
SHORT COMMUNICATION

Proton Pathways and Hþ/Cl� Stoichiometry in Bacterial
Chloride Transporters

Zhifeng Kuang, Uma Mahankali, and Thomas L. Beck*

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221-0172

ABSTRACT Hþ/Cl� antiport behavior has
recently been observed in bacterial chloride chan-
nel homologs and eukaryotic CLC-family proteins.
The detailed molecular-level mechanism driving
the stoichiometric exchange is unknown. In the
bacterial structure, experiments and modeling
studies have identified two acidic residues, E148
and E203, as key sites along the proton pathway.
The E148 residue is a major component of the fast
gate, and it occupies a site crucial for both Hþ and
Cl� transport. E203 is located on the intracellular
side of the protein; it is vital for Hþ, but not Cl�,
transport. This suggests two independent ion
transit pathways for Hþ and Cl� on the intracellu-
lar side of the transporter. Previously, we utilized
a new pore-searching algorithm, TransPath, to
predict Cl� and Hþ ion pathways in the bacterial
ClC channel homolog, focusing on proton access
from the extracellular solution. Here we employ
the TransPath method and molecular dynamics
simulations to explore Hþ pathways linking E148
and E203 in the presence of Cl� ions located at the
experimentally observed binding sites in the pore.
A conclusion is that Cl� ions are required at both
the intracellular (Sint) and central (Scen) binding
sites in order to create an electrostatically favor-
able Hþ pathway linking E148 and E203; this elec-
trostatic coupling is likely related to the observed
1Hþ/2Cl� stoichiometry of the antiporter. In addi-
tion, we suggest that a tyrosine residue side
chain (Y445), located near the Cl� ion binding site
at Scen, is involved in proton transport between
E148 and E203. Proteins 2007;68:26–33. VVC 2007

Wiley-Liss, Inc.
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INTRODUCTION

The prediction of the double-barreled structure of chlo-
ride channels based on physiological measurements1,2

was recently confirmed by the X-ray structure determi-
nation of bacterial CLC family homologs.3 The observed

homodimeric structure is complex, exhibiting an array of
widely oriented a-helices that create an hourglass struc-
ture. The intracellular and extracellular vestibules are
separated by a narrow 15 Å filter region. The filter is
strongly electropositive.4 The N-terminal domains of sev-
eral of the helices, in an antiparallel arrangement, point
toward the Cl� ion pore so as to create the electroposi-
tive potential. The crystal structure includes anions
bound at a central site in the filter, Scen, and an internal
site, Sint, near the intracellular entrance to the filter. A
third binding site, Sext, is occupied either by the gating
residue E148 in the closed state or an anion when the
gate is mutated and has moved to an open position.5 For
the open state, structural studies suggest that all three
anion ion binding sites can be simultaneously occupied.6

Sequence alignment and homology modeling have led
to helpful analogies between the prokaryotic and eukary-
otic CLC proteins.3,7–12 Recently, however, the initial
view that the bacterial structure might provide direct
understanding of eukaryotic chloride channel function
was challenged by the discovery of stoichiometric 1Hþ/
2Cl� exchange behavior in the bacterial homologs.13 To
further blur the boundaries between the chloride chan-
nels and antiporters, Hþ/Cl� exchange behavior has now
been detected in the eukaryotic ClC-4 and ClC-5 family
members.14–16 Finally, functional importance of the chlo-
ride transporters has been demonstrated for nitrate
accumulation in plant vacuoles.17

The accumulating experimental and modeling evidence
indicates that channels like ClC-0 and transporters such
as EcClC, ClC-4, and ClC-5 share many common fea-
tures, but also contain targeted changes that convert the
transporter into a channel.18 The bacterial E148 gating
residue is conserved throughout the entire family (except
the ClC-K channel).3 This residue is located near the
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extracellular exit of the selectivity filter, and acts as a
fast gate. Residues homologous to EcClC E203, however,
appear only in the transporter class.19 This suggests
that E203 is crucial for proton transport, but not for
chloride permeation. E203 is located toward the intracel-
lular side of the protein, but is not fully exposed to the
aqueous vestibule. Separate pathways for Cl� and Hþ

motion were previously suggested based on our pore-
searching algorithm, TransPath, which probes geometri-
cally and electrostatically favorable pathways for ion
motion through membrane proteins.4 The possible impor-
tance of the E203 residue for proton motion across the
transporter was noted, and experiments have shown
that mutation of the E203 residue abolishes proton
transport.19

In this Short Communication, we utilize the Trans-
Path algorithm to explore possible proton pathways link-
ing the two key acidic residues E148 and E203. We pres-
ent the radius and electrostatic potential profiles for two
possible pathways linking the E148 and E203 proton
binding sites. The potential profile is also examined for
four cases of chloride ion configurations in the pore: no
chloride ions, one chloride ion at the internal binding
site Sint, one chloride ion at the central binding site Scen,
and two chloride ions located at Scen and Sint. We find
that chloride ions are required at both binding sites to
create an electronegative proton pathway linking E148
and E203. This electrostatic coupling may be a major
factor determining the observed 1Hþ/2Cl� stoichiometry
of the transporter. In addition, a tyrosine residue (Y445),
whose side chain is located near a chloride ion binding
site (Scen), is suggested to be involved in proton trans-
port. Preliminary molecular dynamics simulations are
also carried out to investigate E148 gate opening free
energies. A possible exchange mechanism is outlined
that is consistent with experiment, electrostatic model-
ing, and molecular dynamics simulations (see the Added
Notes at the end).

METHODS

The prediction of ion permeation pathways can be
attempted at various levels of detail. Molecular dynam-
ics,7,12,20–23 Brownian dynamics,8,12 and Monte Carlo24

simulation methods have been employed to study aspects
of ion motion through chloride channels and their homo-
logs. While these techniques provide a high level of mo-
lecular detail, they are limited by time and length scales
due to the high computational overhead. In addition,
even though theoretical techniques are available to
model proton motion in water and through proteins,
accurate dynamical modeling of proton motion presents
an even higher level of computational complexity than
standard molecular dynamics simulations.25,26

To examine possible proton pathways, here we employ
a coarser-level description. Given the input of an X-ray
crystal structure, we solve the Poisson equation at the
continuum dielectric level using a multigrid numerical
technique.27 This potential is then used as input to our

search algorithm, TransPath.4 This algorithm employs
a biased Monte Carlo method to exhaustively sample
possible ion permeation pathways through the protein
structure. The penalty function in the searching contains
terms which drive the sampling into regions of favorable
geometry (open space) and electrostatic potential for ions
of a given charge. We emphasize that explicit physical
ions are not included in the modeling; rather, the algo-
rithm searches for the cavity of maximum size once the
guided trajectories have sampled electrostatically favor-
able domains. Trajectories that make their way out of
the protein into the intracellular or extracellular spaces
are saved and analyzed. Once successful exiting trajecto-
ries are located, the paths are optimized to maximize the
available free space. The outputs of TransPath are path
coordinates, radius profile, potential profile (the poten-
tial due to the protein), and pore-lining residues. Of
course an infinity of paths are possible during the sto-
chastic process of ion transport through the protein; this
algorithm yields a guide as to the important domains.
Further details can be found in Ref. 4 and in an article
by Kuang Z, Liu A, and Beck TL (TransPath: a computa-
tional method to study the ion transit pathways in mem-
brane channels, article in preparation).

The method is robust, and has been tested on several
channels, including the gramicidin and potassium chan-
nels, in addition to the chloride transporter results pre-
sented here and elsewhere. Given a protein structure,
the method consistently locates the same pathway or set
of potential pathways for ions of a given charge. Place-
ment of specific waters in a given pore can potentially
block a given pathway during searching due to geometric
effects; the purpose of this work is to explore electro-
statically favorable regions, generated by the protein
structure, for proton motion. Specific molecular aspects
of proton motion through the transporter will be the sub-
ject of future work. The importance of electrostatic driv-
ing forces for proton motion through channels has been
emphasized previously.28,29

For the searching process, we assumed dielectric con-
stants of e ¼ 4 for the protein and e ¼ 80 for water. Pro-
tein partial charges were obtained from the CHARM22
force field.30 An acidic residue near E203, E113, was
neutralized based on previous electrostatics modeling of
pKa shifts.31 Using the TransPath method,4 we searched
for viable pathways for proton motion between the E148
and E203 residues. The closest distance between the
E148 (OE1 carboxylate oxygen) and E203 (OE2 carboxy-
late oxygen) side chains in the crystal structure is 12.8
Å (Fig. 1). The z direction is taken as normal to the
plane of the membrane. The z locations of several key
sites are as follows: Sint (z ¼ �8.4 Å), Scen (z ¼ �2.8 Å),
Sext/E148 (closed) (z ¼ 1.2 Å), and E203 (z ¼ �9.0 Å for
the OE2 carboxylate oxygen). The TransPath searching
was performed on the PDB 1OTS structure, which corre-
sponds to the closed wild-type structure, and the E148
side chain was assumed charged during the searching.
The initial TransPath searching was performed with no
chloride ions in the pore; subsequently, the searching
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was done with chloride ions at the Sint and Scen sites,
and the same two prototype pathways were found.
Molecular dynamics simulations were performed with

the NAMD code32 (CHARMM22 force field and TIP3P
water model30). The X-ray structure (Protein Data Bank
code: 1OTS) of the EcClC transporter reveals a dimer in
a rhombus shape, with major and minor diagonals of 100
and 55 Å, respectively. The E148 side chain is located
more than 15 Å from any membrane atoms; to reduce
the computational cost, the membrane was thus replaced
with a model rigid membrane of nonpolar atoms. The ra-
dius of these nonpolar atoms was set at 2.5 Å and the
parameters for the nonbonded interactions were adjusted
to prevent water penetration, and to generate a physi-
cally reasonable density of water molecules at the mem-
brane–water interface. The protein-membrane system
was immersed in a water box and 48 Naþ and 58 Cl�

ions were added to neutralize the total charge and to

yield a net ion concentration of roughly 150 mM. Water
molecules were added to protein cavities with the
DOWSER program.33 The initial EcClC protein system
was minimized for 1500 steps and then equilibrated for
200 ps with the protein fixed, followed by 5 ns equilibra-
tion with the protein free to move. The protonated E148
residue was generated following the equilibration period.
A timestep of 2 fs was employed, Langevin dynamics
was used to maintain a temperature of 300 K, and the
particle-mesh-Ewald algorithm34 was utilized for the
long-ranged electrostatic interactions. All missing atoms
of the resolved residues in the structure were added
with CHARMM utilities.30 The missing residues in the
termini of the structure were not reconstructed since
they reside in the cytoplasmic solution far from the
interesting pore region.

The free energy profile for gate opening was calculated
using the Adaptive Biasing Force method35 in the NAMD
code.32 The dihedral angle CA-CB-CG-CD (starting with
the a-carbon of the E148 side chain) was the chosen coor-
dinate for the opening process. The dihedral angle was
sampled through a 1608 range in windows of 58. Each
angular window was sampled for 150 ps.

RESULTS

Two prototype proton pathways were located in the
regions connecting the E148 and E203 residues, here la-
beled P1 and P2. Figure 1 displays the pathways, viewed
from the dimer interface of the EcClC (1OTS) structure
to enhance the visualization. We will describe the path-
ways proceeding from the negative z regions near E203
to the oxygen atoms of the E148 carboxylate, which are
at slightly positive z values. This orientation is assumed
here to conform to the orientation of the figures. As will
be seen in the radius profile below, the P1 path near the
E203 residue has a radius large enough to accommodate
up to three water molecules. The first water at the bot-
tom of Figure 1 appears in the crystal structure, and we
have labeled two other possible water binding sites along
the path. After leaving the location of the third water
molecule shown in Figure 1, the P1 path then continues
through the protein, ending some distance from the
E148 gate. Therefore, we conclude the upper portion of
this pathway is likely not involved in proton transport.
The other located path, P2, proceeds from E203 directly
along the aromatic ring of the Y445 side chain, past the
Y445 OH group, and toward the Scen chloride ion binding
site. Y445, along with S107, binds a chloride ion at the
Scen site in the crystal structure. The path passes very
near the Scen chloride ion location, and then heads
directly toward the E148 oxygens along the chloride ion
pore. Besides the S107 and Y445 residues, the pathways
are devoid of possible protein hydrogen-bonded-chain
sites for protons as they pass between E148 and E203.

Figure 2(a) displays the radius profiles for the P1 and
P2 proton paths. As discussed above, the P1 path exhib-
its a larger radius profile in the low-z regions compared

Fig. 1. The two proton transit pathways (P1-dark red, P2-black).
The Sint and Scen binding sites are displayed; the third anion binding
site at Sext is located at the site occupied by the E148 side chain
(closed configuration) in this figure. The paths are viewed from the
dimer interface. Based on the radius profile of P1, three water mole-
cules (tan spheres, z ¼ �8.8 Å, z ¼ �6.3 Å, and z ¼ �4.3 Å) were
placed in the pore. The water at z ¼ �8.8 Å is resolved in the X-ray
structure. The possible water wire is along the three displayed waters.
Distances are indicated on the figure. The figure was generated with
the PYMOL program.
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with the P2 path. The crystal water displayed in Figure 1
is located at z ¼ �8.8 Å, and the radius profile is large
enough to possibly accommodate two more water mole-
cules, at z ¼ �6.3 and �4.3 Å locations, before a reduc-
tion in pore radius occurs. The three potential water
locations discussed here appear as small peaks in the ra-
dius profile. The P2 path exhibits a significantly smaller
radius between z ¼ �10 and z ¼ �4 Å, except for a peak
at roughly z ¼ �8.5 Å. That location may also potentially
accommodate a water molecule. The large peak in the
radius profile of the P2 path between z ¼ �2 and z ¼ �3 Å
is due to the chloride ion at the Scen binding site in the
crystal structure.
The potential profiles in the absence of any chloride

ions in the filter are displayed in Figure 2(b). Both pro-
files exhibit large positive barriers to proton propagation
between E148 and E203. This implies that protons will
not move between E148 and E203 in the absence of chlo-
ride ions in the pore. Figure 2(c,d) displays the potential
profiles for the P1 [Fig. 2(c)] and P2 [Fig. 2(d)] paths in
the presence of chloride ions in the filter region. It is

clear from both potential profiles that, for the z < �5 Å
region, chloride ions are required at the Sint and Scen

binding sites to create an electronegative potential. Also,
the Scen chloride ion has a larger effect on the potential
profile than the Sint chloride ion. The very large, nega-
tive potential centered at z ¼ �3 Å in Figure 2(d) is due
to the chloride ion at the Scen binding site. In addition,
we plot the potential profile for the case where the E203
residue is protonated, and a large positive lobe appears
near z ¼ �9 to �10 Å, indicating that a proton would be
repelled from the region around E203 should that resi-
due be protonated.

Further TransPath calculations were performed to
examine the impact of protonation of the E148 gate on
the anion energetics through the pore. In Figure 3, we
show the computed potential profiles along the anion
pathway for the unprotonated and protonated states of
the closed E148 gate (the anion electrostatic energy due
to the protein potential is minus the values shown). Fig-
ure 3(a) displays the two potential profiles with the Sint

site empty. It is clear that protonation of the E148 gate

Fig. 2. (a) The radius profiles for the P1 and P2 paths. (b) The potential profiles for the P1 and P2 paths
in the absence of anions in the pore. (c) The potential profiles for P1 path for the cases: one anion at Sint,
one anion at Scen, anions at both Sint and Scen with E203 protonated, and anions at both Sint and Scen with
E203 unprotonated. (d) The potential profiles for the P2 path for the cases: one anion at Sint, one anion at
Scen, anions at both Sint and Scen with E203 protonated, and anions at both Sint and Scen with E203 unproto-
nated. The z locations of key sites are as follows: z(Scen) ¼ �2.8 Å, z(Sint) ¼ �8.4 Å, z(E203-OE2) ¼ �9.0 Å,
and z(E148-OE1) ¼ 1.2 Å.
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leads to a more favorable potential for the anion located
at Scen. Also, the electrostatic barrier for anion motion
from the Scen site toward Sext site is reduced from
roughly 10 kcal/mol to 5.6 kcal/mol upon protonation. In
Figure 3(b), the potential profiles for the unprotonated
and protonated E148 cases are presented in the presence
of a chloride ion at the Sint binding site. The electrostatic
barrier for motion of an ion at Scen moving toward Sext is
8.3 kcal/mol for the unprotonated E148 case and reduced
to 3.9 kcal/mol when the gate is protonated. The corre-
sponding potential profiles for the E148Q (open) mutant
are presented in our previous article.4 These results
from simple electrostatics calculations are consistent
with recent molecular dynamics simulations,21,23 which
implicate an ion-push-ion reduction in the free energy
barrier for anion permeation.
In related work, we have utilized molecular dynamics

simulations to compute the free energy profile for open-
ing of the E148 gate in both the protonated and unproto-
nated forms, and in the absence of the ion-push-ion force
discussed above (the Sint site was unoccupied and the
Scen site was occupied for this initial simulation; Mahan-
kali U, Beck TL. Free energy profiles for fast gate open-
ing in bacterial ClC transporters, in preparation). A free
energy profile with roughly a 10 kcal/mol barrier for
rotation of the E148 dihedral angle toward the open
state was calculated for the protonated form, with a 5
kcal/mol increase in the barrier for the unprotonated
form. Only a very shallow well was observed for the
open conformation. This finding is consistent with the
discussion of Lobet and Dutzler,6 who noted that it has
not been possible to obtain a crystal structure for the
open state in the wild-type EcClC transporter; they sug-
gested that the open state may not exhibit a deep free
energy minimum. We are currently examining the gate

opening free energy profile with both Sint and Scen sites
occupied with chloride ions to probe the impact of the
Sint ion via the ion-push-ion effect. This presumably low-
ers the free energy barrier for gate opening by exertion
of an asymmetric force on the E148 side chain.21 These
results, along with the electrostatic modeling, indicate
that protonation of the E148 gate stimulates opening
and conduction of anions through the pore on relatively
rapid time scales.

DISCUSSION

Based on the TransPath searching results, we located
two possible pathways for proton propagation between
E148 and E203. Both of these pathways require chloride
ion occupancy at the Sint and Scen binding sites to create
an electronegative conduit between the E148 and E203
residues. The Scen anion has a more dominant effect on
the potential profile than the Sint anion. We suggest that
this electrostatic coupling provides a clue to the stoichi-
ometry of the transporter. In the following discussion,
we will assume that the proton starts from the proto-
nated state of the E148 residue and proceeds to propa-
gate toward the E203 residue. The transporter functions
in both directions.13

The most likely pathway leaving the E148 residue is
the P2 path that heads directly toward the Scen binding
site. Because of the strong positive potential in the filter
region, the Scen binding site has a high probability of
chloride ion occupancy, and the proton will be strongly
attracted in the direction of Scen once that site is occu-
pied [Fig. 2(d)]. At this point, the TransPath searching
suggests either of two possible pathways. The first, along
P1, consists of a water wire located near and perhaps
oriented by the Y445 residue, and the second, P2, moves

Fig. 3. Potentials profiles along the anion pathway: (a) potential profiles with no anions in the pore. The
top dashed curve is for the protonated E148 gate, and the bottom solid curve is for the unprotonated E148
gate. The electrostatic barrier faced by an anion sitting at the Scen binding site moving toward the Sext site
is roughly 5.6 kcal/mol for the protonated E148 case, and 10 kcal/mol for the unprotonated E148 gate. (b)
potential profiles with a chloride ion located at the Sint binding site. The top dashed curve is for the proto-
nated E148 gate, and the bottom solid curve is for the unprotonated E148 gate. The electrostatic barrier
faced by an anion sitting at the Scen binding site moving toward the Sext site is roughly 3.9 kcal/mol for the
protonated E148 case, and 8.3 kcal/mol for the unprotonated E148 gate.
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in a ‘‘shortcut’’ alongside Y445, interacting directly with
the OH group and the aromatic ring. Experiments have
shown the involvement of tyrosine residues in proton
propagation through proteins,36,37 and calculations also
imply a strong interaction.38,39 Those quantum chemical
models39 indicate the possible strong binding of protons
to the aromatic ring of the tyrosine side chain. The pro-
ton affinity of a single water molecule is �160 kcal/mol
(for a water dimer, the value is about 20% larger in mag-
nitude, or roughly �190 kcal/mol),40 while the proton af-
finity of a tyrosine OH group is calculated to be �197
kcal/mol, and the values for binding to the aromatic ring
range between �187 and �209 kcal/mol.38

Since both of the pathways pass near the Y445 resi-
due, we thus propose that Y445 is an important partici-
pant in proton propagation. This residue has been
mutated in physiological studies of eukaryotic chloride
channels,41,42 but not in the bacterial19 or eukaryotic
ClC-4,5 transporters (see Added Notes at the end).14,15

For the channels, mutation of the Y445 homolog had lit-
tle effect on chloride ion transport. Our proposal here is
that this residue, while not essential for chloride ion
propagation, may be crucial for proton movement
through the protein.
Although many possible scenarios could be imagined

to rationalize the transporter mechanism, we suggest a
sequence of steps that is consistent with experiment,
previous modeling and simulations, and the results pre-
sented here. The net movement is of two chloride ions
from the pore into the extracellular space, and one pro-
ton from the E148 gate to the intracellular region,
including a stop at the E203 residue.
The initial step in this model is protonation of the E148

gate in the closed configuration. The E148 gate open prob-
ability is strongly dependent on pH in ClC channels,43

and mutation of this residue abolishes proton activity in
the transporters.19 In the closed state and in the absence
of nearby chloride ions, the pKa shift of the E148 residue
is large and negative.44 The prediction of protonation equi-
librium for this residue is highly sensitive to the assumed
protein dielectric constant in continuum models, but it is
clear from those previous calculations that chloride ions in
close proximity to E148 are required to shift the pKa into
the experimentally observed range. Electrostatics calcula-
tions4,31 and molecular dynamics simulations23 indicate a
relatively weak chloride ion binding site, Sbs, on the
extracellular side of the E148 gate. The electrostatic well
is created by the R147 residue (and perhaps other basic
residues31) situated just outside the entrance to the pore.
An Sbs anion is not observed in the crystal structures,6

but this would not be expected since it is located in the
aqueous vestibule. The other nearby chloride ion occupies
the Scen binding site, roughly 4 Å from the E148 side
chain. These previous protonation calculations thus sug-
gest that such a ‘‘chloride sandwich’’ configuration is nec-
essary to stimulate protonation of E148.
As discussed above, electrostatics calculations and mo-

lecular dynamics simulations of the gating process indi-
cate that, if the E148 gate is protonated, the barrier to

gate opening is not large, and it thus opens on a fairly
rapid time scale. The barrier to anion permeation, once
the gate is protonated, is on the order of only 4 kcal/mol,
and thus the chloride ion at Scen moves toward the
slightly more stable Sext position. While the Sext site is
occupied, the gate will stay open and protonated due to
the close proximity of chloride ions. This is the chloride
conduction stage of the proposed mechanism, and X-ray
crystallography studies6 on mutant transporters indicate
the pore can be simultaneously occupied with up to 3
anions (at Sint, Scen, and Sext; there is no corresponding
structure for the wild-type transporter, however). On av-
erage, two chloride ions exit the pore, those initially
located at Sint and Scen. Because of the apparent down-
hill free energy profile for the protonated E148 gate clos-
ing, vacancy of the Sext site leads to gate closing.

In our model, the next step in the exchange cycle is
release of the proton from E148 at the Sext site. Presum-
ably the Sint and Scen sites refill with chloride ions from
the intracellular solution at some point during the chlo-
ride conduction phase. The chloride ion at the Scen bind-
ing site creates a strong electrostatic attraction for the
proton as it leaves the E148 residue [Fig. 2(d)]. Since we
rationalized the protonation of the E148 side chain based
on Scen (and Sbs) occupancy, this may seem like a contra-
diction. The experimentally estimated pKa of the E148
homolog in a ClC channel43 is, however, roughly 5.3, so
it is likely the chloride ion occupancy merely shifts the
E148 pKa into a range into one which allows for rela-
tively frequent protonation/deprotonation events. As the
proton is released and approaches the Scen chloride ion,
it is then also in the vicinity of the S107 and Y445 resi-
dues. Since mutation of the Y445 homolog in chloride
channels has only a minor effect on anion conductance,
we suggest that an important role of the Y445 residue is
to mediate proton propagation either through stabilizing
a proton wire (P1) or through a direct interaction with
the aromatic ring (P2). The persistence of the Y445 hom-
olog in eukaryotic channels may be an evolutionary rem-
nant along the lines of the ’degraded transporter’ picture
of Miller.18 Along these lines, we also note the relatively
close proximity of the F357 side chain to the P2 path,
between the Sext and Scen binding sites.

The proton then proceeds to the E203 side chain along
a path made electrostatically favorable by the chloride
ions occupying the Sint and Scen binding sites. As dis-
cussed above, there appear to be two possible pathways,
one along a water wire that may be oriented by the
Y445 side chain, and one interacting more directly with
the aromatic ring. The final step of this proposed cycle is
release of the proton from the E203 residue. This release
is likely linked either to one of two causes: depletion of
chloride ions from the Sint and Scen sites at the begin-
ning of the next transport cycle (leading to a pKa shift of
the E203 side chain), or to the formation of a salt bridge
of E203 with a basic residue. Accardi and Miller19 found
that mutation of R28 (from the other monomer) did not
abolish proton transport, but we have observed motion of
the K216 residue (also from the other monomer) into
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close proximity of the E203 residue during molecular dy-
namics simulations.

CONCLUSIONS

This paper has presented modeling studies of the bac-
terial chloride transporter, aimed at gaining a glimpse at
the mechanism of proton/chloride antiport. Two main
conclusions follow from the electrostatic picture pre-
sented here. First, passage of a proton between the E148
and E203 residues is intimately coupled with chloride
ion occupancy at the Sint and Scen binding sites in the
pore, with the Scen ion playing a more prominent role.
Second, two possible proton paths located utilizing the
TransPath algorithm both pass near the Y445 side
chain, which is located near the Scen binding site. Muta-
tion of this side chain does not significantly alter chlo-
ride ion conduction in eukaryotic channels, and we pro-
pose that Y445 is a residue along the proton path in a
manner consistent with other discussions of the role of
tyrosine in proton propagation through proteins.36,37

Since there are no other hydrogen-bonding residue side
chains (besides S107) in the vicinity of the predicted pro-
ton paths, we suggest the Y445 residue itself and/or a
possible water wire next to Y445 are important for pro-
ton migration between E148 and E203.
Future work will focus on detailed molecular dynamics

and quantum chemical studies of the free energy (and
protonation equilibrium) characteristics of each of the
steps in the mechanism proposed above. Efficient meth-
ods for calculating the absolute hydration free energies
for ions in solution have been developed recently (Feng
G, Beck TL, Pratt LR. Efficient and accurate computa-
tions of electrostatic contributions to solvation free ener-
gies, in preparation);45 these methods utilize the Poten-
tial Distribution Theorem (PDT) expression for the
chemical potential. That expression includes contribu-
tions to the total chemical potential from the ideal (den-
sity dependent) term, an excess (chemical) part, and an
external field. The methods developed in our group allow
for the computation of the excess part in a single (or at
most a few) simulations, which reduces the overall cost
relative to, for example, thermodynamic integration. The
PDT approach yields a local description of the excess
chemical potential, which allows for computation of the
solvation free energy of an ion (or molecular solute gen-
erally) at any position in space. Thus potentials of mean
force (PMFs) can be readily obtained. In addition, the
free energy can be exactly partitioned into van der Waals
and electrostatic contributions, which can produce help-
ful insights into the separate driving forces for ion trans-
port. Given a standard modern force field representation,
this partitioning can be viewed as first inserting a van
der Waals particle, and then ‘‘turning on’’ the charges;
we have developed separate methods for the van der
Waals and electrostatics parts of the free energy.
Computations of accurate anion free energies are

complicated by the large polarizabilities, which may not
be accurately modeled with standard force fields;46–48

for example, the polarizabilities can lead to quite differ-
ent solvation free energies and surface activities for
chloride and bromide ions. Finally, direct simulation of
proton motion through the transporter utilizing Empiri-
cal Valence Bond (EVB) theory is a feasible option.25,26

Further experiments and these computational and theo-
retical tools should help to provide a more detailed pic-
ture of proton motion through the fascinating Hþ/Cl�

transporters.
Added notes: Just prior to completion of this article,

we became aware of a forthcoming experimental paper
by Accardi et al.49 in which the Y445 residue was
mutated and the EcClC function examined. It is clear
from that work that the hydroxyl group of Y445 is not
crucial for proton motion through the exchanger. The
mutations Y445F and Y445W preserve the Hþ/Cl�

exchange behavior of the transporter, and this may indi-
cate an important function for the aromatic ring. [Com-
putationally enacting the Y445F mutation led to only
very minor changes in the radius and potential profiles
corresponding to Figure 2(a,b) (data not shown). This
shows that the basic path structure and potential pro-
files do not change substantially with the mutation.] The
authors did note that it is possible that a water molecule
might potentially substitute at the Y445 OH site in the
mutants (although no water was resolvable at that site
in the X-ray structure). Ref. 49 emphasizes the impor-
tant role of Scen anion occupancy for proton motion
through the exchanger. The specific role of Y445 and its
mutants in anion binding at Scen is unknown, but should
be the subject of future experiments and molecular-level
simulations. The present work was presented at the Tel-
luride workshop on Epithelial Physiology and Cell Biol-
ogy on July 24, 2006.
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