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CLC proteins underlie muscle, kidney, bone, and other organ
system function by catalyzing the transport of Cl− ions across cell
and organellar membranes. Some CLC proteins are ion channels
while others are pumps that exchange Cl− for Hþ. The pathway
through which Cl− ions cross the membrane has been character-
ized, but the transport of Hþ and the principle by which their
movement is coupled to Cl− movement is not well understood.
Here we show that Hþ transport depends not only on the presence
of a specific glutamate residue but also the presence of Cl− ions. Hþ

transport, however, can be isolated and analyzed in the absence of
Cl− by mutating the glutamate to alanine and adding carboxylate-
containing molecules to solution, consistent with the notion that
Hþ transfer is mediated through the entry of a carboxylate group
into the anion pathway. Cl− ions and carboxylate interact with
each other strongly. These data support a mechanism in which
the glutamate carboxylate functions as a surrogate Cl− ion, but
it can accept a Hþ and transfer it between the external solution
and the central Cl− binding site, coupled to the movement of 2
Cl− ions.

chloride ∣ proton exchange ∣ antiporter

CLC channels and transporters are members of an ancient
family of membrane proteins present in all branches of life

(1–3). In Homo sapiens mutations in CLC genes cause inherited
diseases including myotonia congenita, Bartter syndrome, Dent
disease, osteopetrosis, retinal degeneration, and lysosome sto-
rage disease (2, 3). From a mechanistic standpoint the most
intriguing aspect of CLC proteins is that certain members of this
family function as Cl− ion channels while others function as
Cl−∕Hþ transporters, exchanging Cl− ions in one direction
against Hþ in the other (4–10). The Cl− channels mediate passive
(thermodynamically downhill) Cl− flow, the transporters mediate
active (thermodynamically uphill) movement of one ion by cap-
turing the free energy dissipated in the downhill movement of the
other, and yet the channels and transporters are indistinguishable
on the basis of their amino acid sequences (2, 3, 9–11). Thus it
would appear that the same membrane protein structure gives
rise to thermodynamically distinct functional properties (12–
14). This circumstance is unusual because genes encoding ion
channels and transporters are usually distinct and unrelated.

Three discoveries underlie a hypothesis to explain the mechan-
ism of Cl−∕Hþ exchange and a possible relationship between
CLC transporters and channels. The first discovery was the
demonstration that CLC transporters function with an exchange
stoichiometry of 2 Cl− for 1 Hþ (5). The second was that CLC
transporters can be made channel-like by mutating a single “glu-
tamate-gate” residue (5). This mutation leads to passive Cl− flow
without Hþ exchange. The third was that the glutamate gate in
crystal structures can adopt three different conformations, shown
in Fig. 1A (15–17). In one conformation the glutamate side chain
(mutated to glutamine) resides on the external side of the anion
transport pathway, which contains three queued Cl− ions bound
in outer, central, and inner sites. In two other conformations the
glutamate side chain is inserted into the anion transport pathway
with its carboxylate group positioned either at the outer Cl− bind-
ing site or the central Cl− binding site. When the carboxylate

group is present at a site it displaces the Cl− ion, suggesting that
Cl− and the carboxylate group compete with each other for sites
along the anion transport pathway.

The hypothesis is depicted in a kinetic transport cycle (Fig. 1B)
(17). In the cycle extracellular Hþ equilibrate with the glutamate
gate carboxylate when it adopts its external conformation, intra-
cellular Hþ equilibrate when it adopts its central Cl− site confor-
mation, and two Cl− ions are displaced across the membrane
when the glutamate gate moves between these conformations.
If the glutamate side chain is able to carry a Hþ across the mem-
brane, then, given certain constraints on the rate constants in the
cycle, the mechanism can explain a stoichiometry of 2 Cl− per Hþ
exchanged.

The anion transport pathway is the best experimentally docu-
mented aspect of this mechanism: In crystal structures discrete
Cl− binding sites formed by main-chain amide nitrogen atoms
from helices α-D, α-F, and α-N and side-chain hydroxyl groups
from Tyr515 and Ser165 (in CmCLC, equivalent to Tyr445 and
Ser107 in EcCLC) are consistent with the strong anionic selectiv-
ity shown in functional assays (16–18).

The Hþ conduction pathway, or whether the glutamate gate
can indeed carry a Hþ across the membrane is much less certain,
though it has been shown that the presence of the glutamate gate
is necessary for proton transport (19, 20). In this study we inves-
tigate the Hþ translocation process by testing several unusual
predictions made by the transport mechanism shown in Fig. 1B.
We employ an assay that detects changes in Hþ concentration
inside vesicles using the pH-dependent fluorophore ACMA
(Fig. 2A) (21). In the experimental arrangement shown, Cl− flow-
ing out of the vesicles will cause Hþ to enter if CLC transporters
are present in the membrane. The presence of the Kþ ionophore
valinomycin and high concentrations of Kþ inside and outside the
vesicles collapses the build-up of a membrane voltage difference
that would otherwise occur in its absence.

Results
Elements of the Hþ Pathway. Two amino acids are known to be im-
portant for Hþ transport in CLC transporters. The glutamate
gate, labeled Egate in Fig. 1A, so far as we know is absolutely re-
quired for Hþ transport: When it is mutated to an amino acid
such as glutamine or alanine Cl− still flows down its concentra-
tion gradient but Hþ are no longer transported (Figs. 1 and 2 C
and D) (5–7, 22, 23). A second glutamate residue labeled Ein in
Fig. 1A is also required for Hþ transport in a CLC transporter
from Escherichia coli (EcCLC) (24, 25). However, in contrast
to Egate, Ein is not conserved as a glutamate residue in some
CLC transporters. In the CLC transporter from red algae
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Fig. 1. Kinetic model of the transport cycle. (A) Three known conformations in the transport cycle. Left show close-up views of the ion-transport pathway of
the E148Q mutant of EcCLC (Top), WT EcCLC (Middle), andWT CmCLC (Bottom), respectively. Selected residues are shown as sticks and Cl− as red spheres. Right
panels show schematics of different ion transport pathway conformations corresponding to structures shown on the left. (B) The proposed transport cycle. Cl−

ions are shown as red spheres and Hþ as purple spheres. The negative charge on the carboxyl group of the deprotonated gating glutamate is shown inside a
dashed circle.

Fig. 2. Elements of the Hþ pathway. (A) Fluores-
cence-based flux assay driven by a Cl− gradient.
Vesicles (yellow) were loaded with 450 mM KCl
and then diluted into flux buffer with 450 mM po-
tassium gluconate in the presence of ACMA. Osmo-
tic balance was maintained. Valinomycin was added
to initiate the flux. (B) Fluorescence changes for
T269V mutant (green) and T269E mutant (purple)
CmCLCs compared to WT (blue) CmCLC. Fluores-
cence change of empty vesicles is shown in black.
CCCP, carbonyl cyanide m-chlorophenyl hydrazone,
renders the vesicles permeable to Hþ. (C) Fluores-
cence changes of E210D mutant (orange) and
E210A (red) mutant CmCLCs compared to WT (blue)
CmCLC. (D) Fluorescence changes for E148D mutant
(orange), E148A (red) mutant, WT (blue) EcCLCs,
and empty vesicles (black). A theoretical analysis
of the Hþ electrochemical potential under various
conditions is given in SI Methods.
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(CmCLC), for example, threonine is found at theEin position and
yet a Cl− gradient drives Hþ transport in a vesicle flux experiment
(Fig. 2B). Cl− driven Hþ transport persists even when the threo-
nine is mutated to valine (Fig. 2B). It is interesting to note that a
mutation of threonine to glutamate in CmCLC promotes Hþ
transport that is more rapid than in wild type, more like what
is observed in EcCLC (Fig. 2B) (25). These experiments lead
us to conclude that the “Ein” locale in CmCLC affects Hþ trans-
port but that it does not play the same uniformly necessary role in
CLC transporters as Egate.

In the atomic model of CmCLC, when Egate is modeled as
aspartate and the possible orientations of the side chain are
explored the carboxylate can adopt the external and outer Cl−
site conformations easily, but the shorter side chain suggests there
may be an energetic penalty to reaching all the way to the central
Cl− site. If it is true that Egate has to reach the central Cl− site in
order to release or capture Hþ in the internal solution then
aspartate should not be equivalent to glutamate. Indeed, with as-
partate at the Egate position Hþ transport is measurable com-
pared to alanine but extremely slow compared to glutamate in
both CmCLC and EcCLC (Fig. 2 C and D).

Isolation of the Hþ Partial Reaction. The transport cycle accounts
for passive Cl− flow in the absence of Hþ transport when Egate
is removed by mutation because Cl− ions can simply flow across
an apparently unobstructed conduction pathway (Fig. 1B). Egate
mutations, by isolating the process of Cl− conduction from Hþ
transport, have enabled detailed studies of anion selectivity in
CLC transporters (18). The transport cycle predicts that it might
also be possible to isolate the Hþ transport reaction in the ab-
sence of Cl− ions.

Fig. 3A outlines conditions under which Hþ are driven by a
voltage difference across the membrane instead of a Cl− gradient.
An internal negative voltage established by an outward Kþ gra-
dient in the presence of valinomycin drives Hþ into vesicles and
Cl− out (Fig. 3B). If Egate carries a Hþ across the membrane as
depicted in the transport cycle then we might observe Hþ influx
even in the absence of Cl−. When Cl− is replaced by gluconate
and Hþ are driven in by a voltage gradient, however, Hþ influx is
not observed unless the Hþ ionophore CCCP is added (Fig. 3C).
We therefore conclude that Egate does not carry a Hþ across the
membrane to a detectable extent in the absence of Cl−.

Fig. 4 A and B reveal a surprising property of the mutant chan-
nel in which Egate has been mutated to alanine: Hþ influx occurs
in the absence of Cl− when Cl− in solution is replaced by gluta-
mate or gluconate. This Hþ influx depends on the carboxylate
group on these molecules in solution, as evidenced by the failure
of homocysteic acid to support the influx (Fig. 4C). Homocysteic
acid is structurally similar to glutamate except it contains a sulfate
in place of the carboxylate located away from the amino group.
The sulfate group has a pKa that is much lower than the carbox-
ylate group, meaning it is a much stronger acid and is less easily
protonated. The glutamate/gluconate-mediated Hþ influx ap-
pears to depend on the normal Hþ pathway because mutation
of the Ein glutamate in EcCLC, which is necessary for Hþ trans-
port in that transporter, prevents it (Fig. 4B). We hypothesize that
carboxylate-containing molecules in solution mediate Hþ trans-
fer by reaching into the anion transport pathway as depicted
in Fig. 4E.

As further evidence that a molecule in solution can mediate
Hþ transfer by complementing the absence of the glutamate gate,
a crystal structure of the EcCLC E148A mutant in the absence of
Cl− and presence 150 mM sodium glutamate, pH 9.0, shows elec-
tron density extending into the Cl− pathway (Fig. 4D). While at
3.0-Å resolution this density does not unequivocally establish the
presence of a glutamate molecule in the pathway, it is consistent
with it. Our interpretation of these functional and structural data
is that carboxylate-containing molecules free in solution can, by

reaching into the anion transport pathway, transfer Hþ through
CLC transporters.

Competition Between Cl− and Carboxylate in the Anion Transport
Pathway. In the wild-type CLC transporter containing an intact
Egate glutamate Hþ transport depends on the presence of Cl−

(Fig. 3 B and C). Hþ transport in the absence of Cl− is observed
only when the Egate glutamate is removed by mutation and car-
boxylate-containing molecules are present in solution (Fig. 4 A
and B). Furthermore, Cl− actually inhibits solution-mediated
Hþ transport. Fig. 4F shows Hþ influx mediated by 450 mM

Fig. 3. Cl− dependence for Hþ transport in WT EcCLC. (A) Fluorescence-
based flux assay driven by a Kþ gradient. The vesicles were loaded with
450 mM KCl and diluted into assay solution with 450 mM NaCl and ACMA.
Flux was initiated upon adding valinomycin. (B) Fluorescence changes of WT
EcCLC (blue) compared to empty vesicles (black) in the presence of Cl−. The
cartoon on the left shows the working model for Hþ transport in the pre-
sence of Cl−. (C) Fluorescence changes of WT EcCLC (blue) and empty vesicles
(black) in the absence of Cl− and presence of 450 mM gluconate. The draw-
ing on the left depicts the situation without Cl− present. Dashed circles filled
in blue represent unoccupied anion binding sites.
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gluconate in the E148A mutant EcCLC transporter at different
concentrations of added Cl−. One millimolar Cl− inhibits Hþ
transport nearly completely and the apparent Cl− inhibition con-
stant is less than 0.1 mM, which is in line with the Cl− binding
affinity measured by isothermal titration calorimetry (26). How
can we understand this opposing effect of Cl− as a necessary com-
ponent for Hþ transport in the wild-type transporter and as an
inhibitor of solution-mediated Hþ transport in the Egate mutant?
A possible explanation arises if we consider two concepts: the po-
tential for Cl− and the carboxylate group of glutamate to interact
and compete with each other in the anion transport pathway, and
the relative occupancy in the anion transport pathway of theEgate
carboxylate in wild type versus a mobile carboxylate group pre-
sented from solution in Egate mutant channels.

The anion transport pathway is structurally and chemically or-
ganized with partial positive charged protein atoms positioned to
interact with anions. Analogous to Kþ channels, which contain
partial negative charged protein atoms positioned to bind Kþ
ions with high affinity, the CLC transporters appear to bind an-
ions with high affinity (26–28). Indeed, in crystal structures we
observe either Cl− ions or the Egate carboxylate bound to sites

within the anion transport pathway (Fig. 1A). These structural
data imply that the Egate carboxylate and Cl− ions compete with
each other to fulfill electrostatic balance inside the anion trans-
port pathway. The relative affinity of the Egate glutamate com-
pared to Cl− appears to be high because it is observed inside
the transport pathway under all circumstances except when it
is mutated to glutamine (i.e., when it is absent). It seems possible
therefore that Hþ transport does not occur at a detectable rate in
the wild-type channel in the absence of Cl− because glutamate in
its deprotonated form is essentially bound permanently inside the
transport pathway. Cl−, through direct competition and electro-
static destabilization, might enhance exit of the Egate glutamate,
even if only transiently, and thus stimulate Hþ transport in the
wild-type channel. In addition, bound Cl− ions next to the
Egate glutamate might also perturb the pKa of the carboxylate
and thus alter its potential to bind or release Hþ.

The absence of glutamate/gluconate-mediated Hþ transport in
wild-type CLC transporters suggests that a carboxylate in solution
is unable to compete with the Egate carboxylate for occupancy in
the anion transport pathway (Figs. 3C and 4 A and B). This may
be due in part to a lower effective concentration of solution

Fig. 4. Isolation of the Hþ partial reaction. (A) Flux assays (Kþ gradient driven) in which 300 mM Cl− was completely replaced by glutamate. Fluorescence
changes of E148A mutant (red) were compared to WT (blue) EcCLC and empty vesicles (black). (B) Fluorescence changes of E148A mutant (red), E148A&E203V
double mutant (purple), WT (blue) EcCLC, and empty vesicles (black). The solutions contained only gluconate and no Cl−. (C) Fluorescence changes of E148A
mutant (red), WT (blue) EcCLC, and empty vesicles (black) in the presence of homocysteic acid as the anion. (D) Electron density map around the ion transport
region of E148A mutant EcCLC. The protein was crystallized in the absence of Cl− but with glutamate in the solution. The weighted 2fo-fc map contoured at
1.8σ is shown as a gray mesh and the fo-fc map contoured at 3.5σ is displayed as a red mesh. A glutamate molecule (shown as sticks) was manually placed into
the density. (E) Working model for Hþ transport mediated by solution molecules. Carboxylate-containing molecules in the solution are shown as schematic
drawings. Purple spheres represent Hþ, and the red star denotes the internal glutamate. Dashed lines with arrows indicate a possible Hþ transfer route.
(F) Competition between Cl− and carboxylate in the anion transport pathway. Fluorescence changes of E148A mutant EcCLC in the presence of 450 mM
gluconate were measured with addition of different concentrations of chloride (0 mM Cl− in red, 0.1 mM Cl− in yellow, and 1 mM Cl− in purple).
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carboxylate groups compared to the Egate carboxylate, but it may
also be due to weaker binding of the solution carboxylate to the
anion transport pathway. Weaker binding of a solution carboxy-
late, which would allow the carboxylate group to enter and exit
the transport pathway, could explain why it catalyzes Hþ trans-
port inEgate mutant channels in the absence of Cl−. Furthermore,
if Cl− binds with higher affinity than the carboxylate from solu-
tion, then by competition Cl− would function as an inhibitor of
solution-mediated Hþ transport.

Discussion
This study presents the following findings on CLC exchange
transporters: (i) Aspartate is insufficient to replace the Egate glu-
tamate, consistent with its predicted inability to easily reach the
central Cl− site. (ii) Hþ transport can occur in the absence of the
second substrate Cl− when the Egate glutamate is mutated to ala-
nine and carboxylate-containing molecules are made available in
solution. (iii) Disruption of solution-mediated Hþ transport
through mutation of the Ein glutamate in EcCLC suggests that
solution-mediated Hþ transport occurs via the same Hþ pathway
as Egate -mediated Hþ transport. (iv) A crystal structure reveals
electron density that is compatible with a solution glutamate ex-
tending its side chain into the transport pathway to reach the cen-
tral Cl− binding site. (v) Cl− is required for Hþ transport in wild
type but inhibits solution-mediated Hþ transport in the Egate mu-
tant channel.

These findings support a mechanism in which Hþ are trans-
ported on a carboxylate group that enters the anion pathway.
More specifically, the carboxylate of the Egate glutamate transfers
a proton between the extracellular solution and the central Cl−
binding site. These findings also demonstrate the existence of a
strong interaction between Cl− ions and the carboxylate group in
the anion transport pathway. This interaction, we believe, is an
important aspect of the kinetic transport cycle: We hypothesize
that Cl− and the Egate carboxylate compete with and destabilize
each other. The presence of Cl− in the anion transport pathway
likely perturbs the pKa of the Egate carboxylate, rendering it sus-
ceptible to Hþ exchange.

Several important aspects of the transport cycle remain un-
known. How do Hþ diffuse between the intracellular solution
and the central site (10)? And why does the Cl−∕Hþ exchange
rate exceed the Cl− diffusion rate when the Egate glutamate is
mutated to alanine (29)? Although the answers to these questions
will require further study, the data in hand describe an altogether
unique mechanism that is remarkable for its simplicity. Cl− ions
are transported by a channel-like mechanism and Hþ are trans-
ported by a shuttle-like mechanism on the side chain of the Egate
glutamate. These two transport processes become coupled to cat-
alyze exchange because the Egate carboxylate in its deprotonated
form mimics Cl−.

Materials and Methods
Protein Purification and Structure Determination. CmCLC WT and mutants
were expressed in Hi5 (Trichoplusia ni.) insect cells and purified as previously

described (17). EcCLC WT and mutant proteins were expressed in E. coli and
purified according to a published protocol (15).

EcCLC E148A mutant protein was mixed with Fab in an OD280 ratio of
1∶1.5. The complex was further purified on a Superdex-200 (GE Health Life
Sciences) sizing column equilibrated in 10 mM Hepes pH 7.5, 150 mM potas-
sium glutamate and 4 mM DM. Crystals were grown at 20 °C using the hang-
ing-drop vapor diffusion method by mixing equal volumes of protein
(15 mg∕mL) with crystallization solution containing 50 mM Glycine
(pH 9.0) and 34% (w∶v) PEG 300. Crystals were directly harvested from
the drop, flash-frozen and stored in liquid nitrogen. Diffraction data were
collected at the Advanced Photon Source beamline 23 ID-B and were pro-
cessed by HKL2000 (ref. 30 and Table S1). Phases were obtained by molecular
replacement using the EcCLC E148Amutant (PDB ID code: 1OTT) as the search
model with ions and waters removed (16, 31). Refinement was done by Phe-
nix with initial rigid body refinement followed by several rounds of minimi-
zation (32). Minimal manual adjustment was performed on the model. While
both subunit A and B contain extra electron density in the Cl− pathway, the
electron density in subunit B is more prominent and is presented in Fig. 4D.

Functional Assays. Proteins used for flux assays were purified in the presence
of 4 mM DM, 10 mM Hepes (pH 7.4) and 150 mM potassium salt of chloride,
gluconate, glutamate, or homocysteic acid. The purified protein was recon-
stituted into POPE:POPG (3∶1) lipid vesicles with a protein to lipid ratio of
(w∕w) 1∶100 or 1∶500. The vesicles were formed either by dialysis (33) or
by centrifugation through a column of 3 mL of G-50 resin (34). The reconsti-
tution buffer for vesicles contained 10 mM Hepes pH 7.4 and 450 mM (in
some cases 300 mM) of the same potassium salt used in the protein purifica-
tion buffer. Incorporation of proteins into the lipid vesicles was confirmed by
SDS/PAGE analysis of sucrose cushion fractions. For each assay reaction shown
in Fig. 2 B and C, 40 uL frozen vesicles were thawed, briefly sonicated, and
added to 760 uL of assay solution containing 450 mM K-Gluconate and
10 mM Hepes (pH 7.4) in the presence of 2 μM 9-amino-6-chloro-2-methox-
yacridine (ACMA). Fluorescence (excitation: 410 nm; emmission: 490 nm) was
monitored every 30 s. After the fluorescence signal stabilized, Cl− efflux was
initiated by adding 0.02 μM valinomycin, a Kþ-selective ionophore, into the
flux assay solution. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) at
1 μM was added to collapse the proton gradient at the end of the experi-
ment. For flux assays shown in Figs. 2D, 3, and 4, each set of experiments
was performed in parallel in a 96-well plate. After frozen vesicles were
thawed and briefly sonicated, 15 uL of vesicles were mixed with 185 uL of
assay buffer in the presence of 2 μM ACMA. For assay reactions shown in
Fig. 2D (Cl− gradient method), assay solution contained 450 mM K-Gluconate
and 10 mM Hepes (pH 7.4). For assay reactions shown in Figs. 3 and 4 (Kþ

gradient method), assay solution contained 10 mM Hepes (pH 7.4) and an
equal molar amount of salt as in the reconstitution buffers for vesicles
but with potassium replaced by sodium. The fluorescence (excitation:
410 nm; emission: 490 nm) was monitored every 10 s. Once the signal stabi-
lized, 0.02 μM valinomycin was added to initiate flux. The frequency of fluor-
escence monitoring was increased to every 5 s for 15 cycles and was
subsequently reduced to every 10 s. Near the end of the experiment,
1 μM CCCP was added to collapse the proton gradient. Each flux assay
was repeated three to six times and the same trend was observed (Fig. S1).
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