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Proton Transport Pathway in the CIC CI"/H" Antiporter

Dong Wang and Gregory A. Voth*
Center for Biophysical Modeling and Simulation, and Department of Chemistry, University of Utah, Salt Lake City, Utah

ABSTRACT A fundamental question concerning the CIC Cl~/H™ antiporters is the nature of their proton transport (PT) pathway.
We addressed this issue by using a novel computational methodology capable of describing the explicit PT dynamics in the
CIC-ec1 protein. The main result is that the Glu®®® residue delivers a proton from the intracellular solution to the core of CIC-ec1
via a rotation of its side chain and subsequent acid dissociation. After reorientation of the Glu®®® side chain, a transient water-
mediated PT pathway between Glu®®® and Glu'*® is established that is able to receive and translocate the proton via Grotthuss
shuttling after deprotonation of Glu®®. A molecular-dynamics simulation of an explicit hydrated excess proton in this pathway
suggests that a negatively charged Glu'*® and the central Cl~ ion act together to drive H' to the extracellular side of the
membrane. This finding is consistent with the experimental result that CI™ binding to the central site facilitates the proton move-
ment. A calculation of the PT free-energy barrier for the CIC-ec1 E203V mutant also supports the proposal that a dissociable
residue is required at this position for efficient delivery of H' to the protein interior, in agreement with recent experimental results.

INTRODUCTION

The CIC family of chloride transport membrane proteins
includes both Cl -selective ion channels and H"-coupled
secondary active Cl™ transporters or ‘‘antiporters” (1-4).
Channels mediate passive C1~ diffusion/conduction, whereas
transporters or exchangers transport ions against their electro-
chemical gradient by coupling the uphill movement of H* to
the downhill movement of Cl™ ions, or vice versa.

ClIC-ecl is a CIC homolog from Escherichia coli. It
belongs to the transporter subclass and stoichiometrically
exchanges two Cl~ ions for one H' (1). This protein partic-
ipates in the extreme acid-resistance response that enables
the bacterium to survive in the acidic environment of the
stomach (1,5). Its fundamental and practical importance as
a potential target for novel antibiotics has attracted great
interest over the last decade. The determination of a high-
resolution crystal structure of CIC-ecl in 2002 (6) not only
prompted many functional studies of eukaryotic chloride
channels (7-9), it also provided opportunities to investigate
the coupling mechanism of the CIC Cl1/H" antiporters.

Crystallographic, electrophysiological, and site-directed
mutagenesis studies have yielded considerable insights into
the structure-function relations of CIC-ecl (10-15). One
key mechanistic insight is that two proton transfer residues
on each side of the membrane (Glu148 and Glu®*? ) are re-
quired for proton transport (PT). Substitution of a neutral
residue for either Glu'*® or Glu?** leads to complete loss
of the H" translocation (10,11). On the extracellular side
of the membrane, Glu'*® mediates PT between the extracel-
lular solution and the protein interior, and a movement of the
Glu'*® side chain is believed to link H™ and CI~ binding at

Submitted December 23, 2008, and accepted for publication April 22, 2009.
*Correspondence: voth@chem.utah.edu

Dong Wang’s present address is Department of Chemistry, Beijing Normal
University, Beijing, China.

Editor: Nathan Andrew Baker.

© 2009 by the Biophysical Society
0006-3495/09/07/0121/11  $2.00

some point in the transport cycle. On the opposite side of the
membrane, the intracellular-facing Glu**® is thought to
shuttle protons between the intracellular solution and the
core of ClC-ec1. Glu®® is partially buried in the intracellular
vestibule and resides away from the Cl~ binding region.
These structural features suggest that CIC-ec1 contains sepa-
rate C1~ and H' pathways that overlap at the location of
Glu'*® and then diverge toward the intracellular side (11,12).

The two proton-binding sites, Glu'*® and Glu®**, are sepa-
rated by ~15 A. The way in which protons translocate
between them, however, remains elusive. Certain experi-
mental investigations (12,15) have focused on a highly
conserved tyrosine residue, Tyr**, which lies approximately
halfway between Glu'*® and Glu?® and coordinates the
central C1™ ion. Mutating Tyr*** to phenylalanine or trypto-
phan demonstrates no change in the protein’s exchange
transport function, suggesting that the hydroxyl group of
Tyr** is not essential to the PT of CIC-ecl. An examination
of Tyr445 variants, however, revealed a correlation between
the proton coupling efficiency and the central C1™ site occu-
pancy, indicating that C1~ binding somehow facilitates the
proton movement (12).

Several computational methods, ranging from continuum
electrostatic calculations to kinetic Monte Carlo and classical
molecular-dynamics (MD) simulations, have been applied to
investigate anion conduction and gating mechanisms in C1C
channels (16-21). However, systematic studies of the PT
pathway and the mechanism of the H" coupling are still
lacking. A pore-searching algorithm, TransPath, was applied
to the crystal structure of C1C-ec1 to explore the proton access
pathway from the extracellular solution to Glu'*® (22), as well
as a possible proton pathway linking Glu'*® and Glu®*® (23).
However, since PT pathways are often dynamic in nature,
analysis of static structures alone is insufficient.

In this study, therefore, we aimed to identify the dynam-
ical PT pathway that connects Glu*® to Glu'*®, and to reveal
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the nature of the proton pathway by virtue of novel atomistic
MD computer simulations. We propose that H" are carried
from the intracellular solution to the core of CIC-ecl by a re-
orientation of the Glu?*? side chain. After this reorientation,
a transient (metastable) water-mediated PT pathway is estab-
lished, through which a hydrated proton can translocate
along a hydrogen-bonded water chain from Glu**® to
Glu'*® after deprotonation of Glu?*®. The multistate empir-
ical valence bond (MS-EVB) MD method (24-28) is utilized
here to simulate the explicit translocation of an excess proton
along this water chain. Additional simulations of the PT in
the mutant E203V demonstrate that a dissociable proton-
binding residue is required at this position for efficient
delivery of H* from the intracellular solution to the core of
CIC-ecl (29). The results presented in this work provide,
for the first time to our knowledge, a detailed picture of
the transient water distribution in the PT pathway, the side-
chain motion of Glu?>*, and the resulting H" translocation
pathway.

MATERIALS AND METHODS
System preparation

The CIC system was set up and equilibrated for 7 ns with the use of standard,
classical MD as described in the Supporting Material. Various crevices and
cavities were identified within the equilibrated structure of ClC-ecl. As
many as seven water molecules could be placed in these crevices and cavi-
ties in long-lived metastable configurations, as discussed further below. As
also discussed in detail below, protons were shown to then move along the
hydrogen-bonded network defined by a reoriented Glu®** side chain, tran-
siently bound water molecules, and Glu'**. The free-energy profile, i.c.,
the potential of mean force (PMF), for the reorientation of the Glu®® side
chain was calculated as a function of the %2 angle using umbrella sampling.
Twelve windows at an interval of 30° were sampled, and a force constant of
40 kcal/mol/rad” was used for the umbrella restraint potential. The structure
of the E203V mutant was obtained by replacing Glu>*® with valine in the
equilibrated structure of the wild-type protein and then equilibrating the
system with standard MD as described in the Supporting Material.

MS-EVB simulations of water mediated PT

The MS-EVB model (24-28) can explicitly treat Grotthuss hopping of
hydrated excess protons between water molecules within the framework
of MD simulations, and, in turn, it can characterize the detailed solvation
and transport of these excess protons. The low computational cost of this
model relative to ab initio MD simulations has permitted the study of PT
in a variety of aqueous and biomolecular systems (24,25). The second-
generation MS-EVB2 model (28) with the third-generation state selection
algorithm (30) was used to explicitly simulate the PT within CIC-ecl. To
make the MS-EVB simulations more computationally tractable, a reduced
system was simulated as described in the Supporting Material.

The charge defect (net unit positive charge) arising from the excess proton
propagates along the hydrogen-bonded network via Grotthuss hopping.
Due to the delocalized nature of the charge defect associated with the excess
hydrated proton, its position was described by the center of excess charge
(CEC) (31) (see also Supporting Material). The free-energy profile for this
CEC migration (PT) process through the water-mediated pathway was
calculated using umbrella sampling with the weighted histogram analysis
method (WHAM) (32,33). The free-energy profile for the PT in the
E203V mutant was calculated in the same way as for the wild-type protein.
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RESULTS
Functional water molecule configurations

According to the Grotthuss shuttling mechanism, excess
protons (H") translocate within proteins via the rearrange-
ment of hydrogen and covalent bonds through protonatable
residues and water molecules (24,25,34-37). Because the
two proton-binding sites, Glu'*® and Glu203, are ~15 A apart,
proton shuttling by water molecules or other groups between
them is required.

Even though water is ubiquitous in biomolecular systems,
crystal structures of proteins often will not reveal the pres-
ence of certain water molecules because these molecules
can be quite mobile. Furthermore, certain configurations of
water relevant to PT phenomena in proteins involve rare
events (fluctuations) to form transient water ‘‘chains’ or
“wires”’. The latter are characteristic of activated (Arrhenius
law) rate processes that have an exponentially small proba-
bility of being observed in their transition state (or, in this
case, their transition ‘‘pathway’’) configurations. Such
configurations are not likely to be seen in a crystal structure
unless the protein somehow becomes trapped in such a state
during crystallization. The fact that the experimentally
observed proton flux is about one proton per millisecond,
whereas the natural proton hopping time through water
molecules in the absence of additional energetic barriers is
8-9 orders of magnitude faster, clearly supports the assertion
that the PT process in the CIC-ec1 antiporter system is a rare
(i.e., activated) event. Correspondingly, many (or most) of
the participating proton shuttling water molecules from these
activated events are not likely to be seen in crystal structures,
even ones of very high resolution.

Despite the small likelihood of seeing functionally relevant
water molecules for the PT pathway in crystal structures, to
help identify possible pathways between Glu'*® and Glu**
we first scrutinized the crystal structure of CIC-ecl. Several
structural features of the protein are noted below. One feature
is that on the intracellular side of the membrane, Glu?®* forms
a salt bridge with Arg®® from the other subunit. At the same
time, it is within a hydrogen-bond distance to Glu'"? from
the same subunit. Two crystal water molecules are found
near the side chain of Glu®®. One of them is hydrogen bonded
to the amide nitrogen atom of Tyr***. A second feature of the
CIC-ecl protein structure is that the side chain of Glu'*® on the
extracellular side of the membrane sits ~4 A above the central
CI™ ion, which is coordinated by the hydroxyl group of
Tyr**. Crystal water molecules are not seen in the anion
conduction pore. A third feature is that Thr*"’ is hydrogen
bonded to Glu??, which is located near the dimer interface.

Overall, CIC-ecl is hydrophobic in the region between
Glu'*® and Glu**® (not including the above-mentioned loca-
tions), and thus Tyr445 s Thr407, and Glu**? are the only resi-
dues that could mediate PT between Glu'*® and Glu®.

However, the hydroxyl group of Tyr**> was eliminated as
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a proton transfer site by a recent experiment (12). Moreover,
the proton movement was found to be only partially un-
coupled in the mutant E202Q (11), indicating that Glu**?
apparently is not important for the PT. These experimental
findings lead us to propose that transient water configura-
tions play a significant role in the PT behavior of ClC-ecl.
It is now well established (38,39) that water can transiently
fill cavities in proteins (even hydrophobic ones), so this
proposal is completely in line with the current understanding
of such phenomena. Furthermore, a similar behavior has also
been suggested (40—42) for cytochrome ¢ oxidase; in that
case, a glutamic acid deprotonates to a transient chain of
water molecules, filling a hydrophobic cavity of the protein,
and the excess proton then translocates along that chain to
a proton loading site (43).

The DOWSER program (44) is often used to estimate the
internal hydration of proteins, and in this work was used for
that purpose in CIC-ecl before the classical MD simulations
were conducted (see Supporting Material). DOWSER
searches for internal cavities and assesses the hydrophilicity
of these cavities by calculating the interaction energy
between a water molecule in the cavity and the surrounding
protein atoms. The main assumption utilized in DOWSER is
that the water-protein interaction energy represents the key
factor involved in protein cavity hydration; however, the
program does not include the water-water hydrogen-bonding
energy for the waters that fill such cavities. The latter feature
has been found to be critical for the water-filling behavior of
carbon nanotubes (45) and for cavities in proteins (38,39),
and was also accounted for in this work as described below.

Based on the established concept that waters in protein
cavities and crevices can utilize hydrogen bonds among
themselves to energetically stabilize transient water configu-
rations, we were able to stabilize as many as seven water
molecules in the crevices and cavities identified within the
core of CIC-ecl using a systematic procedure. In particular,
after each water addition described below, 5000 steps of
energy minimization were performed in NAMD with all
atoms free to move. At the end of each energy minimization,
the sum of water-protein and water-water interaction ener-
gies was calculated for all water molecules added in the crev-
ices to gauge their stabilization energy. The total interaction
energy, averaged by the number of water molecules, was
then compared with the threshold value of —12 kcal/mol
that is used by DOWSER to distinguish hydrated from
empty cavities. The water configurations at the end of each
energy minimization (Fig. S1) and their stabilization energy
(Table S1) are provided in the Supporting Material. These
configurations are all plausible transient structures at finite
temperature.

Although crystal water was not resolved in the anion
conduction pores, previous computer simulations of anion
conduction and channel gating mechanism seem to suggest
that the permeating Cl™ ions are partially hydrated (19-21).
This leads us to propose a hydration site in the pore between
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Glu'® and the central C1~ ion. In a 20 ns MD simulation,
a water molecule was observed diffusing into the pore
between Glu'*® and the central C1™ ion from the intracellular
side of the protein. The open state of the transporter may be
favorable for direct observation of water in the pore;
however, this open conformation was never seen in the
crystal structure of wild-type protein. Two water molecules
can be inserted into the anion conduction pore, where they
make hydrogen bonds with Glul48, the central Cl™ ion,
and each other. The energy required to transfer these two
water molecules from vacuum into the pore is —41 kcal/mol.
The average interaction energy is thus —20.5 kcal/mol, well
below the threshold value of DOWSER. Two more water
molecules were added in the immediate proximity of the
pore, as depicted in Fig. 1 a, or one was added on the outer
side of the central Cl™ ion and the other next to the Thr*"’
hydroxyl group, as depicted in Fig. 1 b. The stabilization
energy for both configurations was —18.8 kcal/mol. This
procedure was repeated until as many as seven water mole-
cules were placed in the cavities and crevices spanning the
core of the protein, and a hydrogen-bonded wire formed
between Glu'*® and Thr*”’. It is noted that addition of these
water molecules produced no significant perturbations to the
protein structure. At finite temperature, the combined effects
of kinetic energy and entropy then make these water configu-
rations transient in nature during MD simulations, as they are
likely to be in reality given their absence from the observed
crystal structure of the protein. A detailed analysis of the life-
times of these water configurations is provided in the Support-
ing Material. The four-water configuration is estimated to
have a lifetime of 3.7 ns, and the seven-water configuration
has a lifetime of 1.4 ns. The seven-water configuration also
often turned into three- or four-water configurations during
the simulations, as water molecules on the side of Thr*"’
and Glu?” escaped to the intracellular side of the protein.
Hundreds of thousands of such water wire configurations
can assemble and disassemble over the millisecond timescale
it takes for a single PT event to be observed in the CIC-ecl
system. It is also noted that water in the anion conduction
pore between Glu'*® and the central C1™ ion never escaped
during the 4.5 ns MD simulation.

A pore-searching algorithm, TransPath, was previously
applied to the crystal structure of ClC-ecl to suggest a PT
pathway between Glu'*® and Glu*** (23). Two proton path-
ways (labeled P1 and P2) were proposed. As displayed in
Fig. 1 a, the P2 path proceeds from Glu®® directly along
the aromatic ring of Tyr***, past the central chloride-binding
site, and then heads directly toward the Glu'*® carboxyl
along the C1™ permeation pathway. It is noted that the upper
portion of P2 coincides with hydration of the anion conduc-
tion pore described above. The other path (P1) has a radius
large enough to accommodate up to three water molecules
near Glu?*®. However, except for one crystal water hydrogen
bonded to the amide nitrogen atom of Tyr**’, water mole-
cules added in the predicted sites of P1 were not found to
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FIGURE 1 Hydration of the protein crevices and cavities identified
between the two proton transfer sites. (¢) With four water molecules near
the ClI” permeation pathway. Two proton pathways suggested previously
(23) based on the crystal structure of CIC-ecl are depicted. Their P1 path is
represented with orange spheres, and their P2 path is shown by blue spheres.
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be stable in our classical MD simulations during the initial
system setup phase. Moreover, since the P1 path ends
some distance from Glu'*®, it seems unlikely to be involved
in the PT.

As discussed above, the PT pathway of ClC-ecl is in fact
likely to be dynamic in nature, so analysis of crystal structure
alone is insufficient. In particular, water molecules following
the permeating anions into the pore likely play an important
role in the H' conduction. Although as many as seven water
molecules can transiently occupy the crevices and cavities
spanning the core of ClC-ecl, a completely static water-
mediated pathway directly connecting Glu>*® to Glu'*® is
not found or expected. Instead, it is suggested here that
movement of the Glu>*? side chain and its subsequent depro-
tonation to one of the transient water wires are required to
initiate the transfer of H" from the intracellular solution to
the core of the protein, as described in the next section.

203

Reorientation of the Glu“"” side chain

Glu®® was previously identified as a proton transfer site by a
mutagenesis scan of inward-facing, carboxyl-bearing resi-
dues. This residue was therefore proposed to mediate PT
between the intracellular solution and the protein interior
(11). The way in which this intracellular-facing glutamate
acts to shuttle H, however, is not clear. In the crystal struc-
ture of wild-type protein, Glu?** forms a salt bridge with
Arg?® from the other subunit of the homodimer, and
a hydrogen bond with Glu''? from the same subunit. During
the exchange transport, once Glu>** accepts a proton from
the intracellular side of the membrane, the salt bridge and
hydrogen-bond interactions will be disrupted.

The classical MD simulations presented here show that
Glu>®, upon protonation, carries H™ from the intracellular
surface to the core of the protein via a conformational change
of the side chain. With seven water molecules solvating the
crevices, reorientation of the Glu?*? side chain was observed
in several of the standard MD trajectories, each of 500 ps
duration. After rotation of the Glu**® side chain, a water-
mediated PT pathway is established between Glu>*® and
Glu'*®. We estimate that at least four water molecules are
required to establish a water-mediated connection between
the reoriented Glu?® and Glu'*®, as described earlier. The
conformational change of the Glu®*® side chain, as depicted
in Fig. 2, involves a change of %2 from 60° to 180°. Water
molecules in the crevices rearrange to accommodate this
conformation change and form a transient water ‘“‘wire’.
The aromatic ring of Phe'®®, which blocks the proton

P1 ends some distance from Glu'*®. The upper portion of P2 coincides with
the hydration sites identified in this work. (b) With three water molecules in
the anion conduction pore and one near Thr*”” and Glu®*2. The protein is
largely hydrophobic in the region between Glu'*® and Glu?** except for the
location of the central Cl1™-binding site, Tyr445, Thr407, and Glu®*2. Two
crystal water molecules near the Glu?®* side chain are also shown. The pictures
are generated with the VMD visualization software (52).
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E202

FIGURE 2 The proposed PT pathway between Glu*® and Glu'®, In this
pathway, Glu®>* is suggested to carry H" from the intracellular solution to
the core of CIC-ecl via a rotation of its side chain. After reorientation of
the Glu?** side chain, a transient water-mediated PT pathway is established.
After deprotonation of Glu®*, hydrated protons shuttle through this pathway
along a hydrogen-bonded network defined by Glu?*?, intervening water
molecules, and Glu'*®, Separate pathways for CI~ and H' are depicted
that overlap at the location of Glu'*® and diverge toward the intracellular
side.

pathway as observed in the crystal structure of ClC-ecl, is
flipped once the side chain of Glu®® is protonated and
reorients during the transport cycle.

To evaluate the thermodynamic stability of various
conformers and the kinetic barrier height of isomerization,
we calculated the free-energy curve (i.e., PMF) for the reor-
ientation of the Glu®** side chain as a function of 2. While
Glu*®? is in a deprotonated form, the conformer at 60° is
favored because of the formation of a salt bridge with
Arg®® and a hydrogen bond with Glu''? as observed in the
crystal structure of CIC-ecl (Fig. 3 a@). However, it appears
that the conformer at 180° is not in a thermodynamically
stable state. While Glu®* is protonated in the transport cycle,
all three conformers are within 1—2 kcal/mol of each other,
and thus are likely equally populated (Fig. 3 b). More impor-
tantly, the energy barrier separating the minima at 60° and
180° is lowered from ~15 kcal/mol to 5—6 kcal/mol upon
Glu?®? protonation, indicating that the reorientation of the
Glu®® side chain is kinetically feasible once Glu*>* takes
up a proton from the intracellular side of the membrane.
In the above calculations, Glu'"® was protonated according
to a previous study in which the pKa shifts of titratable
residues were determined with the Poisson-Boltzmann
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method (16). However, in the transport cycle, Glu''® may
become deprotonated when Glu®® is protonated, and thus
it is useful to also calculate PMF for the side-chain rotation
of Glu?** for comparison (Fig. 3 ¢). It is noted that deproto-
nation of Glu''? destabilizes the rotamer at 180° but has little
influence on the barrier height separating the rotamers at 60°
and 180°.

The PMF curves shown in Fig. 3 were calculated with four
water molecules solvating the protein crevice. In fact, more
than four water molecules may be involved in transfering
H from the reoriented Glu>** to Glu'*® as described above.
To test the robustness of this model under other circum-
stances, we also calculated the PMF for the rotation of
Glu®® side chain in the case of seven water molecules tran-
siently solvating the protein crevices. With seven transiently
“bound” water molcules and protonated Glu*>, the PMF
profile again exhibits an energy barrier of 5-6 kcal/mol
between the rotamers at 60° and 180° (Fig. S2), very similarly
to the case of four water molecules. These results show that
the movement of the Glu®*? side chain is not sensitive to the
number of transient water molecules in the crevices.

PT mediated by water molecules

Glu*>* was proposed in the previous section to deliver H"
from the intracellular solution to the core of ClIC-ec1 through
a reorientation of its side chain. After the rotation of the
Glu?® side chain, a metastable water-mediated PT pathway
is established. After the deprotonation of Glu”*, the
hydrated proton is then proposed to move through this
pathway along the hydrogen-bonded network via a Grotthuss
shuttling mechanism. To quantify the latter process, explicit
water mediated PT was simulated using the MS-EVB model.
The deprotonation event of Glu*® was not studied, because
the MS-EVB model used in this work does not include disso-
ciable residues.

The initial configuration for the MS-EVB simulation of
the PT between Glu”*® and Glu'*® was obtained as follows:
With four transiently bound water molecules, the configura-
tion taken from the umbrella sampling of the rotation of
Glu®® side chain was first relaxed with the MD simulation.
During relaxation, an additional water molecule also diffused
into the protein crevices. Fig. 4 a shows the resulting config-
uration, in which the aromatic ring of Phe'” is flipped,
opening a water-mediated pathway through which H* can
move from Glu?*® to Glu'*®. Glu>* is then considered to de-
protonate to a water molecule in the pathway, i.e., the one
hydrogen bonded to Glu®® in Fig. 4 a. The configuration
thus generated is taken as the initial configuration for the
MS-EVB simulation of the explicit PT through the water
chain. In a single 200 ps trajectory, the excess proton was
seen to propagate along the hydrogen-bonded water network
toward Glu'*®. A snapshot of the proton propagation in the
pathway is shown in Fig. 4 b. In comparison with the
hydrogen-bonded network shown in Fig. 4 a, the presence
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FIGURE 3 Free-energy profiles (PMFs) for rotation of the Glu**® side
chain calculated as a function of the x2 angle. (¢) With negatively charged
(deprotonated) Glu**® and neutral (protonated) Glu''®. The conformer at
180° is not thermodynamically stable. The conformer at 60° is favored
and observed in the crystal structure. (b) With both Glu?® and Glu'?
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of an excess proton in the pathway was found to affect the
water-water hydrogen-bonding interactions, and to reverse
orientations of the water molecules in the pathway. In the
trajectory, the hydrated excess proton first spends ~100 ps
on the side of Glu®”, during which it forms an ion pair
with Glu?®. It then travels quickly toward Glu'*®, hopping
between consecutive water molecules, and driven at least
in part by its electrostatic interaction with the C1~ anion.

The full free-energy profile (PMF) for the PT through the
water-mediated pathway was then calculated with the use of
umbrella sampling. As the proton propagated through the
pathway, the position of the CEC as defined in Materials
and Methods was recorded and projected along the vector
connecting the carboxyl carbon atom of Glu*” to the
carboxyl carbon atom of Glu'*®. It should be noted that as
the excess proton moved toward G1u148, the Glu?*® side
chain reverted to its original position seen in the crystal struc-
ture. To facilitate the convergence of the umbrella sampling
of the proton CEC movement through the water chain, the
carboxyl carbon atom of Glu*® was therefore tethered to
its reoriented position with a harmonic potential having
a force constant of 5 kcal/mol/A%. Tethering of the Glu*®
side chain in this fashion will hinder the proton hopping
through the water chain toward Glu148, and thus lead to
a modest overestimation of the barrier height that the excess
protons encounter while moving from Glu®® to Glu'*® (cf.
Fig. 5 a).

The PMF profile for the hydrated excess proton through
the transient water-mediated PT pathway (Fig. 5 @) shows
two minima, with the one on the right being ~2 kcal/mol
lower in energy. The minimum on the left represents struc-
tures in which an ion pair is formed between deprotonated
Glu®® and the hydrated excess proton. The minimum on
the right represents structures in which the excess proton is
located near Glu'*® and the central C1~ ion. To move from
the side of Glu>® to the side of Glu148, protons have to cross
an energy barrier of only ~2 kcal/mol.

It should be noted that the internal (intracellular side) CI™
ion, which diffused out of its binding site during the MD
equilibration, is located 10 A away from the proposed PT
pathway (cf. Fig. 2). The PMF for PT along the water chain
with the internal C1~ ion instead restrained to its binding site
was also calculated (see Fig. S3) and shows a similar barrier
height of ~2 kcal/mol for the excess proton to shuttle from
Glu’” to Glu'*® through the water-mediated pathway.
Therefore, it seems likely that the internal chloride anion
primarily affects the pKa of Glu?>* and not the subsequent

neutral. All three conformers are within 1 kcal/mol of each other and thus
likely are approximately equally populated. The energy barrier between
the conformers at 60° and 180° is lowered from ~15 kcal/mol to 5-6 kcal/
mol upon protonation of Glu?. (¢) With neutral Glu**® and negatively
charged Glu''®. The energy barrier between the conformers at 60° and
180° is ~6 kcal/mol. The latter conformer is 3 kcal/mol less stable than
the former. The error bars are shown in the plots.
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E148

b E148

FIGURE 4 Snapshot of the proposed proton propagation pathway along
the transient water chain. (¢) Before the deprotonation of Glu®®*, The config-
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PT through the transient water chain to the region of the
central CI™ and Glu'*®,

E203V mutant

In this work, it is proposed that Glu®® shuttles protons

between the intracellular solution and the core of ClC-ecl.
Glutamate at this position is strictly conserved in all known
CIC transporters, whereas valine is always found at this posi-
tion in CIC channels. Therefore, PT in the E203V mutant
was also examined using the MS-EVB methodology. Exper-
imental results for this and other mutants were given in
a recent work by Lim and Miller (29).

After valine was substituted for glutamic acid at position
203 in the equilibrated structure of the wild-type protein, the
structure of the mutant E203V was obtained and equili-
brated with a classical MD simulation. Since the goal of
these particular calculations was to probe the role of a non-
ionizable residue substitution at the position of Glu>**, prop-
agation of the hydrated excess proton in the mutant was
started in the vicinity of Glu''?, as in the wild-type protein.
However, in a mutant without a proton transfer residue near
the intracellular surface, hydrated protons have to travel
through a large hydrophobic region to arrive at Glu'*®,
even with as many as seven water molecules solvating the
crevices spanning the protein core. The PMF profile for
the PT in the mutant E203V was thus calculated for the latter
case. The reaction coordinate was defined as the excess
proton CEC positon projected along the vector connecting
the carboxyl oxygen atom of Glu''? to the carboxyl oxygen
atom of Glu'*®. Of importance, the resulting PMF profile
(Fig. 5 b) shows a high barrier of ~12 kcal/mol that hydrated
protons taken up at the intracellular surface must overcome
to reach their destination on the extracellular side. This
result clearly supports the concept that a proton shuttle is
required at the position of Glu*® for efficient transfer of
H™ from the intracellular solution to the core of the protein,
in agreement with the experimental results presented by Lim
and Miller (29).

Of interest, the experiments reported by Lim and Miller
(29) show that replacement of Glu*® with histidine will
not alter the protein’s PT function. Substitution by aspartate
at this position does not undermine the transport mechanism
either, as disclosed in an earlier mutagenesis study (11).
Preliminary MD simulations by our group showed that the
positively charged histidine may form a salt bridge with
Glu'" in the mutant E203H. It can also be presumed that

uration taken from the umbrella sampling of the rotation of Glu*** side chain

with bound four water molecules is first relaxed with the MD simulation.
During relaxation, an additional water molecule diffuses into the cavities,
after which there are five water molecules in the proton pathway. (b) After
the deprotonation of Glu®®. A hydrated excess proton (colored in yellow)
shuttles between consecutive water molecules via the Grotthuss mechanism.
As H' propagates toward Glu'*®, the side chain of Glu®*® reverts to its orig-

inal position and the hydrogen bond with Glu''? is restored.
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FIGURE 5 Free-energy profiles (PMFs) for the PT through the proposed
transient water-mediated pathways. () In wild-type protein. Glu?** first
carries H™ from the intracellular surface to the core of the protein, and
then deprotonates to the transient water wire. This PMF thus characterizes
the PT free energy along the water wire between the reoriented and depro-
tonated Glu>*® and Glu'*®, The minimum on the left represents structures
in which an ion pair is formed between deprotonated Glu®** and the hydrated
excess proton; the minimum on the right represents structures in which the
excess proton is associated with Glu'*® and the central C1~ ion. The intrinsic
proton wire barrier height is thus only 2 kcal/mol for the proton to move
from near Glu?® to near Glu'*®. (b) In the mutant E203V. In the absence
of the shuttling Glu*® residue, hydrated excess protons must travel all the
way from the intracellular surface to Glu'*®. They therefore cross a high
barrier while moving through a large hydrophobic region. The minimum
on the left represents configurations in which the excess proton is in the
vicinity of Glu' 3. the minimum on the right represents configurations in
which the excess proton is located near Glu'*® and the central C1~ ion.
The error bars are shown in the plots. Note the differing scales on the vertical
axes when comparing panels a and b.

the histidine at this position acts as a proton shuttle in
the mutant in a similar fashion to the glutamate in the
wild-type protein. Explicit PT behavior in the E203H mutant
will be examined in a future study.
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CONCLUSIONS

The PT pathway of the CIC C1 /H™ antiporters is a topic of
great interest concerning these and related proteins.
Although a high-resolution structure of CIC-ecl was deter-
mined in 2002, details regarding the proton pathway have
remained an open question. Except for two proton transfer
residues residing near the cellular surfaces, little was known
about the nature of this pathway. The novel computer simu-
lations presented here therefore provide new insight into the
PT behavior of CIC-ecl. Protein crevices and cavities span-
ning the core of CIC-ecl were identified at the location of the
Glu'® carboxyl, the central Cl™ ion, and the Tyr445 and
Thr*” hydroxyl groups. The crevices can accommodate as
many as seven water molecules, albeit in a transient fashion.
These hydrogen-bonded water molecules, however, seem
insufficient by themselves to establish a proton pathway
between the two proton-binding sites, Glu'*® and Glu®®.
Therefore, a key proposal here is that Glu®>*, upon proton-
ation, carries H" from the intracellular surface to the protein
interior via a side-chain rotation. After reorientation of the
Glu*® side chain, a metastable hydrogen-bonded network
defined by Glu®®, water molecules lining the crevices, and
Glu'*® is established. After deprotonation of the Glu203,
the proton then translocates along this hydrogen-bonded
network via the Grotthuss shuttling mechanism from the
intracellular side of the membrane to the extracellular side.
We note that a similar mechanism for translocating protons
beyond a glutamic acid through a hydrophobic region has
been proposed for cytochrome ¢ oxidase (40—42). In contrast
to the alternating-site mechanism in which a single pro-
tonatable locus alternates its exposure to the two sides of
the membrane through a cycle of conformational changes
(46-49), the conformational change of the Glu®*® side chain
in ClC-ecl is rather local.

Such a Glu?* side-chain orientation has not been observed
crystallographically. In the crystal structure of wild-type
protein, Glu®>* forms a salt bridge with Arg® from the other
subunit of the homodimer, and a hydrogen bond with Glu'"?
in the same subunit. An analog to the protein with Glu
protonated is the mutant of E203Q. In that structure of
E203Q, the GIn*** side chain occupies the same position
as Glu®®® in the wild-type protein (11). This result does not
contradict our proposal. First of all, the free-energy profile
for the isomerization of the Glu>*® side chain shows that all
three conformers are likely to be equally populated while
Glu®® is in a protonated state. Therefore, it is perhaps not
surprising to see the Q203 side chain in E203Q occupy
roughly the same position as Glu**? in the wild-type protein.
Second, the crystal structure does not represent all possible
conformational states visited by the protein, so the absence
of a crystallographically observed conformational change
does not mean that such a change will not take place. Lastly,
the population of the three rotamers may well be different
under the crystallographic conditions.

203



Proton Transport in the CIC Antiporter

In support of this proposal, our free-energy calculations
show that the rotation of the Glu®* side chain is plausible
in terms of both the energetics and kinetics. Indeed, a side-
chain movement of protonatable residues is sometimes
invoked in other protein proton conduction mechanisms,
such as the Glu>*? residue of (bovine) cytochrome ¢ oxidase,
which is proposed to deliver a proton from the top of the
D-channel to the binuclear center via such a side-chain rota-
tion (40-42,50). In the transport cycle of CIC-ecl, Gl
takes up a proton from the intracellular solution. A change
in the protonation state of Glu®*® makes the side-chain move-
ment Kinetically feasible. Once Glu®> releases a proton to
the core of ClC-ecl, it will revert to its original position,
and the disrupted interactions with Arg?® and Glu''"?® will
be restored.

Lim and Miller (29) also found experimentally that replac-
ing Glu®® with protonatable residues such as aspartate and
histidine does not abolish H" conduction. In fact, the
E203D and E203H mutants behave like wild-type protein.
Preliminary simulation results obtained by our group show
that in the mutants of E203D and E203H the Arg?® side chain
is most likely disordered. This is confirmed by the crystal
structure of E203H (29). The results of these mutagenesis
studies on Glu?* and previous studies on R28L (11) support
the notion that Arg?® is not a necessary factor in H' conduc-
tion.

The importance of Glu™" as a proton shuttle was further
demonstrated in this work by an examination of the PT
barrier in the mutant E203V. Substitution of Glu®* by valine
reveals that in the absence of a proton-binding site at this
position, H* have to travel through a large hydrophobic
area to arrive at Glu'*®. The energy barrier that these protons
must cross is as high as 12 kcal/mol. This result indicates that
a proton shuttle is required in part near the intracellular
surface to deliver H' from the intracellular solution to the
protein interior. The fact that E203D and E203H mutants
have also been found to transport protons implies that the
aspartate and histidine residues may serve as proton shuttles
in a fashion similar to that of glutamate in wild-type protein.
The important role of an intracellular titratable residue in the
coupled transport of mammalian CIC-4 and CIC-5 was also
recently identified (51).

The proton movement from Glu*> to Glu'*® is suggested
here to consist of a series of steps, including binding of H*
to Glu?®, reorientation of the Glu?® side chain, release of
H™ by Glu?** to the core of CIC-ec1, and H' shuttling transfer
to Glu'*® mediated by transient chains of water molecules. In
this work, the free-energy curves for the rotation of the Glu?**
side chain and for the water-mediated PT were calculated.
In the reorientation of Glu203, a barrier of 5—6 kcal/mol was
found, whereas for the proton propagation along a hydrogen-
bonded water chain toward Glu148, a barrier of ~2 kcal/mol
was obtained. Therefore, it is likely that the rate-limiting
step in the transfer of H' from Glu®® to Glu'*® is the
reorientation of the Glu?*® side chain combined with the

203

129
deprotonation event of the Glu®®>. It should be noted that
the overall proton flux of CIC-ecl has been measured to be
~2000 ion/s (15). This level of flux is in line with that
expected for a barrier of ~6 kcal/mol given the experimental
pH conditions.

Hydrated proton movement along a transient water chain
via the Grotthuss mechanism is not naturally downhill
without an additional environmental electrostatic influence.
On the intracellular side, an ion pair between Glu**? and
the hydrated excess proton is formed. On the opposite side,
the excess proton is located between Glu'*® and the central
Cl™ ion. The minimum on the Glu'*® side is ~2 kcal/mol
lower in energy, with a free-energy barrier of ~2 kcal/mol
for PT along the water chain from Glu®® to Glu'*®. These
results indicate that binding of a CI™ ion to the central site
promotes proton movement through the water chain, and
that electrostatic interactions between the excess proton
and the negatively charged residues are the major driving
force for that movement. A synergism between the proton
coupling ratio and the central site occupancy of Cl™ ion
has been experimentally observed in the mutants of Tyr**’
(12), suggesting that C1™ binding to the central site facilitates
the proton movement. This finding is consistent with our
conclusions.

Finally, this work shows that the PT pathway in CIC-ec1 is
likely to be dynamical in nature, which makes the analysis of
static crystal structures alone insufficient, and simulations or
other experimental measures of the explicit PT valuable. Our
classical MD and MS-EVB simulations of the PT within
CIC-ecl therefore complement crystallographic, site-
directed mutagenesis and electrophysiological experiments.
Insights gained from such simulations are invaluable for
revealing the possible mechanism of coupled transport in
the C17/H™ antiporter, providing new predictions for exper-
imentalists to test, and helping to build a complete picture of
the structure-function relationship for these interesting and
important proteins.
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