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Synergistic substrate binding determines the stoichiometry
of transport of a prokaryotic H+/Cl− exchanger
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Active exchangers dissipate the gradient of one substrate to accumulate nutrients, export xenobiotics and maintain cellular
homeostasis. Mechanistic studies have suggested that two fundamental properties are shared by all exchangers: substrate binding
is antagonistic, and coupling is maintained by preventing shuttling of the empty transporter. The CLC H+/Cl− exchangers control
the homeostasis of cellular compartments in most living organisms, but their transport mechanism remains unclear. We show that
substrate binding to CLC-ec1 is synergistic rather than antagonistic: chloride binding induces protonation of a crucial glutamate.
The simultaneous binding of H+ and Cl− gives rise to a fully loaded state that is incompatible with conventional transport
mechanisms. Mutations in the Cl− transport pathway identically alter the stoichiometries of H+/Cl− exchange and binding.
We propose that the thermodynamics of synergistic substrate binding, rather than the kinetics of conformational changes and
ion binding, determine the stoichiometry of transport.
The coordinated generation and dissipation of ionic gradients by
active transporters and ion channels allows cells to control and finely
tune their internal ionic composition. Primary and secondary active
transporters create the gradients at the expense of energy in the form
of ATP hydrolysis for the former and dissipation of other electrochemical gradients for the latter. Depending on whether substrates
travel together or in opposite directions, transporters are further
classified as symporters or exchangers. Although active transporters
differ in energy sources, substrate specificities, oligomeric organization and structure, they all function according to the archetypal
paradigm of alternating access1–7. In this model, substrate translocation is mediated by concerted conformational rearrangements that
alternatively expose the ligand-binding sites to either side of the membrane. Careful mechanistic investigations have shown that exchangers
operate following ping-pong, or double-displacement, kinetics 2,8–10
(Fig. 1a). In these models the transporters interact with one substrate
at a time, and the empty transporter does not alternate exposure of
the binding sites2,3,11. Thus, the exchange cycle is comprised of two
half-cycles during which the transporter binds and translocates each
substrate (Fig. 1a). Simultaneous binding schemes have rarely been
proposed12,13 and have found little support, as noncanonical behaviors could also originate from allosteric substrate-binding sites on a
sequential exchanger10.
The recent surge in structural information and functional data on a
number of primary and secondary active exchangers5,14–21 has greatly
refined our understanding of transport mechanisms and has provided
strong support for ping-pong exchange models. One ambiguous case
is the recently identified CLC family of H+/Cl− exchangers22–27, for
which the applicability of a ping-pong alternating access scheme has

been questioned22,28,29. In these transporters, substrate movement
takes place along two partially congruent translocation pathways28,30.
This organization is completely different from that found in conventional exchangers, wherein substrates take turns occupying a single
pathway. It has been speculated that the existence of these two pathways might allow the CLC exchangers to function by simultaneously
binding both substrates28. The Cl− pathway is defined by three anionic
binding sites that span the length of the membrane14,31, but only the
extremities of the H+ pathway, Glu148 and Glu203, have been identified22,28 (Fig. 1b). Crystallographic work14,29,31 has shown that Glu148
can adopt three conformations: it can occupy the external binding site, Sex,
with ions bound to internal and central sites, Sin and Scen, respectively
(Fig. 1b); when protonated, its side chain can move outside of the
pathway, with all three sites occupied by Cl− ions (Fig. 1c); and it can
adopt a conformation in which the Glu148 side chain occupies S cen,
and Cl− ions are found in Sin and Sex (Fig. 1d). Furthermore, the Cl−
pathway in the known CLC structures is not completely occluded
at the intracellular side14,29, leading to the proposal that the exchange
stoichiometry of two Cl− ions for one H+ arises from the kinetics of
Cl− unbinding rather than from a conformational change29. In contrast, some functional characteristics of the CLC exchangers could be
described using classical schemes32, suggesting that their transport
mechanism is more conventional. Overall, the mechanism of substrate
coupling and transport for these transporters remains unclear.
Recent studies have shown that the strict coupling between Cl−
and H+ is essential to allow these proteins to regulate endosomal
and lysosomal homeostasis in vivo: pathologies seen in mice in
which a CLC transporter is replaced with a mutant mediating
H+-uncoupled Cl− fluxes are the same as those seen in CLC transporter
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proton from CLC-ec1 (antagonistic binding), whereas a positive slope would indicate
that Cl− binding promotes protonation of
CLC-ec1 (synergistic binding).

d

Arg147
Glu148

Sex
Scen

Cl− binding induces protonation of CLC-ec1
We measured Cl− binding to wild-type CLCec1 in three buffers—Tris, HEPES and phosGlu203
Glu113
phate buffer—whose ∆Hbuff values range
from 0.8 to 7.4 kcal mol−1 (Supplementary
WT CLC-ec1
E148Q CLC-ec1
WT cmCLC
Table 1) and fit the liberated heats with
Figure 1 Alternating-access transport. (a) Schematic representation of a canonical alternatingsingle-site binding isotherms37. Chloride
access scheme for a 1:2 H+/Cl− exchanger. Cl−, green circles; H+, blue hexagons. The dashed
binds with comparable affinities in all three
line highlights the Cl− half-cycle. (b–d) Close-up views of the ion-binding regions of CLC-family
buffers (Table 1), indicating that the buffer
exchangers: WT CLC-ec1 (b), the E148Q mutant of CLC-ec1 (c) and WT cmCLC (d). Cl− ions are
molecules do not interact with the binding
shown as green spheres. Key residues are labeled. For WT cmCLC, the residues equivalent to those
labeled in b are displayed: Arg147 equates to Trp209, Glu113 to Lys171 and Glu203 to Thr269.
sites. We found that ∆Htot increases mono
PDB accession codes: WT CLC-ec1, 1OTS31; E148Q CLC-ec1, 1OTU31; WT cmCLC, 3ORG29.
tonically with the ionization enthalpy of the
buffers: the enthalpy in phosphate buffer
(−8.3 ± 0.2 kcal mol−1), is larger than that
knockout mice33. Therefore, understanding the molecular basis for in HEPES (−7.5 ± 0.2 kcal mol−1), which is larger than that in Tris
substrate coupling in the CLC exchangers is essential for understand- (−5.1 ± 0.3 kcal mol−1; Fig. 2 and Table 1). Thus, chloride binding to
ing their transport mechanism and their physiological role.
the transport pathway induces protonation of CLC-ec1, indicating
Here we investigate the coupling mechanism of the CLC exchangers that substrate binding is synergistic and that, at equilibrium, H+ and
using isothermal titration calorimetry (ITC) and free energy calcula- Cl− simultaneously bind to the protein. The stoichiometry of this
tions. We asked whether binding of Cl− and H+ to CLC-ec1 is linked, coupling is derived by fitting ∆Htot to equation (1) and is N = 0.5 ± 0.1.
and, if so, whether it is antagonistic (as required by canonical double- Thus, for roughly every two chloride binding events, one proton assodisplacement mechanisms). We find that substrate binding to ciates to CLC-ec1.
CLC-ec1 is synergistic (Cl− binding to the transport pathway faciliThe identity of the stoichiometries of transport and binding sugtates protonation of a crucial glutamate residue), sequential (Cl− binds gests that these linked binding events are part of the exchange cycle.
first, followed by H+) and simultaneous (both substrates can bind to An alternative explanation could be that the absorbed heat reflects
protonation of one or more residues outside the anion pathway in
the protein at the same time).
a serendipitous coincidence of the stoichiometries. To test whether
RESULTS
this is the case, we introduced mutations that alter the stoichiometry
We used ITC to determine whether Cl− binding to CLC-ec1 is linked of transport and asked how they affect the stoichiometry of binding.
to the exchange of a H+. The total enthalpy measured during an ITC We mutated three residues: Glu148, Glu203 and Tyr445, which line
experiment, ∆Htot, results from several protein-specific reactions the Cl− pathway (Glu148 and Tyr445) or the H+ pathway (Glu148
(Cl− binding, conformational changes and protonation or deprotona- and Glu203) and are involved in H+ coupling22,28,38. Mutating either
tion of the protein) and the ionization of the buffer donating or accepting glutamate residue to alanine or glutamine completely abolishes
the protons exchanged by the protein34–36.
Therefore, ∆Htot can be written as:
−
Ser107

Tyr445
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Sin

∆H tot = ∆H prot + N ∆H buff

(1)

where ∆Hprot denotes the sum of the
enthalpies of the protein-specific reactions,
∆Hbuff is the enthalpy of ionization of the
buffer and N is the number of protons
exchanged between protein and buffer per
Cl− binding event. ∆Hbuff is a buffer-specific
quantity and can be directly measured in the
absence of protein (Supplementary Table 1).
Therefore, the slope of the linear relationship
between ∆Htot and ∆Hbuff is the stoichiometry of coupled Cl− and H+ binding. If substrate binding to CLC-ec1 is not coupled,
then ∆Htot should not vary when measured
in buffers with different ∆Hbuff values, so that
N = 0. Conversely, a direct coupling between
substrate binding would be revealed by a variable ∆Htot value. A negative slope would indicate that Cl− binding induces unbinding of a
526

Table 1 Thermodynamic parameters for Cl binding to WT and mutant CLC-ec1 in
different buffers
Buffer
WT

n

∆Htot
(kcal mol−1)

T∆S
(kcal mol−1)

∆G
(kcal mol−1)

Kd (µM)

No. exp.

Tris

1

−5.1 ± 0.3

−0.9 ± 0.2

−4.3 ± 0.1

780 ± 60

9

HEPES

1

−7.5 ± 0.2

−3.2 ± 0.2

−4.3 ± 0.1

640 ± 40

8

Phosphate

1

−8.3 ± 0.2

−3.9 ± 0.2

−4.4 ± 0.1

680 ± 80

7

1.8 ± 0.1

−12.0 ± 1.0

−0.1 ± 0.5

−6.6 ± 0.1

15 ± 1

5

1.98 ± 0.03

−12.9 ± 0.5

−0.1 ± 0.3

−6.7 ± 0.1

13 ± 1

3

1.5 ± 0.1

E148A Tris
HEPES

−13.5 ± 1.3

−2.3 ± 0.5

−6.6 ± 0.1

14 ± 2

5

1

−2.1 ± 0.1

−0.8 ± 0.1

−2.9 ± 0.1

7300 ± 760

3

HEPES

1

−3.7 ± 0.6

−0.7 ± 0.6

−3.0 ± 0.1

5800 ± 220

3

Phosphate

1

−5.1 ± 0.3

−2.1 ± 0.3

−3.1 ± 0.1

6300 ± 340

4

1

−3.9 ± 0.2

−0.75 ± 0.2

−3.2 ± 0.1

4600 ± 400

4

HEPES

1

−4.6 ± 0.3

−1.3 ± 0.3

−3.3 ± 0.1

4100 ± 270

4

Phosphate

1

−4.7 ± 0.1

−1.4 ± 0.1

−3.4 ± 0.1

4100 ± 50

4

Phosphate
E203Q Tris

Y445L Tris

Kd and ∆H were obtained from a fit to a binding isotherm, and free energy difference (∆G) and entropy (T∆S) were
calculated from ∆G = RT lnKd and T∆S = ∆H − ∆G, where R is the molar gas constant and T the temperature. We
fixed the number of Cl− binding sites to n = 1 for WT, E203Q and Y445L. We let n vary freely for the E148A mutant,
as for this mutant we could achieve experimental conditions in which n can be independently determined. In all
cases, ∆Htot represents the total enthalpy generated during the binding reaction rather than the enthalpy for each
independent binding site. For WT, Glu203 and Y445L ∆H and ∆H tot coincide, whereas for the E148A mutant
∆Htot = n∆H. Values are reported as the mean ± s.e.m. of the independent experiments.
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H+ transport22,28, and the Y445L mutation degrades Cl−-to-H+ transport stoichiometry from 2:1 to ~6:1 (ref. 38). Chloride binding to the
purified E148A transporter is nearly iso-enthalpic (Fig. 3 and Table 1):
the total enthalpies of Cl− binding in the different buffers are indistinguishable (∆Htot (phosphate buffer) = −13.5 ± 1.3 kcal mol−1; ∆Htot
(HEPES) = −12.9 ± 0.5 kcal mol−1; ∆Htot (Tris) = −12.0 ± 1.0 kcal mol−1;
P > 0.4). Therefore, the E148A mutation completely abolishes coupling between H+ and Cl− both in the transport cycle and in binding. The Y445L mutation also influences both processes to a similar
extent: Cl− binding still promotes protonation, but the stoichiometry
is drastically reduced, to N = 0.12 ± 0.07 (Fig. 4 and Table 1), a value
within experimental error of the stoichiometry of transport of ~0.17
seen in this mutant38. Thus, two mutations in the anion transport
pathway have parallel effects on the ability of the protein to couple
Cl− and H+ transport and binding. In contrast, the E203Q mutation
leaves the stoichiometry of binding nearly unaltered, at N = 0.43 ± 0.05
(Fig. 5 and Table 1), but it eliminates coupled exchange. Therefore,
our data suggest that binding of Cl− induces protonation of a single
residue within the transport pathway, Glu148, as mutating this residue
is sufficient to abolish coupled binding and transport. In contrast,
protonation of Glu203, another essential step in the transport cycle,
is independent of Cl− binding.

We found that when a Cl− ion occupies Scen, Glu148 stably resides in Sex
(Supplementary Fig. 1b), and its protonation free energy ∆G1Cl− is
reduced by ~16 kcal mol−1 to 1.1 ± 0.7 kcal mol−1 (Fig. 6a). In contrast, occupancy of Sex by a Cl− ion has a much smaller effect on the
energy required to protonate Glu148 positioned in Scen (Fig. 6a and
Supplementary Fig. 1c), so that this process remains unfavorable,
with an associated free energy difference ∆G1Cl− = 9.2 ± 1.4 kcal mol−1.
Finally, when we placed two Cl− ions in the transport pathway, at
Scen and Sex, protonation of the Glu148 side chain, located outside
the pathway (Fig. 6a and Supplementary Fig. 1d), became strongly
favored, with ∆G2Cl− = −9.4 ± 3.2 kcal mol−1.
In contrast to these results, our calculations suggest that the ∆G
of protonation of Glu203 is independent from the Cl − occupancy of
the transport pathway (Fig. 6b). It is worth emphasizing that several
assumptions, such as the protonation state of individual residues of
CLC-ec1, affect the absolute values of the calculated ∆G values. For
example, the ∆G of protonation of Glu203 is extremely sensitive to the
protonation state of Glu113 (Supplementary Table 2 and discussion
in Online Methods). Therefore, the absolute values of the reported
free energies of protonation in the different configurations are difficult to interpret, and their translation into pKa values would be inappropriate. However, the effects of Cl− binding on the free energy of
protonation for Glu148 and Glu203 are unaffected by these choices:
protonation of Glu148 is unfavorable with no Cl− ions bound and
favored by double occupancy of the pathway, regardless of whether
Glu113, Glu203 or both are protonated or not (Supplementary
Table 2). Similarly, the work needed to protonate Glu203 is independent of the number of Cl− ions bound for all protonation states of
Glu113, Glu202 and Glu148 (Supplementary Table 2).
Our simulations suggest key roles for two factors in regulating
the work required to protonate Glu148: the hydrogen bond network
formed by Glu148 with the protein, and the electrostatic interactions
between Glu148 and the Cl− ions. When no Cl− ions are bound to the
pathway, the side chain of Glu148 relaxes to a position close to the

The free energy of protonation of Glu148 is Cl− dependent
How does Cl− binding control protonation of Glu148? We used allatom molecular dynamics simulations to calculate the protonation free
energy (∆G) of Glu148 and Glu203 considering different Cl− occupancy states of the transport pathway (see Supplementary Table 2 for
a complete list of the calculations). When no ions are present in the
pathway, Glu148 relaxes to a position close to Scen (Supplementary
Fig. 1a), where its protonation is extremely unfavorable, with a very
high free energy of protonation (∆G0Cl− = 17.3 ± 4.5 kcal mol−1).
We then analyzed the effect that occupancy of a single ion-binding
site, either Sex or Scen, has on the work required to protonate Glu148.
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Figure 2 Synergistic binding of H+ and Cl− to
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thermodynamic parameters are reported in
Table 1. (d) Plot of the total enthalpy, ∆Htot, of Cl− binding as a function of the enthalpy of buffer ionization, ∆Hbuff. Circles, experimental data;
solid line, fit to equation (1) with ∆Hprot = −8.9 ± 0.4 kcal mol−1 and N = 0.5 ± 0.1. The errors for the experimental points are the s.e.m., and those
on ∆Hprot and N represent the uncertainty of fit.
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Figure 3 The E148A mutant uncouples Cl− and
H+ binding. (a–c) Panels as in Figure 2, with E148A
mutant and a 5-mM KCl solution injected into the
experimental chamber. In these fits N was kept
as a free parameter rather than fixed. (Number
of experiments and averaged thermodynamic
parameters are reported in Table 1.) (d) Plot of the
total enthalpy, ∆Htot, of Cl− binding as a function
of the enthalpy of buffer ionization, ∆Hbuff.
Circles, experimental data. The data points are
indistinguishable, P > 0.4, Student’s t-test; the
errors for the experimental points are the s.e.m.
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central binding site (Fig. 6c and Supplementary Fig. 1a), similar to
the conformation observed in the structure of cmCLC 29 (Fig. 1d),
where it is stabilized by a network of hydrogen bonds with proton
donor groups from different residues (the backbone of Glu148,
Gly149, Ile356 and Phe357 and the hydroxyl group of Tyr445). This
conformation limits the access of water molecules to the carboxylate
group of Glu148, further stabilizing the unprotonated state of Glu148.
This coordination network is only slightly affected by the presence of
a Cl− ion bound to Sex, so that protonation of Glu148 in Scen remains
energetically unfavorable (Fig. 6d). An ion in the central site stabilizes
the Glu148 side chain in the external site, where it still interacts with
protein residues (Arg147, Glu148 and Ala358) but becomes more
accessible to water molecules, so that its carboxylate group becomes
relatively well solvated (Fig. 6e). The increased hydration, together
with the electrostatic influence of the ion bound to the central site,
drastically lowers the free energy of protonation, by ~17 kcal mol−1.
When the pathway is occupied by two ions, the Glu148 side chain
is extended toward the extracellular solution and interacts with the
side chain of Arg147 and water molecules (Fig. 6f). The proximity of
two negatively charged Cl− ions, together with the increased accessibility of water molecules to Glu148, greatly favors protonation, as
reflected by the drastically lowered ∆G (Fig. 6a and Supplementary
Table 2). Once protonated, the side chain of Glu148 can either remain
solvated or form a hydrogen bond with the Cl− ion in the external
binding site (Fig. 6f).

Cl− binding to CLC-ec1 is pH independent
Our results suggest that Cl− binding and protonation of the Glu148
side chain are energetically linked. However, the high ∆G for protonation of Glu148 in the absence of Cl− (Fig. 6a) suggests that, at
physiological concentrations, protons might not be able to drive
Cl− binding. To test this hypothesis, we measured Cl− binding in a
wide pH range (4.5–7.5) and found that a thousand-fold increase in
H+ concentration is unable to promote Cl− binding (Supplementary
Fig. 3). This result is consistent with the hypothesis that a high free
energy barrier prevents protonation of Glu148 in the empty pathway
so that Cl− binding is not driven by H+. Thus, substrate association to
CLC-ec1 is strictly sequential (at least at physiological pH): Cl− binding
is followed by protonation of Glu148.
DISCUSSION
We used a combination of ITC measurements and free energy calculations to investigate the mechanism of coupled substrate binding and
transport in CLC-ec1, a H+/Cl− exchanger. We found that binding
of the two substrates to the WT protein is energetically linked, such
that occupancy of the Cl− transport pathway determines the protonation state of Glu148, which is the extracellular gating glutamate. In
contrast, the protonation state of the intracellular proton acceptor,
Glu203, is unaffected by Cl− binding to the pathway. Our data show
that with no ions bound, protonation of Glu148 is extremely unfavorable, whereas binding of one or two Cl− ions favors and stabilizes
protonation. Our ITC measurements show that the linked binding of
Cl− and H+ is stoichiometric: for roughly every two Cl− binding events,
there is one protonation event of Glu148. Several lines of evidence suggest that these coupled binding events are part of the transport cycle.

Dependence on pH of Cl− uptake in wild-type and mutant CLC-ec1
The above results suggest that Cl− binding modulates the protonation
of Glu148 by directly perturbing its pKa. This would predict that there
should be a correlation between degraded
coupling of binding and altered pKa of transTime (min)
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The rate of 36Cl− uptake is a direct measure of Figure 5 Cl -coupled H binding to the E203Q mutant. (a–c) Panels as in Figure 2 with E203Q
mutant and 75–100 mM KCl titrated into the experimental chamber. (Number of experiments and
the rate of the half-cycle, rather than the full
averaged thermodynamic parameters are reported in Table 1.) (d) Plot of the total enthalpy, ∆Htot,
turnover, of an exchanger (Fig. 1a). The rate of of Cl− binding as a function of the enthalpy of buffer ionization, ∆H . Circles, experimental data;
buff
uptake mediated by the WT protein is strongly solid line, fit to equation (1) with ∆Hprot = −5.4 ± 0.3 kcal mol−1 and N = 0.43 ± 0.05. The errors for
40,41
enhanced at acidic pH
(Fig. 7a), with an the experimental points are the s.e.m., and those for ∆Hprot and N represent the uncertainty of fit.
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Figure 4 Cl−-coupled H+ binding to the Y445L mutant. (a–c) Panels as in Figure 2 with Y445L
mutant and 75–100 mM KCl titrated into the experimental chamber. (Number of experiments and
averaged thermodynamic parameters are reported in Table 1.) (d) Plot of the total enthalpy, ∆Htot,
of Cl− binding as a function of the enthalpy of buffer ionization, ∆Hbuff. Circles, experimental data;
solid line, fit to equation (1) with ∆Hprot = −4.9 ± 0.3 kcal mol−1 and N = 0.12 ± 0.07. The errors
for the experimental points are the s.e.m. and those for ∆Hprot and N represent the uncertainty of fit.

apparent pKa of 6.2 ± 0.1 (Fig. 7). Uptake mediated by the E148A mutant is pH independent41
(Fig. 7b), whereas the other two mutants
tested, E203Q and Y445L, maintain robust pH
dependencies28 (Fig. 7c,d). Consistent with
our hypothesis, the apparent pKa of uptake
mediated by the E203Q mutant, 6.2 ± 0.5, is
very close to that of the WT, whereas that of the
Y445L mutant is severely shifted, to 4.7 ± 0.1
(Fig. 7e,f). The strong correlation between disruption of the equilibrium coupling stoichio
metry and the apparent pKa of the half-cycle
of CLC-ec1 is consistent with our hypothesis
that Cl− binding modulates the protonation
probability of Glu148 by shifting its pKa.
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Figure 7 pH dependence of the Cl− half-cycle of CLC-ec1. (a–d) Time course of 36Cl−
uptake into proteoliposomes reconstituted with WT (a), E148A (b), E203Q (c) or Y445L (d)
CLC-ec1 as a function of pH. Black circles, pH 4.5; blue triangles, pH 5; red boxes,
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Solid lines are the fits to a single exponential or to a first-order polynomial, as discussed
in Online Methods. (e) The rate of uptake (K = 1/τ) is plotted as a function of H+
concentration. Black, WT CLC-ec1; green, E148A; blue, E203Q; red, Y445L. Solid lines
represent fits to a single-site binding curve of the form: K = A/(1+Kd/[H+]), where A is
the maximal rate. (f) Apparent pKa of the rate of 36Cl− uptake for WT CLC-ec1 and its
two mutants E203Q and Y445L. The errors represent the uncertainty of fits in e.
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On the interpretation of the stoichiometry of linked binding
The most straightforward interpretation of the 2:1 stoichiometry
of linked Cl− and H+ binding would be that our ITC experiments
report on binding to a state with two Cl− and one H+ bound (Fig. 6f).
However, in our previous work37 we described the calorimetric data
for WT CLC-ec1 with a single-site binding isotherm, whereas the
present interpretation requires binding of two Cl− ions. Our earlier
conclusion37 was based on two considerations: first, the structures

Normalized uptake

a

required to protonate Glu203 (Fig. 6b) and Glu113 (Supplementary
Table 2) is unaffected by Cl− occupancy of the pathway. Taken
together, our data suggest that in CLC-ec1, coupled transport requires
the formation of a state in which both substrates are simultaneously
bound to the transport pathway. This fully loaded state is incompa
tible with a canonical double-displacement exchange mechanism, as
this paradigm requires antagonistic substrate binding. In contrast, our
data show that transport mediated by CLC-ec1 entails the sequential
binding of at least one Cl− ion followed by protonation of Glu148.

Normalized uptake

First, the stoichiometries of transport and of linked binding coincide:
for every two Cl− ions that bind to the protein and are transported,
one proton binds and is exchanged (Fig. 2 and Supplementary Fig. 4).
Mutation of residues Glu148 and Tyr445, which directly line the
Cl− pathway, has identical effects on the stoichiometries of both transport and coupled binding (Figs. 3 and 4 and Supplementary Fig. 4).
In contrast, mutating Glu203, which lines only the H+ pathway and is
~10 Å from the Cl− pathway (Fig. 1b), disables H+ transport but leaves
coupled binding of Cl− and H+ unaltered (Fig. 5 and Supplementary
Fig. 4). Second, the enhancement of the rate of 36Cl− uptake at low
pH (Fig. 7a) implies that during the Cl− half-cycle (Fig. 1a), a H+ also
binds to CLC-ec1. Furthermore, there is a clear correlation between
the effect of mutations on the binding stoichiometry (Figs. 2–4 and
Supplementary Fig. 4) and shifts of the apparent pKa of Glu148 as
measured using the 36Cl− uptake assay (Fig. 7e,f). Third, the protonation free energy of Glu148 is exquisitely sensitive to the number of
Cl− ions bound to the pathway: double occupancy is required to
stabilize a proton bound to this residue (Fig. 6a). In contrast, the work
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Figure 6 Modulation of the free energy of
protonation of Glu148 and Glu203 by Cl −
occupancy of the anion transport pathway.
(a,b) Average protonation free energy (∆G) of
residues Glu148 (a) and Glu203 (b) calculated
for the different Cl − occupancy states of the
transport pathway shown in c–f. The free
energy values are the average of the ∆G of
protonation and deprotonation calculated
with protocols A and B (see Online Methods
and Supplementary Table 2 for the complete
list of calculations). The error bars represent
the s.e.m. of the average. For Glu148 we
considered Glu113 to be protonated, and
for Glu203 we considered no other residues
protonated. (c–f) Representative conformation
of the ion-binding region in presence of no Cl −
ions (c), one Cl− bound to Sex and Glu148
in Scen (d), one Cl− bound to Scen and Glu148
in Sex (e) or two Cl− (f) after at least 2 ns
of molecular dynamics simulations. The
Glu148 side chain is protonated in f. Cl− ions
are shown as green spheres. Only some key
hydrogen atoms are shown (white sticks).
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available at the time showed that a deprotonated Glu148 occupies Sex
(Fig. 1b) and that upon protonation, its side chain moves out of the
pathway31 (Fig. 1c); second, mutations that selectively disrupt binding
to the central site38,42 also weaken the binding affinity measured with
ITC and equilibrium dialysis37. Two new observations, however, suggest that other configurations could contribute to the heat absorbed
during our ITC experiments. First, the recently published structure
of cmCLC29 revealed a state in which the gating glutamate (Glu210
in cmCLC) occupies Scen, and a Cl− ion is bound to Sex (Fig. 1d). The
similar affinity of Cl− for the central and external sites37,43 further
complicates the distinction between Sex and Scen. Thus the binding
data could be a result of Cl− binding to CLC-ec1 in a combination of
these two states with a single Cl− ion bound (Fig. 6d,e). Second, as we
show here, Cl− binding promotes protonation of Glu148. When this
happens, binding of the Glu148 side chain to the pathway is destabilized, favoring a conformation similar to that of the E148Q mutant31
(Fig. 1c). Therefore, we propose that at least part of the heat detected
in our ITC experiments could arise from a state with two Cl− and one
H+ bound. The main objection to this hypothesis is that Cl− binds to
the E148A and E148Q mutants with a Kd of ~15 µM, rather than the
Kd of ~700 µM seen for the WT protein37 (Table 1). However, these
mutants are imperfect mimics of the protonated state of the gating
glutamate, as they cannot give up the proton and become charged.
In these mutants the glutamate side chain either is absent (E148A)
or does not bind to the pathway (E148Q), even when Cl− is absent43.
In contrast, in the WT protein the Glu148 side chain competes with
the Cl− ions for both Scen and Sex. This competition is likely to lower
the affinity of Cl− for those sites. In other words, in the WT protein
the glutamate side chain acts as a tethered anion that competes with
Cl− and lowers its affinity. Thus, we propose that the high Cl− affinity
of the E148A and E148Q mutants arises from the lack of competition
with the Glu148 side chain. This hypothesis offers a structural interpretation of the otherwise puzzling observation that these mutants
have a high affinity for Cl− even though their structures are nearly
superimposable with that of the WT protein31.
The observed 2:1 stoichiometry of Cl−-H+ linked binding could
arise through three scenarios: (i) Cl− binding to both single-ion
occupancy states (Fig. 6d,e) increases the protonation probability of
Glu148 by ~50%; (ii) Cl− binding to one of the single-ion occupancy
states favors protonation of Glu148, whereas binding to the other
state does not; (iii) our ITC experiments report on binding to a state
with two Cl− ions and one H+ bound (Fig. 6f). Our data suggest that
protonation of Glu148 is unfavorable with no ions in the transport
pathway, favored by binding of a Cl− ion to Scen and greatly stabilized
by a second Cl− in Sex. In contrast, protonation of the Glu148 side
chain bound to S cen remains unfavorable, regardless of whether S ex
is occupied by a Cl− ion or not. Thus, we can rule out the first mechanism, as the two single-occupancy states have a very different impact
on the protonation probability of Glu148. In contrast, our data suggest
that both the second and third scenarios contribute to the measured
2:1 stoichiometry of linked binding. Finally, these results highlight
the crucial role of Cl− binding to S cen in the coupling mechanism,
consistent with previous experimental observations38,42.
Relationship between coupled substrate binding and exchange
Our results have several implications for the transport mechanism
of CLC-ec1 and, most probably, for all CLC transporters. One of the
fundamental characteristics of the CLC exchangers is that they maintain a constant exchange stoichiometry of two Cl− for one H+, even
though these proteins operate in a wide pH range (2–7) and have
turnover rates ranging from 10 s−1 to nearly 105 s−1 (refs. 30,39).
530
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This characteristic is essential to allow these transporters to fulfill
their physiological function: loss of H+ coupling leads to disease-like
phenotypes in mouse models33. Recently, it has been proposed that
coupling in the CLCs is kinetic29 rather than a result of the coordinated
conformational changes of two gates, as it is in other transporters. In
this model, the authors postulated that a high energy barrier slows
down Cl− movement between the central and internal binding sites so
that, on average, two Cl− ions transit per protonation or deprotonation event of Glu148. This argument, however, predicts that an acidic
pH should degrade coupling, which is not observed in CLC-ec1 for
pH values as low as 3 (refs. 22,41) or in CLC-5 at pH values as low as 5
(ref. 23). Furthermore, in CLC-ec1 and CLC-5 (ref. 32) the apparent pKa of the external glutamate (Glu148 in CLC-ec1) is shifted by
nearly two pH units, to ~6.2–6.5 (Fig. 7), so that its average protonated lifetime is ~10−4 s, assuming that the proton association rate
is ~1010 M−1 s−1 (refs. 29,44). Thus, to prevent substantial slippage, the
maximal transport rate of these proteins should be less than 102 s−1
(ref. 32), which is one-tenth to one-thousandth of their measured
transport rates30,39.
Our data offer an alternative, or complementary, mechanism to
this kinetic model: that the 2:1 transport stoichiometry arises from
the energetic requirement that two Cl− ions bind to the transport
pathway to lower the free energy barrier for protonation of Glu148.
This coupling mechanism allows the stoichiometry of transport to
remain constant in all CLC transporters, provided they share some
basic characteristics, such as a glutamate at position 148, two conserved Cl− binding sites and a network of hydrogen bonds that shield
Glu148 from extra- and intracellular protons. Therefore, we propose
that the stoichiometry of transport is hardwired into all CLC transporters by two conserved features: the energetic interactions between
substrates bound to the protein and the structure of the CLC transport
pathway. Our proposed mechanism also predicts and explains the
observation that a reduction of anion binding affinity, through either
mutagenesis38 or substrate substitution42,45, leads to degraded stoichio
metry of binding and of transport. We speculate that the extremely
degraded H+/Cl− coupling revealed by the irreversible gating of the
CLC-0 channel46,47 could result, at least in part, from the weakened
Cl− binding affinity of these proteins48. In other words, channels need
to bind substrate weakly to sustain high rates of conduction, but this
weak binding impairs the energetic coupling of Cl− to protonation of
the external glutamate.
We propose that the high free energy barrier that, in the absence of
bound Cl−, prevents protons from reaching the carboxyl side chain
of Glu148, is a key mechanistic feature that allows CLC-ec1 to maintain coupling and presumably to preserve its proper function even at
very low pH22,41. The absence of such a barrier would allow unhindered H+ access to Glu148, leading to nearly permanent protonation
of this residue in extreme acidic conditions, such as those found in
the stomach40. This almost constitutive protonation would lead to a
constitutively open Cl− pathway, which would result in uncoupled
Cl− transport. In contrast, the tight regulation of the protonation
probability of Glu148 by the Cl− occupancy of the translocation pathway prevents this potentially lethal occurrence: protonation of Glu148
is permitted and stabilized by occupancy of the pathway by two
Cl− ions and is destabilized by Cl− unbinding. Thus, during transport,
binding of two Cl− ions will induce protonation of Glu148, giving
rise to a fully loaded protein state. Unbinding of Cl − will destabilize
the H+ bound to Glu148, causing its deprotonation, thus promoting
closure of the transport pathway and preventing uncoupling. It is
possible that in some CLC transporters the free energy barrier that
prevents protonation of the external glutamate when the pathway is
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unoccupied by anions is lower than the one we found in CLC-ec1.
This would allow these CLC transporters to become uncoupled when
exposed to an acidic environment, as was recently documented for
CLC-3 (ref. 49).
Our results suggest that in the CLC transporters, stoichiometric
coupling of the substrates arises from the direct energetic interactions between the bound ions and the protein rather than, as previously proposed, from kinetic steps. Thus, in the CLC exchangers the
stoichiometry of transport appears to be uniquely determined by the
thermodynamics of synergistic substrate binding.
Methods
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.
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Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Protein purification. Expression and purification of CLC-ec1 was performed
according to published protocols28,38,41. The protein was run on a Superdex
200 column (GE Healthcare) pre-equilibrated in 100 mM Na-K-tartrate, 5 mM
n-decyl-β-d-maltoside (DM) and 20 mM Tris (buffer RT), HEPES (buffer RH)
or phosphate–H2SO4 (buffer RP), pH 7.5. Salts and buffers were purchased from
Sigma and DM was purchased from Anatrace.
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Binding measurements with isothermal titration calorimetry. ITC measurements were performed using either a VP-ITC or an ITC200 Titration Calorimeter
(Microcal, Inc.) or a Nano ITC (TA Instruments). The thermodynamic parameters
of binding measured with the three machines were comparable in all tested cases.
Protein was concentrated to 80–180 µM and added to the experimental chamber.
The injection syringe was filled with the appropriate buffer (RT, RH or RP),
to which 5–100 mM of KCl was added based on the desired final molar ratio of
injectant to CLC-ec1. Each experiment consisted of 20–35 injections into the
experimental chamber of 1–10 µl of the ligand solution at 3–4 min intervals. The
experimental chamber was kept under constant stirring at 350 r.p.m. at 25.0 ± 0.1 °C.
All solutions were filtered and degassed before use. The protein was extensively
dialyzed between runs and re-used.
Fitting ITC data. Fits were performed using the same procedure as described37.
Briefly, the dilution heats of the protein and of the salt were determined independently and subtracted from each experiment. The data were fit to the Wiseman
isotherm using the Origin ITC analysis package or the NanoAnalyze program
from TA Instruments. The different shapes of the ITC curves are due to the different affinities of Cl− for WT and mutant CLC-ec1 variants37. The general shape of
an ITC curve is determined by the value of the product of the association constant
and the receptor concentration, called the c value50. When c > 5, the curve takes a
characteristic sigmoid shape; when c < 5, the curve becomes progressively more
hyperbolic. For WT CLC-ec1 and the E203Q and Y445L mutants, c < 1, so the
curves are hyperbolic. In contrast, the E148A mutant has a higher affinity for
Cl−, so that c ~ 9 and the curve is sigmoidal. The enthalpy of ionization of the
various buffers, ∆Hbuff, was determined experimentally (Supplementary Table 1)
following established protocols51.
Cl− uptake measurements. Measurements were carried out as previously
described41,52. Individual uptake time courses were fitted to a saturating single
exponential function of the form C(t) = aM × (1−exp(−t/τ), where C(t) represents the fractional counts at time t, aM is the maximum fraction of radioactivity
trapped, t is time and τ is the time constant of uptake. Individual time courses
were normalized to aM to yield the normalized uptake and averaged among different experiments. In some cases the time course of uptake was very slow and
a fit with an exponential was inappropriate. In these cases we fit the data to
C(t) = aM × t/τ and aM was kept fixed to the averaged value measured at pH values
at which saturation could be reached, as the trapped volume does not depend on
the pH of reconstitution41.
Mutagenesis. All mutagenesis was carried out with the QuikChange method
(Stratagene) and the mutated genes fully sequenced.
Free energy calculations. The molecular systems used for the calculations were
assembled using the CHARMM-GUI web service53. All systems comprise the
ClC-ec1 dimer (PDB: 1OTS31) embedded in a bilayer composed of 242 dimystoylphosphatidylcholine (DMPC) lipid molecules and solvated by a ~150-mM
KCl solution. The systems were equilibrated according to the different protonation and ion occupancy states listed in Supplementary Table 2. In the two-ion
state (Fig. 6f), both the central (Scen) and external (Sext) binding sites are occupied
by Cl−, whereas in the single-ion states (Fig. 6d,e), Scen and Sex are alternatively
occupied by an ion. No restraint was applied to the glutamate residues during
equilibration. The side chain of Glu148 spontaneously moves from Sext to Scen
when no Cl− is present in the pore (Fig. 6c). An N-acetyl-Glu-(N′)-methylamide
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dipeptide was placed in solution, away from the membrane, and serves as a proton
donor or acceptor. The reported free energy differences thus correspond to the
work done to transfer a proton between this solvated dipeptide and a glutamate
residue in the protein. Two different protocols (A and B) were used for the staged
free energy perturbation calculations: protocol A, ∆λ of 0.1, 11 windows, 20 ps
per window, including 2 ps of equilibration; protocol B, ∆λ of 0.05, 21 windows,
50 ps per window, including 10 ps of equilibration, where λ is a scaling factor
from 0 to l which represents the state of the system. In the calculations for the
protonation reaction, λ = 0 corresponds to the state where the proton is on the
solvated dipeptide and λ = 1 corresponds to the state in which the glutamate in
the protein is protonated. In the calculations for the deprotonation reaction, the
states are exchanged. Simulations were performed using the PERT module of the
CHARMM software54 with the PARAM27 force field55. All simulation parameters
were as described elsewhere for other membrane systems56. The free energy difference between the end states was obtained by combining sampling from forward
and backward simulations using the WHAM module57 of CHARMM, which is in
all point equivalent to the more recently popularized multistate Bennett acceptance ratio (MBAR) approach58. According to the MBAR analysis, the forward
and backward perturbations are not required to give the same results for the
final calculated free energy difference to be reliable. They are complementary
in providing information on different portion of the configuration space59. The
forward and backward results are nevertheless reported in Supplementary Table 2,
as they provide further information on the stability of the end states.
Unless otherwise stated, we used for the protonatable residues their natural
protonation state at pH 7, which is a value close to that used in the ITC experiments. This assumption is consistent with previous work60 that showed that only
Glu148, Glu113 and Glu203 have severely shifted pKa values. It is worth noting
that protonation of Glu203 when Glu113 is already protonated sometime leads
to diverging results. In general, when Glu113 is protonated, the two residues
form a hydrogen bond, which impedes the protonation of Glu203. However,
the two residues can occasionally be linked by one or more water molecules. In
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