on ClC-ec1 protein dynamics.

Materials and methods

Protein expression and purification
ClC-ecl fused to a C-terminal polyhistidine (His) tag was produced
in E. coli BL21(DE3) using the pASK expression vector. Mutations to
the ClC-ec1 sequence were introduced using QuikChange muta-
genesis (Stratagene) and confirmed by sequencing. Cells containing
the expression construct were grown to OD550 1.0 in rich media,
pelleted by centrifugation at 1700 g for 20 min at room temperature,
and transferred to M9 minimal media supplemented with 0.4%
glycerol, 1 mM MgSO4, 1 mM CaCl2, 0.5 mg/l thiamine, 100 mg/l
ampicillin, and 40 mg/ml of each amino acid (excluding tyrosine).
Fluorotyrosine labelling was achieved with the addition of 1 g/l
glyphosate and 100 mg/l 3-fluoro-DL-tyrosine. Cells were grown for
30 min at room temperature at which time protein production was

ClC-ec1 conformational changes observed by 19F NMR
SM Elvington et al

The EMBO Journal VOL 28 | NO 20 | 2009 &2009 European Molecular Biology Organization3100



induced with 0.2mg/ml anhydrotetracycline for 12 h. After this
incubation, additional anhydrotetracycline and ampicillin were
added, and induction continued for an additional 5 h.

After expression, ClC-ec1 was purified essentially as described
(Accardi et al, 2004). Briefly, sonicated cells were extracted for 2 h
at room temperature in the presence of 50 mM n-decyl-b-D-
maltopyranoside. The extract was centrifuged at 20 000 g for
45 min and purified over a Co2þ column. The His-tag was then
cleaved using Endoproteinase Lys-C, and the protein was further
purified on a Superdex 200 size exclusion column. Analysis of
purified protein through mass spectrometry indicates F-tyr labelling
efficiency of 475% (data not shown).

NMR spectroscopy
For all 19F NMR experiments, purified ClC-ec1 was concentrated to
0.3–0.5 mM in a total volume of B350 ml including 10% (v:v) D2O.
Samples were placed in the outer tube of Shigemi symmetrical
microtubes matched to D2O to allow for reduction of necessary
sample volume compared with standard 5 mm NMR tubes. To avoid
sample frothing, the Shigemi insert was not used. Samples were
prepared in 100 mM NaCl (or 100 mM Naþ/Kþ tartarate for Cl�-
free experiments), 10 mM HEPES, pH 7.5, and n-decyl-b-D-malto-
pyranoside ranging from 50–100 mM (quantified using a sugar
assay as described, Dubois et al, 1951). E. coli polar lipids (Avanti
Polar Lipids) were added in a 1:80 lipid:detergent molar ratio to
stabilize the protein and prevent aggregation over the course of the
NMR experiments. The pH of the sample was lowered to 5.0 using
citric acid and raised to 7.5 using tris-acetate. As our experiments
are performed using detergent-solubilized ClC-ec1, the change in
[Hþ ] is experienced by both the extracellular and intracellular faces
of the protein. Data were collected using a 5 mm H/F probe on a
Bruker Avance 500 MHz NMR spectrometer running Topspin
version 1.3 with variable temperature control. Data represent
acquisition of 30–50k transients at 470 MHz; 12 kHz spectral width;
451 pulse; 0.17 s acquisition time; 1.8–2.8 s recycle delay; 251C;
15 Hz line broadening; referenced to TFA.

Functional reconstitution and flux assays
ClC-ec1 functional reconstitutions and Cl�/Hþ flux assays were
performed essentially as described (Nguitragool and Miller, 2007;
Walden et al, 2007). Briefly, proteoliposomes prepared for Cl� flux
assays were reconstituted at density of 0.4mg protein per mg lipid
and loaded with 300 mM KCl, 25 mM citric acid–NaOH (pH 5.0).
Valinomycin-initiated Cl� efflux from the vesicles was monitored
using an Ag/AgCl electrode. Vesicles prepared for Hþ flux assays
were reconstituted at a density of 2.0 mg protein per mg lipid and
loaded with 300 mM KCl and 75 mM glutamic acid–NaOH (pH 4.8).
Hþ pumping from a weakly buffered solution was initiated by
addition of valinomycin and monitored over time.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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