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Chloride lon Transport by the E. coli
CLC CI=/H* Antiporter: A Combined
Quantum-Mechanical and
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Chun-Hung Wang, Adam W. Duster, Baris O. Aydintug, MacKenzie G. Zarecki and Hai Lin*

Department of Chemistry, University of Colorado Denver, Denver, CO, United States

We performed steered molecular dynamics (SMD) and umbrella sampling simulations
of CI~ ion migration through the transmembrane domain of a prototypical E. coli
CLC CI=/HT antiporter by employing combined quantum-mechanical (QM) and
molecular-mechanical (MM) calculations. The SMD simulations revealed interesting
conformational changes of the protein. While no large-amplitude motions of the protein
were observed during pore opening, the side chain rotation of the protonated external
gating residue Glu148 was found to be critical for full access of the channel entrance
by CI~. Moving the anion into the external binding site (Sext) induced small-amplitude
shifting of the protein backbone at the N-terminal end of helix F. As CI~ traveled
through the pore, rigid-body swinging motions of helix R separated it from helix D.
Helix R returned to its original position once CI~ exited the channel. Population analysis
based on polarized wavefunction from QM/MM calculations discovered significant (up
to 20%) charge loss for CI~ along the ion translocation pathway inside the pore. The
delocalized charge was redistributed onto the pore residues, especially the functional
groups containing © bonds (e.g., the Tyrd45 side chain), while the charges of the H
atoms coordinating CI~ changed almost negligibly. Potentials of mean force computed
from umbrella sampling at the QM/MM and MM levels both displayed barriers at the same
locations near the pore entrance and exit. However, the QM/MM PMF showed higher
barriers (~10 kcal/mol) than the MM PMF (~2 kcal/mol). Binding energy calculations
indicated that the interactions between Cl~ and certain pore residues were overestimated
by the semi-empirical PM3 Hamiltonian and underestimated by the CHARMMS36 force
fields, both of which were employed in the umbrella sampling simulations. In particular,
CHARMMB36 underestimated binding interactions for the functional groups containing w
bonds, missing the stabilizations of the ClI~ ion due to electron delocalization. The results
suggested that it is important to explore these quantum effects for accurate descriptions
of the CI~ transport.

Keywords: QM/MM, CLC, chloride transport, electron delocalization, conformational change, umbrella sampling,
steered molecular dynamics, potential of mean force
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INTRODUCTION

CLC transport proteins are a ubiquitous group of CI~ ion
channels and CI7/HT antiporters that can be found in
eukaryotes and bacteria. They are associated with many critical
physiological and cellular processes such as aiding extreme
acid-resistance response, cell-volume regulation, and muscle
contraction (Maduke et al., 2000; Dutzler, 2006; Accardi and
Picollo, 2010; Jentsch, 2015). Mutations in CLC proteins cause
inherited diseases in humans, such as myotonia congenita,
Dent’s disease, Bartter’s syndrome, osteopetrosis, and idiopathic
epilepsy (Jentsch, 2008). CLC transport proteins assemble and
function as homodimers, of which each monomer subunit
contains an independent ion translocation pore (Chen, 2005).
The architecture of the transmembrane domain is highly
conserved across the CLC family (Estévez et al., 2003; Lin and
Chen, 2003; Chen, 2005; Engh and Maduke, 2005). While CLC
channels translocate Cl1~ ions passively, CLC antiporters mediate
the coupled influx of Cl~ and the efflux of HT with a 2C1~/1H*
ratio (Accardi and Miller, 2004; Picollo and Pusch, 2005; Scheel
et al., 2005; Matulef and Maduke, 2007; Miller and Nguitragool,
2009; Feng et al., 2012; Accardi, 2015).

A prototype CLC antiporter is ECCLC from Escherichia coli,
which has been subjected to extensive structural and functional
studies (Dutzler et al., 2002, 2003; Accardi and Miller, 2004;
Accardi et al., 2005, 2006; Nguitragool and Miller, 2006; Walden
et al., 2007; Jayaram et al., 2008; Elvington et al., 2009; Lim and
Miller, 2009; Miller and Nguitragool, 2009; Picollo et al., 2009,
2012; Robertson et al., 2010; Lim et al., 2012; Vien et al., 2017).
Each subunit of EcCIC contains 18 a-helices, which form the
ion-permeation path. In each subunit, there are three binding
locations: the intracellular binding site Sin;, the central binding
site Scen, and the extracellular binding site Sext. In Siyy, the
Cl™ ion is coordinated by the backbone amine groups from
Gly106 and Ser107 and may be partially hydrated (Dutzler et al.,
2003; Gouaux and MacKinnon, 2005). In Scep, the CI™ ion is
coordinated by the side chain hydroxyl groups of Ser107 in helix
D and of Tyr445 in helix R as well as the backbone amine groups
from Ile356 and Phe357 of helix N (Dutzler et al., 2002, 2003). In
the wild-type protein crystal structure, Sey is occupied by the side
chain of a highly conserved residue Glu148 (Dutzler et al., 2003).
However, mutation of Glul148 to a charge-neutral residue results
in the trapping of one Cl™ ion in Sex, where the ion coordinates
with the backbone amine groups of Argl47 to Gly149 and Ile356
to Ala358 (Dutzler et al., 2003). This distinct arrangement, where
the anions are extensively coordinated by the backbone amide
group, is known as the “broken-helix” architecture (Dutzler
et al., 2002, 2003; Feng et al., 2010). Interestingly, the charge-
neutralization mutation at Glul48 converts EcCLC to a Cl™
channel (Dutzler et al., 2003; Accardi and Miller, 2004) and
similar phenomena have been observed for mammalian CIC-4
and CIC-5 proteins (Zdebik et al., 2008). It has been suggested
that the wild-type crystal structure represents the closed state
and the E148Q mutation structure, the open state (Dutzler et al.,
2003).

The structural information provides an important starting
point for comprehending the ion binding and permeation. A

number of computer modeling and simulations of CLC transport
proteins have been carried out to study the mechanisms of ion
transfer (Bostick and Berkowitz, 2004; Cohen and Schulten, 2004;
Corry et al., 2004; Faraldo-Gémez and Roux, 2004; Miloshevsky
and Jordan, 2004; Yin et al., 2004; Bisset et al., 2005; Gervasio
et al,, 2006; Cheng et al., 2007; Engh et al., 2007a,b; Kuang
et al., 2007; Wang and Voth, 2009; Coalson and Cheng, 2010,
2011; Ko and Jo, 2010a,b; Miloshevsky et al., 2010; Kieseritzky
and Knapp, 2011; Smith and Lin, 2011; Zhang and Voth, 2011;
Cheng and Coalson, 2012; Picollo et al., 2012; Yu et al., 2012;
Church et al,, 2013; Nieto-Delgado et al., 2013; Han et al,
2014; Pezeshki et al., 2014; Chen and Beck, 2016; Jiang et al.,
2016; Khantwal et al.,, 2016; Lee et al., 2016a,b,c; Chenal and
Gunner, 2017). Regarding Cl~ transport, all studies agree that
the protonation of the external gating residue Glul48 is key
to antiporter activation and that Ser107 and Tyr445 form an
internal gate. Moreover, the reported free-energy barriers for CI~
translocation are relatively low, ranging from 3 to 8 kcal/mol
(Cohen and Schulten, 2004; Bisset et al., 2005; Gervasio et al.,
2006; Ko and Jo, 2010a; Cheng and Coalson, 2012). However,
some issues are still controversial, such as whether the crystal
structures of E148A and E148Q mutants correspond to the
truly open state (Dutzler et al.,, 2003; Miloshevsky and Jordan,
2004) and how protonation of E148 is coupled to CI~ binding.
(Dutzler et al., 2003; Bostick and Berkowitz, 2004; Miloshevsky
and Jordan, 2004; Yin et al., 2004; Gervasio et al., 2006; Ko and
Jo, 2010b) The disagreements are partly due to differences in
the employed methodology, constructed models, and adopted
parameters. While these calculations shed light on the operating
mechanisms of CLC transport, complementing experimental
measurements, many molecular details are yet to be elucidated.

One long-standing puzzle concerns the extent of protein
conformational change associated with Cl~ ions passage. The
crystal structures of the protein are highly similar in both the
closed and open states (Dutzler et al., 2003). This observation
prompted people to propose that only local side chain motions
are involved in the EcCLC operation. This mechanism differs
fundamentally from other antiporters where significant motions
of helixes or even domains are necessary (Feng et al., 2010,
2012). On the other hand, recent experiments on mutants that
are restrained through cross linking between selected helixes
suggested that rigid-body movements of certain helixes play
a role (Basilio et al., 2014; Khantwal et al., 2016). Molecular
dynamics (MD) simulations so far have not observed significant
global conformational changes of the protein; but this could be
because global rearrangements can occur in time scales longer
than what the simulations have covered. On the other hand,
normal-mode vibrational analysis suggested that large-amplitude
swinging of helixes A and R may be one such conformational
change (Miloshevsky et al., 2010). However, it is possible that
local and global conformational changes both contribute to some
extent.

Carrying a significant charge, Cl~ can strongly polarize nearby
solvent molecules and pore residues. Moreover, under certain
circumstances, the excess charge of Cl~ can easily delocalize
to the ion’s surroundings. Previous quantum-mechanical (QM)
calculations using truncated models of EcCLC have indeed
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revealed substantial mutual polarization and partial charge
transfer for the CI™ ijons in the binding sites (Smith and
Lin, 2011; Church et al, 2013; Nieto-Delgado et al., 2013).
The most prominent manifestations of polarization and charge
transfer were found among the 7 orbitals of the nearby protein
atoms, e.g., the atoms of the backbone peptide links and of
the side chains of Glul48 and Tyr445. Furthermore, energy
decomposition analysis confirmed that the quantum effects
of electron delocalization over Cl~ and the m-orbitals atoms
contributed significantly to the stabilization of the CI™ ions in
the biding sites (Church et al, 2013). On the other hand, it
has been demonstrated that these induction effects can impact
the ion binding and translocation in cation channels (Compoint
et al., 2004; Allen et al., 2006; Huetz et al., 2006; Bucher et al.,
2007, 2010; Dudev and Lim, 2009; Illingworth and Domene,
2009; Bostick and Brooks, 2010; Illingworth et al., 2010; Varma
and Rempe, 2010; Roux et al., 2011; Wang et al., 2012). Do the
extensive charge redistributions of Cl™ affect its transport in
EcCLC? It will be interesting to find out.

In this study, we investigate possible protein conformational
changes and explore how electron delocalization affects the ion’s
expedition through EcCLC. We carry out dynamics simulations
at both the molecular mechanical (MM) and the combined
quantum-mechanical/molecular-mechanical (QM/MM) levels
(Warshel and Levitt, 1976; Field et al., 1990; Gao, 1996; Zhang
et al., 1999; Rode et al., 2006; Lin and Truhlar, 2007; Senn and
Thiel, 2007; van der Kamp and Mulholland, 2013; Pezeshki and
Lin, 2015; Duster et al., 2017). We perform steered molecular
dynamics (SMD) simulations (Izrailev et al., 1998) to escort a
CI™ ion through the pore. We examine the changes in pore
size and protein conformations as the ion moves through and
estimate the associated potential of mean force (PMF) using
umbrella sampling (Torrie and Valleau, 1977; Roux, 1995). By
comparing and combing the MM and QM/MM results, this study
will deepen our understanding of the Cl™ translocation process
operated by EcCLC.

COMPUTATIONAL DETAILS

Model Preparation

The model system was constructed based on the crystal structure
of the wild-type (WT) protein’s transmembrane domain (PDB
code: 10TS) (Dutzler et al., 2003). Because the two subunits
each function independently, only one subunit (chain A) was
used to build the model system. The protonation states of the
residues were set according to an earlier Poisson-Boltzmann
calculation (Faraldo-Gémez and Roux, 2004) except for the
external gate Glul48, which was protonated. The protonated
Glul48 was manually rotated outwards to open the pore.
Therefore, we were simulating the open state of the protein. The
protein with the two bound Cl~ ions in the Sjy¢ and Scep sites
was embedded in a two-layer 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE) lipid bilayer. The protein-
membrane complex was then solvated by adding water molecules
on both sides. The thickness of the slab of water at either side
was about 20 A. We then replaced 109 randomly selected water
molecules by 58 Kt and 51 Cl™ ions to neutralize the total

charge and to achieve an approximate 0.15M physiological salt
concentration for the solution. The primary cell of the model
system consists of 6823 protein atoms, 18308 water molecules,
60 Cl™ ions, 51 K ions, and 292 POPE molecules. The protein,
lipid, and ions were described by the CHARMM36 force fields
(MacKerell et al., 1998; Mackerell et al., 2004; Klauda et al., 2010;
Best et al., 2012), and water by the TIP3P model (Jorgensen et al.,
1983).

The system was equilibrated under the NpT ensemble at p =1
bar and T = 310K for 10 ns, followed by the NVT ensemble
at T = 310K for 45 ns, with final unit cell dimensions of
101.3 x 99.0 x 92.9 A®. Temperature was controlled through
Langevin dynamics (Phillips et al., 2005) where the temperature
dampening coefficient was set to 1.0 ps~—!, and pressure through
Langevin piston Nose-Hoover method (Martyna et al., 1994;
Feller et al., 1995) with a barostat oscillation period of 175 fs
and a damping time of 150 fs. Periodic boundary conditions
were employed, and long-range electrostatic interactions were
computed by particle mesh Ewald (PME) method (Darden et al.,
1993; Essmann et al., 1995). A 14.0 A cutoff was used for
nonbonded interactions, with smoothing switch at 13.0 A and
pair lists cutoff at 16.0 A. The SHAKE algorithm (Ryckaert et al.,
1977) was used to make waters rigid as well as to constrain all
bonds between hydrogen and heavy atoms. A time step of 2 fs
was used. The equilibrations were performed by using the NAMD
(Phillips et al., 2005) program version 2.10. The saved trajectories
were visually inspected using the program VMD (Humphrey
et al., 1996).

Steered Molecular Dynamics

The CI™ transport by EcCLC is complicated due to the coupling
with the H' migration, and a 2CI7/IH" ratio has been
established (Accardi and Miller, 2004; Picollo and Pusch, 2005;
Scheel et al, 2005; Matulef and Maduke, 2007; Miller and
Nguitragool, 2009; Feng et al., 2012; Accardi, 2015). However,
exactly how the two Cl~ ions were transferred in every cycle is
still under debate. As such, we only considered the uncoupled
translocation of one CI™ ion to simplify the analysis, which
suffices the purpose of this work.

The parameters and program used in the model system
equilibration were used in the constant-velocity SMD (Izrailev
et al., 1998) simulations, except those indicated below. Before
the SMD simulations, the CI™ ion at Sce, in the equilibrated
model was replaced and fixed at the extracellular side at z = 0,
and the model system was re-equilibrated for 2 ns. The resulting
geometry, where the CI™ ion stayed just outside the extracellular
pore entrance, served as the starting geometry for the SMD
simulation (see Figure 1). For the SMD simulations, the ClI~ ion
was dragged through the pore toward the intracellular side from
z=0.0to —20.0 A. Three steering speeds were tested: 2, 5,and 10
A/ns. (As a comparison, the slowest speed applied in a previous
study, Ko and Jo, 2010a was 10 A/ns). The steering forces were
applied along the -z direction, and the spring force constants
were set to 10 kcal/mol/A%. The trajectories were saved every
100 steps. The Co atoms of randomly selected protein residues
Gly141, Thr226, Ala325, and Leu421, which belongs to helixes E,
I, L, and Q, respectively, were restrained to their initial positions
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FIGURE 1 | Beginning geometry for steered molecular dynamics simulations,
where the CI~ ion at the extracellular pore entrance (Cly) was moved toward
the intracellular side along the path indicated by the black dash curve and
arrow. Approximate positions of the three binding sites Sext, Scen, and Sint
were indicated by the green circles. Also shown is another nearby CI~ ion
(Cln), which was attracted to Arg147 during the equilibration. The EcCLC
antiporter transmembrane domain was illustrated in cartoon in yellow, with the
helixes A-R labeled. Lipid molecules were depicted as lines (cyan, C; blue, N;
red, O; and tan, P). For clarity, water molecules and ions are not displayed,
except for the above two CI~ ion shown as green spheres.

by harmonic potentials with force constants of 1.0 kcal/mol/A?
to prevent the protein from translating with the CI~ ion. The
simulations were conducted with constant volume and constant
temperature. The time step was set to 1.0 fs, as the SHAKE
algorithm was not used (the same applied to umbrella sampling
below).

Umbrella Sampling

The starting geometries for umbrella sampling calculations were
extracted from the trajectory of the SMD simulations at the
slowest speed of 2 A/ns. The z component of the CI~ ion’s
coordinate was chosen to be the reaction coordinate. In total,
there were 41 sampling windows covering 0 > z > —20.0 A,
with equal spacing of 0.5 A and each window containing the
Cl™ ion initially located approximately at the window center. The
simulations were done at both the QM/MM and MM levels. The
PMF was obtained using the weighted histogram analysis method
(WHAM) (Kumar et al., 1992).

For the QM/MM umbrella sampling, the QM subsystem
covered the entire pore section that the Cl~ ion traverses. This
included the CI™ ion, the pore residues (Glyl06 to Proll0,
Glul11 backbone, Leul45 to Pro150, Thr151 backbone, Gly354
to Ala358, Leud444, and Tyr445), selected residues near the
extracellular pore entrance (Alal88 to Phel90 and Gly314 to
Gly317), and 7 water molecules in the vicinity of the CI~ ion
(Figure 2). For simplicity, the mechanical-embedding scheme
with H as link-atom was adopted (Bakowies and Thiel, 1996;
Lin and Truhlar, 2005). For the first and last residues in a
list of consecutive residues in the QM subsystem, the amine

FIGURE 2 | The QM subsystem in QM/MM umbrella sampling simulations.
The pore residues are shown as balls and sticks, and the residues near the
extracellular pore entrance as sticks (cyan, C; blue N; and red O). The
backbones of these residues are illustrated in cartoon in yellow. The CI~ ion is
depicted as a large green sphere, and the water molecules in its vicinity as

small orange spheres. For clarity, H atoms are omitted.

and carbonyl groups were replaced by H atoms, respectively.
When the QM/MM boundary separated backbone and side
chain, H atoms were used to cap the Ca (or CP) atom. To
prevent MM water molecules from diffusing into the QM
region, the MM water molecules adjacent to the QM subsystem
(within 10.0 A from the QM subsystem) were restrained by
imposing harmonic potentials to their O atoms with force
constants of 1.0 kcal/mol/A%. The QM subsystem thus covered
the entire pore section that the CI~ ion passed through. For
computational efficiency, the PM3 (Stewart, 1989a,b) semi-
empirical Hamiltonian was chosen to model the QM subsystem.
Higher-level electronic-structure methods are more accurate, but
they were not employed for umbrella sampling due to their
much higher computational costs. Periodic boundary conditions
with a minimum-image convention were employed, where the
cutoffs for electrostatic and van der Waals interactions were set
to 14.0 A with smoothing switches at 13.0 A. For each window,
equilibration of 10 ps and production of 200 ps were performed.
A Nose-Hoover thermostat (Hoover, 1985; Kreis et al., 2016)
with a coupling constant of 4.0 fs was applied to control the
temperature. The force constants of the bias harmonic potential
were set to 14 kcal/mol/A%. The QM/MM simulations were
done using a local version of the QMMM program (Lin et al,,
2017), which called the MNDO program (Thiel, 2005) for QM
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calculations and NAMD for MM calculations, synthesized the
QM and MM gradients, and propagated the trajectory.

For the MM umbrella sampling, longer simulations could be
afforded, and 0.5 ns equilibration followed by 2.0 ns production
run was performed for each window. The force constants of the
bias harmonic potential were set to 5 kcal/mol/A2. The same
setups and program used in the model system equilibration were
again used here, unless otherwise noted.

Pore Radius Calculations

The pore radius at the CI™ ion locations were calculated for
representative geometries extracted from umbrella sampling
simulations. This analysis was carried out for both the MM and
QM/MM simulations. In either case, 7 snapshots were extracted
from the production phase of the trajectory for each of the 41
windows. The pore radii were computed utilizing the program
HOLE (Smart et al., 1996), where a Monte Carlo-based search
algorithm was employed to identify the best route for a sphere
with a given radius to pass through the protein. The “hard-core”
radii in Turano et al. (1992) was adopted for the calculations,
which implicitly account for the thermal motions of atoms. The
results of the 7 representative geometries were then averaged for
a given window.

Electron Delocalization

To characterize the CI™ electron delocalization during the ion
translocation along the pore, electrostatic-embedding QM/MM
single-point calculations were carried out on one representative
geometry for each window of QM/MM umbrella sampling. The
QM subsystem was the same as the one in the umbrella sampling
except that the selected residues near the pore entrance (Ala188
to Phe190 and Gly314 to Gly317) were excluded; these residues
were treated by MM due to computational cost considerations.
We employed the charge-redistribution scheme for the boundary
treatment (Lin and Truhlar, 2005). The B3LYP (Becke, 1988,
1993; Lee et al., 1988) functional with the 6-31+G(d) basis set
(Ditchfield et al., 1971; Hehre et al., 1972; Francl et al., 1982;
Clark et al., 1983) were used for the QM description, and the
MM force fields were the same as those in the umbrella sampling.
All MM atoms within 12.0 A from the QM subsystem were
included as background point charges in the embedded-QM
calculations. The calculations were performed using the local
version of QMMM, which called Gaussian09 (Frisch et al., 2010)
for the QM calculations. The Lowdin charges (Lowdin, 1950;
Wang et al, 2013) and the natural charges based on Natural
Bond Orbital analysis (Foster and Weinhold, 1980; Reed et al.,
1985) were computed using the polarized electron density of
the QM subsystem. We tested and found that further inclusion
of more MM background point charges in the embedded-QM
Hamiltonian did not noticeably change the atomic charges for the
QM atoms.

RESULTS
Equilibrated Model System

During equilibration, the protonated Glul48 side chain, which
had been manually rotated out of Sey, moved toward Seyr and

partially obstructed the pore entrance, but it did not enter the
pore to reclaim the binding site. Located at the transition area
between the intracellular aqueous solution and the pore, the CI~
ion at Siy drifted away during the equilibration. This is in line
with the weak binding affinity of Cl™ at this site (Lobet and
Dutzler, 2006), suggesting that Siy is less critical than Sey and
Scen to the CI™ transport. Attracted by the positively charged
Argl47, CI~ ions from the bulk often diffused to near the pore
entrance on the extracellular side and stayed there for up to 1 ns.
This additional weak binding site has been reported in previous
computational studies, although its exact location varied in the
literature (Bostick and Berkowitz, 2004; Cohen and Schulten,
2004; Faraldo-Gémez and Roux, 2004; Yin et al., 2004; Gervasio
et al., 2006; Smith and Lin, 2011; Church et al., 2013). It is quite
possible that this additional binding site plays a role in the CI~
ion recruitment.

Conformational Changes Along CI~

Translocation

Our analysis on the protein conformational changes will put
emphasis on the SMD trajectories, where a complete and
continuous voyage was simulated for the CI~ ion through the
pore.

Global Conformational Changes of the Protein
Generally speaking, the SMD trajectories of the three tested
steering speeds showed rather similar changes in the protein
conformation, but the variations became more prominent as the
steering speed decreased. The overall conformational changes
can be quantified by root-mean-square-deviation (RMSD) values
of the protein backbones, which are plotted as functions of the
simulation progress (Figure S1). All trajectories show a trend of
increasing RMSD over time. While the trend was moderate at the
speeds of 5 and 10 A/ns, it was considerably enhanced at 2 A/ns.
While this could be incidental, we suspect that it is at least partly
due to the longer relaxation time permitted for the model system
at a slower steering speed. As such, we will present and discuss the
data obtained with the slowest speed of 2 A/ns, while bringing in
the results of 5 and 10 A/ns only when necessary.

First, let us look at the global backbone movements induced
by the Cl~ passage. Figure 3 shows the orientations of the four
helixes (D, E, N, and R) that define the pore in selected snapshots
extracted from the SMD trajectory. In Figure 4, we display, vs.
the simulation time t, the Cartesian coordinates of the CI~ ion
as well as the backbone RMSD values of the protein and of these
four helixes. (See Figure S2 for the backbone RMSD values of the
complete set of all helixes).

As evident from Figure 4, the z coordinate of the CI™ ion
varied linearly as a result of constant-velocity steering. The
journey of the ion can be divided into three stages. In the first 2
ns, which we call the “entrance” stage, the ion wandered around
in the extracellular vestibule just outside the entrance (z ~ —4 A)
before finding its way into the pore. In the second “central” stage
of t = 2-8 ns, the ion walked essentially straight down the path,
as manifested by the approximately constant x and y coordinates.
During this section, the ion traveled through Sey at z ~ —6 A
and Scen at z ~ —10 A. The ion’s arrival at the kink (z ~ —16 A)
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FIGURE 3 | Extracted snapshots from the trajectories of the steered molecular dynamics simulations at a steering speed of 2 Ans. The protein is shown as cartoon in
yellow, helixes D (blue), F (red), N (cyan), and R (orange) as space-filled van der Waals spheres, and the CI~ ion as a large green sphere.
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FIGURE 4 | (A) Cartesian coordinates of the transferring Cl~ ion and root-mean-square-deviation (RMSD) values of the protein backbone heavy atoms as functions of
the simulation time of the steered molecular dynamics simulations with a steering speed of 2 Ans. (B) The RMSD values of the helixes D, F, N, and R, which form the

6
t [ns]

at t = ~8 ns marked the beginning of the last “exit” stage. The
deviation in the y coordinate indicated that the pore is curved
along this part. On its way out, the ion passed Sin (z ~ —18 A) at
t=~9ns.

The protein backbone RMSD increased slowly in the first 4 ns,
implying that there were relatively small changes in the protein
conformation during the entrance and early-central stages. The
RMSD then grew rapidly in the next 4 ns from ~1 A to ~2.5 A,
remained there for ~1 ns, and dropped sharply down to 1.5 A in
the last 1 ns. The substantial rise and fall in the RMSD in 4-10 ns

indicated significant conformational changes of the protein over
this period. The conclusion is exemplified by the representative
snapshots in Figure 3, where large-amplitude rigid-body
displacements of part of the protein can be seen during this time.
Three helixes were identified in the large-amplitude rigid-body
displacements induced by the ClI~ penetration: helix R most
prominently and helixes D and F moderately, all of which are
critical to the ion passage (Figure 4B).

e Helix R: This helix, which contains the internal gating residue
Tyr445, exhibited marked swinging motions similar to a door
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opening and closing. This motion corresponds with a normal
mode presented in an earlier study (Miloshevsky et al., 2010).
It appeared that the movement of Tyr445 propagated through
the helix, giving rise to the observed big changes in the
backbone RMSD. Separating helixes R and D, the outward
swinging reached its maximum at ~8.7 ns. After that, the ion,
which had been following the tilted path since t ~ 7.9 ns,
exited the pore, and helixes R and D returned to their original
positions (though not completely restored in the next 2 ns).
Because helix R extrudes into the intracellular solution, it is less
restrained than the other helixes by the rest of the protein or
by the membrane, thus possessing larger flexibility. However,
one limitation of the current model is that it contains only one
subunit. In the dimer structure, helix R may interact with helix
A from the other subunit. Moreover, the C-terminal domain,
which was not included in this model, is connected to helix
R and may also reduce its mobility. Therefore, the motion
amplitude of helix R was likely exaggerated here.

e Helix D: Another important residue along the CI~ pathway
is Ser107, which is situated at the beginning of helix D and,
together with Y445, contributes to Cl~ binding at Scen. The
movement of the Ser107 also propagated through helix D and
contributed to changes in the backbone RMSD. However, the
shorter helix D is embedded deeper into the protein matrix
and thus constrained more than helix R. Unsurprisingly, helix
D moved only moderately.

e Helix F: The Sex site is located between the ends of helixes F
and N, where the amine groups of the backbone extensively
coordinate ion. A bottleneck exists between Seyr and the pore
entrance at the extracellular vestibule. However, it seemed that
neither helix F nor N underwent significant global rigid-body
movements when the Cl~ ion passed the bottleneck, implying
that the adaptations to accommodate the ion’s passage were
primarily local. Similar conclusions were drawn in an earlier
SMD simulations at a higher steering speed of 10 A/ns (Ko
and Jo, 2010a). During the late central and exit stages of
the CI™ excursion (¢t > 4 ns), helix F displayed swinging
motions, albeit only to a modest extent, probably because it
was pushed by the nearby helix D in response to the internal
gate’s opening/closing.

We note that helix A backbone RMSD also exhibited significant
changes. Similar to helix R, helix A was exposed to the solvent
and thus was quite mobile. However, the trend of its backbone
RMSD change was not consistent across the three simulations
with various steering speeds (Figure S3). Because helix A resides
far from the rest of the protein in the current model, its motions
were largely independent of the excursion of the CI~ ion in this
study.

A small “bump” in the backbone RMSD of the protein from
t = 1-2 ns was predominantly due to the small changes in the
backbone RMSD of helixes D and R. Inspection of the trajectory
unveiled that this was caused by the highly flexible Phe357 side
chain, the fluctuation of which disturbed Tyr445 and, in turn,
Ser107. However, this happened when the CI™ ion was still in
the extracellular vestibule, and Tyr445 had roughly returned to
its initial position by t = 2 ns when the ion began entering the

pore. Moreover, such a bump was not observed in the simulations
of 5 or 10 A/ns speed. Therefore, this bump seemed irrelevant or
insignificant to CI™ transport.

The protein conformations featured in the SMD trajectories
were preserved in the trajectories generated by both the QM/MM
and MM umbrella sampling simulations. Because the MM
umbrella sampling allowed even longer equilibration (2.5 ns
for each window), the observation of similar conformations in
both the SMD and umbrella sampling simulations supports the
hypothesis that other major conformational changes besides the
helix R movement, if any, should occur at longer time scales.

Local Conformational Changes of Pore Residues
Next, we examined the conformational changes of individual
residues. The first thing we looked at was how the Cl~ ion entered
the pore. In the entrance stage of its voyage, the CI~ ion was
accompanied by the side chain carbonyl group of Glu148 as well
as by the backbone amine groups of Argl47 and Glu148 (Figure
S5). Inspection of the trajectory discovered that at t~1.8 ns the
side chain carboxyl group of Glu148, which had obstructed the
pore entrance, flipped, revealing the pore for the CI™ ion to
access. The side chain returned to its initial orientation after the
ion passed through Sey. The conformational change of Glu148
side chain was characterized by a 60° rotation of dihedral x»,
while x; and x3 remained largely unchanged (Figure 5A).

The CI™ ion in Sext was held by the backbone amine groups of
Gly147 to Gly149 and Ile356 to Ala358 (Figure 5B). The Gly146
backbone also stayed close, but the minimum distance from its
amine H to the Cl~ was 3.3 A, much longer than the other residue
backbones considered here, for which the distances could reach
2.1 A or shorter. We thus conclude that this interaction was not
so critical as the other residue backbones. As the Cl™ ion entered
Sext> the backbones of Glul48 and Gly149 from helix F shifted
closer to Cl™ to better solvate the ion. In contrast, the backbones
of Ile356 to Ala358 from helix N displaced less significantly,
which can again be attributed to the tighter embrace of the N
helix by the protein matrix. These local conformational changes
were well captured by the variations in the backbone RMSD of
these residues (Figure S4). Rapid increases can be seen in the
backbone RMSD of Glul48 and Gly149 at ~2.0 ns. (Note that
the side chain RMSD of Glul48 increased ~0.2 ns earlier than
the rise in the backbone RMSD of Glu148 due to pore opening).
The backbone RMSD values of Glul48 and Gly149 remained
high for ~2.4 ns before appreciably reducing. This period of ~2.4
ns corresponded to the ion cruising through Sex;. Interestingly,
although the Phe357 side chain was highly mobile all the time, its
activities did not seem very relevant.

The shifts of Glu148 and Gly149 backbones were also reflected
by the distances between the Cor atoms of the involved residues
(Figure 5B), where distances reduced by ~1 A were observed
for the Glu148-Phe357 and Gly149-1le356 pairs near ¢t = 2.0 ns
and remained low for ~2.4 ns. However, we note that, unlike the
flipping of Glul48 side chain, the shifts of Glul48 and Gly149
backbones were not a prerequisite of the Cl~ ion passage through
Sext- Rather, they were a consequence. In other words, the ion
could still have cruised through without the movement of the
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4.5 ns

FIGURE 5 | (A) Opening of pore entrance by flipping the Glu148 side chain. Left: Three snapshots (top view) at t = 1.7, 1.9, and 4.5 ns, where the CI~ ion (green),
Glu148 side chain (white, H; cyan, C; and red, O), backbones of 146-148 and 355-358 (yellow), and the methylene bridge (-CHo-) group of Phe357 (yellow) are
displayed as space-filled van der Waals spheres. The dotted circle indicates the pore. Right: Dihedrals x 1-x3 characterizing the conformations of the Glu148 side
chain as functions of simulation time. Note that x3 was shifted to be in the range of 0 to 360° instead of the standard —180° to +180° for better visualization. (B)
Distances between pairs of Ca atoms (yellow spheres) for selected residues (yellow ribbons). Left: Drawn as sticks are Ser107, 1le356 to Ala35 (backbone only),
Arg147 to Gly149 (backbone only), and Tyr445. The CI~ ion is illustrated as a green sphere. Right: Distances as functions of simulation time.
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Glu148 and Gly149 backbones, because the pore sizes were large
enough in this section. In fact, it has been known that even bigger
anions such as Br~ can also be transported rather efficiently
(the relative permeability Py /P, = 0.7; White and Miller, 1981;
Gouaux and MacKinnon, 2005). The lack of high selectivity
between Cl~ and Br™ is probably not problematic physiologically
because of the much lower physiological abundance of Br~ than
CI™ ions (Gouaux and MacKinnon, 2005).

The Ser107 and Tyr445 side chains played a central role in
the late central and exit stages of the Cl™ ion’s expedition. The
side chain hydroxyl groups of Ser107 and Tyr445 accommodated
the CI™ ion as soon as it left Sext (f ~ 4.4 ns) and escorted it
all the way through its exit from the channel. Maintaining the
ion coordination by these two residues drove the movement of
helixes D and R and led to the temporary separation of the two
helixes. Consequently, the distance between the Ca atoms of
Ser107 and Tyr445 increased until the ion exited from the pore
(Figure 5B). Interestingly, we did not observe much rotation of
the Ser107 side chain after 4.4 ns, during which x1 was mostly
constant (Figure S6). The attraction by the Cl~ ion might have

somewhat reduced the mobility of this side chain. The Tyr445
side chain x1 and x2 did not really change throughout the
entire journey. The side chain hydroxyl groups of both residues
remained quite flexible, though.

Pore Sizes

Figure 6 displays the pore sizes at the locations of the Cl~ ion
in the umbrella sampling simulations. For each location, the
radius was averaged over 7 representative geometries. Please
note that this is different from the pore sizes along the pathway
for a given snapshot of the protein. The pore size plot here
reflects the binding environment of the Cl~ ion as it travels
down the channel. Nevertheless, the overall shapes of the MM
and QM/MM pore-size curves agree reasonably well with those
reported previously (Bostick and Berkowitz, 2004; Corry et al.,
2004; Yin et al., 2004; Kuang et al., 2008; Ko and Jo, 2010a;
Khantwal et al., 2016). The MM pore radius was in general larger
by up to 0.5 A than the QM/MM radius, especially at the binding
sites.
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FIGURE 6 | Pore sizes at the locations of the CI~ ion in the umbrella sampling
simulations. For each location, the reported radius is the average over seven
representative geometries.

Cl~ ion Charge Redistribution
In previous studies, (Smith and Lin, 2011; Church et al., 2013;
Nieto-Delgado et al., 2013) it was found that the charge carried by
the CI™ ion is delocalized to its solvation shell when it is bound
at Sext and Scen. In the present work, we examined the trend
along the entire pore. The QM charges were computed using
the electrostatic-embedding QM/MM scheme on representative
geometries from umbrella sampling simulations. Compared with
our early truncated-QM model calculations for the pore in the
gas phase (Smith and Lin, 2011; Church et al., 2013) here the
electrostatic-embedding QM/MM calculations more realistically
incorporated the polarization effects due to the protein/solvent
environment. The results for the CI~ ion and for selected
atoms and functional groups belonged to three residue cohorts
(described later in this section) are depicted in Figure S7 as
functions of the reaction coordination z. The total charges of each
cohort are displayed in Figure 7. To better assist visualization,
we have divided the reaction pathway into 10 sections (each
of 2 A long) and collected the average charges over each
section. Importantly, both the natural and Lowdin charges gave
qualitatively similar descriptions, although the Lowdin charges
probably exaggerated the extents of charge variation. Therefore,
our analysis will focus on the natural charges.

The functional groups in a given cohort were those
who critically participated in the Cl~ coordination at the
corresponding stage of ion transport.

e Entrance cohort: side chain carboxyl group of Glul48 and
backbones of Arg147 and Glu148

e Central cohort: side chain hydroxyl group of Ser107, side chain
of Tyr445, and backbones of Argl47-Glyl49 and Ile356-
Ala358

e Exit cohort: side chain hydroxyl group of Ser107 and side chain
of Tyr445

Note that there are overlaps in the assignment of the functional
groups, because one functional group might participate in the
CI™ ion solvation in more than one stage. For example, the entire
exit cohort was part of the central cohort. Because our earlier
QM analyses had discovered that the transferred charge would

be delocalized over all nearby atoms with 1 bonds (Church et al,,
2013) we treated the entire backbone of a residue rather than just
the amine group as one unit in the present analysis. The same was
applied to the ring in the Tyr445 side chain.

There are significant charge redistributions between Cl~ and
the coordinating residues along the ion transport pathway. In
the external vestibules, if the CI~ ion had no contact with any
cohort residues, it retained a charge of nearly —1.0 e, despite
being coordinated by water molecules. As soon as it interacted
with the entrance cohort, notable partial charge transfer was
observed. The amount of charge loss increased as the ion
advanced through the pore and interacted with more residues.
The maximal charge deduction was ~20% and occurred when
the ion traveled from Sext (—6 A) to Scen (—10 A). This is not
surprising, because the central cohort has the largest number of
coordinating functional groups and caused most the significant
charge redistribution. Correspondingly, a dip appeared near z =
—8 A in the total-charge curve of the central cohort. Finally, the
exit cohort withdrew some of the charge density from Cl~ as the
ion approached it. The charge transfer to the exit cohort was the
greatest from Scep to the kink (=10 > z > —16 A). After leaving
the kink, the ion gradually regained its charge on the way out the
channel. Interestingly, the H atoms that directly coordinated the
Cl™ ion displayed almost negligible changes in their charges.

Potential of Mean Force Through Umbrella
Sampling

When analyzing the one-dimensional PMFs, we focused on the
data in the range of z > —16 A, because the pore is wide
and considerably tilted after z < —16 A, for which multi-
dimensional PMFs shall provide better descriptions of the ion
dynamics. First, we checked the convergence of the MM PMF
with respect to the sampling time per window (Figure S8A). The
MM PMEF converged to within 0.2 kcal/mol from 1.5 ns/window
to 2.0 ns/window, suggesting that the sampling time length was
adequate. The final MM PMF is shown in Figure 8 as the red
curve. The lowest free energy in the entire PMF corresponded
to Scen, but Sex is higher by only ~0.5 kcal/mol. The well at
the entrance was roughly the same as Sex;. The PMF possesses
a barrier of ~1.5 kcal/mol between the pore entrance and Sey.
This was primarily due to the need to rotate the Glul48 side
chain that blocked the channel so that the pore could be accessed.
Because our model was constructed in the open state instead
of the closed state, this barrier did not account for the changes
needed to prepare the protein in the open state. Going from Sex
to Scen experienced only a low barrier of ~0.3 kcal/mol. A barrier
of ~2 kcal/mol must be overcome when the ion departed from
the channel. This was mainly caused by the internal gate opening
by Tyr445 and Ser107, the movements of which propagated to the
backbones of helixes R and D.

The convergence of QM/MM PMF was less satisfactory
because of the shorter sampling time (Figure S8B). Although the
QM/MM PMF is probably not fully converged, the shape of the
curve was distinct. The final QM/MM PMF of 200 ps sampling
time is also displayed in Figure 8 as the blue curve. The QM/MM
PMEF agrees with the MM PMF very well in the locations of the
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FIGURE 7 | QM charges for the CI~ ion and the total charges for the entrance, central, and exit cohorts of residue functional groups against the reaction coordinate z
for representative geometries in QM/MM umbrella sampling simulations. Note that to assist better visualization, we have divided the reaction pathway into 10 sections
(each of 2 A long) and collected the average charges over each section. See the text for the cohort definitions. (A) Natural charges. (B) Léwdin charges.

Cl™ ion. The average x2 values were 104°, 167°, and 78° for
. — MM(2ns) 0-1.8, 1.8-4.4, and 4.4-10 ns, respectively. The corresponding
. values are 53°, 64°, and 64° in x1 and 179°, 154°, and 201°
3’ in x3, respectively (note that x3 has been offset to be in the
E range of 0-360°). The ~60° change in %2 upon pore opening
® * was much larger than the variations of ~10° in x1 and ~25°
E- in x3. The first and third average values of x2 (and of x3 are
s o similar, signifying the side chain returning to partially block the
e P L 0 o 0 1 po.re.entrance after departure of the Cl~. We suspect that their
S S S existing small difference of ~20° was due to the presence of CI~
Entrance ext el Ink at the entrance during the first 1.8 ns.

12 ﬂ Sz b & The pattern of dihedral evolution seems in line with what have
been seen in the experimental structures of ECCLC. In the crystal
= & structure of the wild-type (WT) protein, which is in the closed
E state, x 1-x3 (averaged over chains A and B) are —25°, 70°, and
" 4 —107°, respectively. For the E148Q mutant, which serves as a
X, mimic of the open state, the average values of x1-x3 are —36°,
§ 0 —57°, and —84°, respectively. Thus, the changes are substantial
a — QM/MM(200ps) (~130°) in x2 but insignificant in x1 (~10°) and x3 (~20°).
4 It is encouraging that both the computations and experiments

L -4 -8 -12 -16 -20 support the gating role of Glu148 side chain.
z[A] Our observation of the side chain rotation as the external
gating mechanism shares some similarities with what was
FIGURE 8 | Potentials of mean force for CI~ ion passage obtained by umbrella found for a eukaryotic Cyanidioschyzon merolae CLC (CmCLC)
sampling simulations. Note the different scales in the MM and QM/MM plots. transporter in a recent computational study (Cheng and Coalson,

2012). In that paper, constant-force steering was applied to guide

Cl™ ions through the pore. No large-amplitude motions of the
wells and barriers. Although Scey, still corresponded to the lowest  helixes were found. The side chain rotation of Glu210 (Glu148
free energy when the ion was in the pore (—4 > z > —16 A),  equivalent in CmCLC) was characterized by significant changes
it was higher by ~2 kcal/mol in energy than the entrance, and  in both x 1 and 2 (>100°). In contrast, only changes in x2 was
Sext is ~5 keal/mol above Scen. The QM/MM PMF exhibited  notable in the present study.

markedly higher barriers for CI~ entering and exiting the pore We note that an earlier paper (Bisset et al., 2005) based on the
(8-10 kcal/mol), and conversely a small (~0.5 kcal/mol) barrier  simulations of a pure C1~ channel CLC-0 suggested an alternative
from Sext to Scen. gating mechanism of Glu148: The Glu148 side chain was pushed

back by the incoming Cl~ ions into a more central position and
DISCUSSION pressed against the channel wall, such that it did not block the

travel of CI~ ions. Such a conformation of the external gating
External Gating by Glu148 residue was also detected in a recent experimental structure

As revealed from our analysis, rotation of Glul48 side chain ~ of CmCLC transporter (Feng et al., 2010). The discrepancies
was necessary to make the pore entrance fully exposed to the  between this earlier and our current simulations may arise from
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the different proteins and/or the different starting geometries of
Glul48 (the protonated Glul48 might stay initially deeper in
the pore in the previous computation). On the other hand, it is
certainly possible for the Glul48 side chain to move in either
direction to escape from Scy. Therefore, while not observed in
our simulations, we cannot rule out this alternative mechanism
for pore opening. However, because EcCLC is an antiporter,
the release of H' to the extracellular side will probably require
Glu148 be exposed to the extracellular solution sometime during
a transport cycle.

Sext-Free vs. Sexi-Occupied Open States
It is intriguing to see that the presence of the CI™ ion in
Sext induced subtle local movements of Glul48 and Gly149
backbones. The approach of helix F to helix N can be attributed
to the negatively charge of Cl~, which “glued” the two helix
N-terminal ends. Note that these N-terminal ends are partially
positively charged. The departure of the ion from Sey thus
widened Sy again. These open-state geometries with and
without the anion in Sey can be labeled as Sexi-free and
Sext-occupied, respectively. Because the deprotonated carboxyl
groups of Glul48 also carries a negative charge, the close-state
geometry and the Sey-occupied open-state geometry should bear
similarities in the Sey region. This is indeed the case for the
crystal structures (Dutzler et al., 2002, 2003). As can be seen
in Table 1, the distances between Ca atom pairs for Argl47-
Ala358, Glul48-Phe357, and Gly149-1le356 (Figure 5B), which
characterize the size of Seyt, are rather similar across the three
crystal structures. Averaged over the three pairs and over chains
A and B, the distances are 7.0, 6.9, and 7.0 A for WT, E148A, and
E148Q, respectively. In view of this, the “true” open state could be
the Seyt-free one, for which E148Q without an anion at Sey; will
be a realistic mimic.

We note that the distances in our SMD simulations are
consistently larger than those from the crystal structure. Even for
those of 2.0-4.4 ns corresponding to the Scy-occupied state, the

TABLE 1 | Average distances (in A) between pairs of Ca atoms for selected
residues: Arg147-Ala358, Glu148-Phe357, Gly149-1le356, and Ser107-Tyr445.

Arg147- Glu148- Gly149- Ser107-

Ala358 Phe357 1le356 Tyrd45
SMD  0-2.0ns 8.05 7.58 7.75 8.96
2.0-4.4ns 7.83 7.37 7.34 9.28
4.4-10.0 ns 7.90 7.54 8.12 11.23
Exp WT (chain A) 7.34 6.49 7.22 8.86
WT (chain B) 7.38 6.53 7.24 8.84
E148A (chain A) 7.06 6.22 7.50 8.65
E148A (chain B) 7.08 6.06 7.62 8.70
E148Q (chain A) 7.21 6.59 7.06 8.88
E148Q (chain B) 7.28 6.53 7.11 8.90

In addition to the SMD data, the experimental data are also provided for wild-type (WT,
PDB code 10TS) and two mutants E148A (PDB code 10TT) and E148Q (PDB code
10TU) (Dutzler et al., 2003).

distance average over these three pairs is 7.5 A, ~0.5 A wider
than the crystal structures. The average distance over the Sex-
free state is 7.8 A. Currently we do not know exactly what caused
the difference, although the different environments in which the
protein stays may have contributed to the disparity—the protein
is more tightly packed in the crystal form but probably more
expanded when embedded in membrane.

Quantum Effects of Electron Delocalization

on CI~ Translocation
Comparisons between the MM and QM/MM results obtained
in this study provide an opportunity to gauge the quantum
effects of electron delocalization on CI™ transport by EcCLC.
First, we point out that the MM (2 kcal/mol) and QM/MM
(10 kcal/mol) barriers estimated here for Cl~ translocation are
close to those (3-8 kcal/mol) obtained in previous computational
studies (Cohen and Schulten, 2004; Gervasio et al., 2006; Ko
and Jo, 2010a; Cheng and Coalson, 2012) again suggesting that
the slow transport of Cl™ ions (~10% s71) by EcCLC (Walden
et al., 2007) arises from other factors not considered here.
The same locations of the barriers and wells in both MM and
QM/MM PMFs implied that electron delocalization was fine
tuning rather than dramatically changing the CI™ transport
mechanism. However, the QM/MM barriers are much higher
than the MM barriers, suggesting stronger binding, especially at
the entrance and Scep, at the QM/MM level than at the MM level.

To gain a deeper insight on the differences, we computed the
binding energies for a few model complexes formed between Cl~
and residue backbone or side chains at the CHARMM36, PM3,
and B3LYP/6-314+G(d) levels (Figure 9). Note that the Glu-Cl~
complex has two different conformations, both of which had
been observed for Glul48 in the umbrella sampling trajectories.
The positively charged arginine side chain was also included
because of the strong attraction between the Argl47 side chain
and the Cl™ in the entrance, although the Argl47 side chain is
not part of the entrance cohort. Among the three levels of theory,
the B3LYP calculations are the most accurate and serve as the
reference for comparisons. Overall, the QM and MM optimized
geometries were similar. However, in the PM3 calculations, the
binding energies were overestimated by 7-17% and the bond
lengths were shorter by 10-20% than the reference calculations.
More specifically, the errors were 13 kcal/mol for the arginine
side chain and 2-4 kcal/mol for the other models. In contrast,
the H-CI distances by CHARMM36 calculations agreed almost
perfectly with B3LYP for water, serine side chain, and arginine
side chain, but were somewhat too long (by ca. 4-8%) for the
backbone and the side chains of glutamate and tyrosine. Not
surprisingly, the CHARMM36 performance in energy seemed
mixed. While performing remarkably well (within 2 kcal/mol,
or within 7%) for water, serine side chain, and the first (anti)
conformation of glutamate side chain, CHARMM?36 noticeably
underestimated the binding energies for the backbone, tyrosine
side chain, and the second (syn) conformation of glutamate side
chain by 4-6 kcal/mol, or 23-28%.

Interestingly, the model complexes on which CHARMM36
performed poorly contain 1 bonds. As our earlier study revealed,
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A Arginine side chain

MM: 101.6/2.09
PM3:117.1/1.73
B3LYP: 103.8/2.07

¢ Glutamate side chain 1

MM: 26.1/2.08
PM3: 30.0/1.76
B3LYP: 27.9/1.99

.
.
o“

E Tyrosine side chain

MM: 16.7/2.13
PM3: 26.6/1.71
B3LYP: 22.7/2.01

CHARMMSE force field and TIPSP water model.

F Serine side chain

FIGURE 9 | Optimized model complexes formed between CI~ and (A,C-F) side chain, (B) backbone, and (G) water models, where the binding energies
(kcal/mol)/H-Cl distances (A) are listed next to each complex. The binding energy is defined as E(bind) = E(CI™) 4+ E(model) — E(complex), where the energies are at
the optimized geometries at the given level of theory. The average H-Cl distance was shown for the arginine side chain model. The MM calculations employed the

B Backbone

A MM: 15.0/2.24
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these m bonds stabilize the CI~ ion substantially through
mutual polarization and partial charge transfer (Church et al.,
2013). The MM calculation failed to account for these quantum
effects of electron delocalization in anion-7 interactions. On
the other hand, MM describes classical electrostatic interaction
very well. Therefore, CHARMMS36 significantly outperformed
PM3 for the arginine side chain, which, although contains w
bonds, interacts with CI~ predominantly through electrostatic
attractions. This also explains the different performances by
MM for the two conformations of glutamate side chain. As
the CI~ ion stands closer to the CHj group in the first
conformation, electrostatic interactions contribute a larger share
in the total binding energies. This was confirmed by natural
orbital analysis, which revealed less electron delocalization in the
first conformation than in the second: the CI~ ion lost 0.107 e in
the first conformation but 0.140 e in the second conformation. As
expected, CHARMM36 reproduced the interaction energy of the
first conformation more accurately.

One may argue that the MM parameters were optimized
for condensed-phase simulations, while these model complexes
are gas-phase calculations. This is certainly true. However, this
means that MM typically overestimates the binding energies for
gas-phase models. In contrast, MM underestimates the binding

affinities here. Thus, these inaccurate MM energies are most likely
caused by the missing stabilizations due to quantum electron
delocalization.

While the overestimation of binding energies at the PM3
level likely increased QM/MM barriers, the underestimation of
binding energy at the CHARMM36 level probably lowered MM
barriers. In particular, the significantly overestimated attraction
by Argl47 side chain near the entrance at the PM3 level
contributed to an artificially deep well in 0 > z > 2 A
in the QM/MM PMF. The dip at Scen, however, might be
described more realistically in the QM/MM PMF curve because
of the substantial under-binding with the Tyr445 side chain by
CHARMMS36. It is a bit puzzling that Sey, where the CI™ ion
was extensively coordinated by backbone amine groups, was
~5 kcal/mol higher than Sce, in the QM/MM PME, despite the
over-binding with the backbone in the PM3 calculations. We do
not know the reason, but it could be due to that the QM/MM
PMF had not fully converged, as the barrier between Sey and
Scen seemed to keep increasing with extending simulation time
(Figure S8).

The differences between CHARMM36 and PM3 bindings also
manifest in the pore-size plots (Figure 6). The stronger PM3
binding led to generally smaller pore sizes in QM/MM, especially
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in the binding sites. Interestingly, while the MM pore radii were
~1.8 A or larger, which correspond to the generally accepted Cl~
ionic radius of 1.81 A (Shannon, 1976) the QM/MM radii could
go down to as small as ~ 1.4 A. This smaller size indicated that the
anion’s size was effectively reduced as it lost substantial amount
of its electron density. For reference, we note that the radius of
the charge-neutral Cl atom was determined to be 0.99 A (Pyykko
and Atsumi, 2009).

SUMMARY

We have carried out SMD simulations to escort a Cl~ ion
through the pore of EcCLC to identify the accompanied local
and global conformational changes of the protein. We observed
that the side chain rotation of the external gating residue Glu148
was essential for the full access of the pore entrance by CI™.
Occupation of Sex by the anion induced small but non-negligible
shifting of the Glul48 and Glyl49 backbones, which came
closer to CI~ for better ion solvation. This local conformational
change implied subtle differences between the Sex-free and Sex-
occupied open states. The ion’s passing through the internal
gating residue Tyr445 prompted helix R, which extrudes into
the intracellular solution, to swing away from helix D. Helix R
returned to its initial position once the ion exited sideways from
the pore. There was substantial electron delocalization of CI~ to
its surroundings, especially to the w-bonds (e.g., the Tyr445 side
chain), along the ion’s journey through the channel. Umbrella
sampling simulations at both the MM and QM/MM levels were
performed to quantify the free-energy profile associated with
CI™ transport. The results identified major barriers for CI™
moving into Sex from the extracellular vestibule and exiting
the pore from Scen. The barrier heights were ~2 kcal/mol in
MM and ~10 kcal/mol in QM/MM, respectively. The higher
barriers in the QM/MM than MM free-energy landscapes were
attributed to the differences in the interaction energies between
Cl™ and nearby residues, which were overestimated by PM3
but underestimated by CHARMM36. The QM/MM and MM
results here probably provide the upper and lower bounds for
the barrier heights. The weaker binding interactions predicted by
MM was primarily caused by missing stabilization from electron
delocalization between Cl~ and functional groups containing
1 bonds. The findings here suggest that quantum effects of
electron delocalization may be more important than previously
considered and should be taken into account if more accurate
descriptions are desired for CI~ transport proteins.

However, some of the above conclusions must be taken
with caution, considering the intrinsic limitations in the model
and methods employed this study. The current model system
consisted of only one independent subunit of the transmembrane
domain, while EcCLC contains a C-terminal domain and usually
forms dimers. The amplitude of motion for helix R may be
decreased in the presence of the C-terminal domain and the
other subunit. The slowest steering speed in the SMD simulations
was 2 A/ns, which, although quite slow, might still be too fast

for near-equilibrium steering. The QM/MM umbrella sampling
was conducted employing the semi-empirical PM3 Hamiltonian
with relatively short (200 ps per window) sampling time due to
computational cost considerations. More advanced electronic-
structure theory and longer simulations times are certainly
desired for more accurate calculations. Classical polarizable
force fields that explicitly include many-body contributions offer
another choice (Kaminski et al., 2004; Patel and Brooks, 2004;
Patel et al., 2004; Jorgensen, 2007; Warshel et al., 2007; Xie and
Gao, 2007; Cisneros et al., 2014, 2016; Vanommeslaeghe and
MacKerell, 2015; Albaugh et al., 2016). Although polarizable
force fields are more expensive than standard non-polarizable
force fields, they are more efficient than QM calculations. The
disadvantage is that force fields based on classical electrostatics do
not explicitly account for quantum effects such as polarization-
exchange coupling and charge transfer (Illingworth and Domene,
2009). The simulations translocated only one Cl~ ion, leaving
out the scenarios of two or more Cl~ ion moving together.
The existence and movements of other ClI™ ions in the channel
will likely impact the binding and translocation of a given CI~
ion. The possible coupling between Cl~ ion transport and H*
delivery was also missed. Finally, the model we constructed was
an “open-state” model, so the conversion between the closed
and open states has not been visited. Future studies will need to
address these issues.

AUTHOR CONTRIBUTIONS

HL designed the project. AD carried out the code
implementation. C-HW, BA, MZ, and AD performed the
calculations. C-HW, AD, BA, and HL analyzed the results.
C-HW, AD, and HL wrote the manuscript, which is then revised
by all authors, who have given approval to the final version of the
manuscript.

FUNDING

This work is supported by the National Science Foundation
(CHE-1564349), Camille and Henry Dreyfus Foundation (TH-
14-028), NVIDIA Corporation, and the University of Colorado
Denver Undergraduate Research Opportunity Program. This
work used XSEDE under grant CHE-140070, supported by NSF
grant number ACI-1053575, and NERSC under grant m2495.

ACKNOWLEDGMENTS

We thank Christal Davis and Christina Garza for insightful
discussion.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00062/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

13

March 2018 | Volume 6 | Article 62


https://www.frontiersin.org/articles/10.3389/fchem.2018.00062/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

QM/MM Study of EcCLC

REFERENCES

Accardi, A. (2015). Structure and gating of CLC channels and exchangers. J.
Physiol. 593, 4129-4138. doi: 10.1113/]JP270575

Accardi, A., Lobet, S., Williams, C., Miller, C., and Dutzler, R. (2006). Synergism
between halide binding and proton transport in a CLC-type exchanger. J. Mol.
Biol. 362, 691-699. doi: 10.1016/j.jmb.2006.07.081

Accardi, A., and Miller, C. (2004). Secondary active transport mediated by
a prokaryotic homologue of CIC CI~ channels. Nature 427, 803-807.
doi: 10.1038/nature02314

Accardi, A., and Picollo, A. (2010). CLC channels and transporters: proteins
with borderline personalities. Biochim. Biophys. Acta 1798, 1457-1464.
doi: 10.1016/j.bbamem.2010.02.022

Accardi, A., Walden, M., Nguitragool, W., Jayaram, H., Williams, C., and Miller,
C. (2005). Separate ion pathways in a CI~/H" exchanger. . Gen. Physiol. 126,
563-570. doi: 10.1085/jgp.200509417

Albaugh, A, Boateng, H. A, Bradshaw, R. T., Demerdash, O. N., Dziedzic, J., Mao,
Y., et al. (2016). Advanced potential energy surfaces for molecular simulation.
J. Phys. Chem. B 120, 9811-9832. doi: 10.1021/acs.jpcb.6b06414

Allen, T. W., Andersen, O. S., and Roux, B. (2006). Ion permeation through a
narrow channel: using gramicidin to ascertain all-atom molecular dynamics
potential of mean force methodology and biomolecular force fields. Biophys.
J. 90, 3447-3468. doi: 10.1529/biophysj.105.077073

Bakowies, D., and Thiel, W. (1996). Hybrid models for combined quantum
mechanical and molecular mechanical approaches. J. Phys. Chem. 100,
10580-10594. doi: 10.1021/jp9536514

Basilio, D., Noack, K., Picollo, A., and Accardi, A. (2014). Conformational changes
required for H"/Cl~ exchange mediated by a CLC transporter. Nat. Struct. Mol.
Biol. 21, 456-464. doi: 10.1038/nsmb.2814

Becke, A. D. (1988). Density-functional exchange-energy approximation
with correct asymptotic behavior. Phys. Rev. A 38, 3098-3100.
doi: 10.1103/PhysRevA.38.3098

Becke, A. D. (1993). Density-functional thermochemistry. III. The role of exact
exchange. J. Chem. Phys. 98, 5648-5652. doi: 10.1063/1.464913

Best, R. B., Zhu, X., Shim, J., Lopes, P. E. M., Mittal, J., Feig, M., et al. (2012).
Optimization of the additive CHARMM all-atom protein force field targeting
improved sampling of the backbone ¢, | and side-chain x 1 and x2 dihedral
angles. J. Chem. Theory Comput. 8, 3257-3273. doi: 10.1021/ct300400x

Bisset, D., Corry, B., and Chung, S.-H. (2005). The fast gating mechanism in CIC-0
channels. Biophys. J. 89, 179-186. doi: 10.1529/biophysj.104.053447

Bostick, D. L., and Berkowitz, M. L. (2004). Exterior site occupancy infers chloride-
induced proton gating in a prokaryotic homolog of the CIC chloride channel.
Biophys. ]. 87, 1686-1696. doi: 10.1529/biophys;j.104.042465

Bostick, D. L., and Brooks, C. L. (2010). Selective complexation of K™ and Na* in
simple polarizable ion-ligating systems. J. Am. Chem. Soc. 132, 13185-13187.
doi: 10.1021/jal06197¢

Bucher, D., Guidoni, L., Carloni, P., and Rothlisberger, U. (2010). Coordination
numbers of KT and Na™ ions inside the selectivity filter of the KcsA potassium
channel: Insights from first-principles molecular dynamics. Biophys. J. 98,
147-149. doi: 10.1016/j.bp;j.2010.01.064

Bucher, D., Guidoni, L., and Rothlisberger, U. (2007). The protonation state
of the Glu-71/Asp-80 residues in the KcsA potassium channel: a first-
principles QM/MM molecular dynamics study. Biophys. J. 93, 2315-2324.
doi: 10.1529/biophysj.106.102509

Chen, T.-Y. (2005). Structure and function of CLC channels. Annu. Rev. Physiol.
67, 809-839. doi: 10.1146/annurev.physiol.67.032003.153012

Chen, Z., and Beck, T. L. (2016). Free energies of ion binding in the bacterial CLC-
Ecl chloride transporter with implications for the transport mechanism and
selectivity. J. Phys. Chem. B 120, 3129-3139. doi: 10.1021/acs.jpcb.6b01150

Chenal, C., and Gunner, M. R. (2017). Two Cl ions and a glu compete for a
helix cage in the CLC proton/Cl™ antiporter. Biophys. J. 113, 1025-1036.
doi: 10.1016/j.bpj.2017.07.025

Cheng, M. H., and Coalson, R. D. (2012). Molecular dynamics investigation of
ClI™ and water transport through a eukaryotic CLC transporter. Biophys. J. 102,
1363-1371. doi: 10.1016/j.bpj.2012.01.056

Cheng, M. H., Mamonov, A. B, Dukes, J. W., and Coalson, R. D. (2007). Modeling
the fast gating mechanism in the CIC-0 chloride channel. J. Phys. Chem. B 111,
5956-5965. doi: 10.1021/jp063993h

Church, J., Pezeshki, S., Davis, C., and Lin, H. (2013). Charge transfer and
polarization for chloride ions bound in CIC transport proteins: natural bond
orbital and energy decomposition analyses. J. Phys. Chem. B 117, 16029-16043.
doi: 10.1021/jp409306x

Cisneros, G. A., Karttunen, M., Ren, P., and Sagui, C. (2014). Classical
electrostatics for biomolecular simulations. Chem. Rev. 114, 779-814.
doi: 10.1021/cr300461d

Cisneros, G. A., Wikfeldt, K. T., Ojamie, L., Lu, J., Xu, Y., Torabifard, H.,
et al. (2016). Modeling molecular interactions in water: from pairwise
to many-body potential energy functions. Chem. Rev. 116, 7501-7528.
doi: 10.1021/acs.chemrev.5b00644

Clark, T., Chandrasekhar, J., Spitznagel, G. W., and Schleyer, P. V. R. (1983).
Efficient diffuse function-augmented basis sets for anion calculations. III. The
3-21+G basis set for first-row elements, Li-F. J. Comput. Chem. 4, 294-301.
doi: 10.1002/jcc.540040303

Coalson, R. D., and Cheng, M. H. (2010). Discrete-state representation of ion
permeation coupled to fast gating in a model of CIC chloride channels:
comparison to multi-ion continuous space brownian dynamics simulations. J.
Phys. Chem. B 114, 1424-1433. doi: 10.1021/jp907965b

Coalson, R. D., and Cheng, M. H. (2011). Discrete-state representation of ion
permeation coupled to fast gating in a model of CLC-chloride channels: analytic
estimation of the state-to-state rate constants. J. Phys. Chem. A 115, 9633-9642.
doi: 10.1021/jp200749s

Cohen, J., and Schulten, K. (2004). Mechanism of anionic conduction across CIC.
Biophys. J. 86, 836-845. doi: 10.1016/S0006-3495(04)74159-4

Compoint, M., Ramseyer, C., and Huetz, P. (2004). Ab initio investigation of the
atomic charges in the KcsA channel selectivity filter. Chem. Phys. Lett. 397,
510-515. doi: 10.1016/j.cplett.2004.09.033

Corry, B., O'Mara, M., and Chung, S.-H. (2004). Conduction mechanisms
of chloride ions in CIC-type channels. Biophys. J. 86, 846-860.
doi: 10.1016/S0006-3495(04)74160-0

Darden, T., York, D., and Pedersen, L. (1993). Particle mesh Ewald: an NLog(N)
method for Ewald sums in large systems. J. Chem. Phys. 98, 10089-10092.
doi: 10.1063/1.464397

Ditchfield, R., Hehre, W. J., and Pople, J. A. (1971). Self-consistent molecular-
orbital methods. IX. An extended Gaussian-type basis for molecular-orbital
studies of organic molecules. . Chem. Phys. 54, 724-728.

Dudev, T., and Lim, C. (2009). Determinants of K* vs. Nat selectivity in potassium
channels. J. Am. Chem. Soc. 131, 8092-8101. doi: 10.1021/ja900168k

Duster, A. W., Wang, C.-H., Garza, C. M., Miller, D. E., and Lin, H. (2017).
Adaptive quantum/molecular mechanics: what have we learned, where are
we, and where do we go from here? Wiley Interdiscip. Rev. Comput. Mol. Sci.
7:€1310. doi: 10.1002/wcms.1310

Dutzler, R. (2006). The CIC family of chloride channels and transporters. Curr.
Opin. Struct. Biol. 16, 439-446. doi: 10.1016/.sbi.2006.06.002

Dutzler, R., Campbell, E. B., Cadene, M., Chait, B. T., and MacKinnon, R. (2002).
X-ray structure of a CIC chloride channel at 3.0 A reveals the molecular basis of
anion selectivity. Nature 415, 287-294. doi: 10.1038/415287a

Dutzler, R., Campbell, E. B., and MacKinnon, R. (2003). Gating the selectivity filter
in CIC chloride channels. Science 300, 108-112. doi: 10.1126/science.1082708

Elvington, S. M., Liu, C. W., and Maduke, M. C. (2009). Substrate-driven
conformational changes in CIC-ecl observed by fluorine NMR. EMBO J. 28,
3090-3102. doi: 10.1038/emboj.2009.259

Engh, A. M., Faraldo-Gémez, ]. D., and Maduke, M. (2007a). The
mechanism of fast-gate opening in CIC-0. J. Gen. Physiol. 130, 335-349.
doi: 10.1085/jgp.200709759

Engh, A. M., Faraldo-Gomez, J. D., and Maduke, M. (2007b). The role of a
conserved lysine in chloride- and voltage-dependent CIC-0 fast gating. J. Gen.
Physiol. 130, 351-363. doi: 10.1085/jgp.200709760

Engh, A. M., and Maduke, M. (2005). Cysteine accessibility in CIC-0 supports
conservation of the CIC intracellular vestibule. J. Gen. Physiol. 125, 601-617.
doi: 10.1085/jgp.200509258

Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., and Pedersen, L. G.
(1995). A smooth particle mesh Ewald method. J. Chem. Phys. 103, 8577-8593.
doi: 10.1063/1.470117

Estévez, R., Schroeder, B. C., Accardi, A., Jentsch, T. J., and Pusch, M. (2003).
Conservation of chloride channel structure revealed by an inhibitor binding
site in CIC-1. Neuron 38, 47-59. doi: 10.1016/S0896-6273(03)00168-5

Frontiers in Chemistry | www.frontiersin.org

14

March 2018 | Volume 6 | Article 62


https://doi.org/10.1113/JP270575
https://doi.org/10.1016/j.jmb.2006.07.081
https://doi.org/10.1038/nature02314
https://doi.org/10.1016/j.bbamem.2010.02.022
https://doi.org/10.1085/jgp.200509417
https://doi.org/10.1021/acs.jpcb.6b06414
https://doi.org/10.1529/biophysj.105.077073
https://doi.org/10.1021/jp9536514
https://doi.org/10.1038/nsmb.2814
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/ct300400x
https://doi.org/10.1529/biophysj.104.053447
https://doi.org/10.1529/biophysj.104.042465
https://doi.org/10.1021/ja106197e
https://doi.org/10.1016/j.bpj.2010.01.064
https://doi.org/10.1529/biophysj.106.102509
https://doi.org/10.1146/annurev.physiol.67.032003.153012
https://doi.org/10.1021/acs.jpcb.6b01150
https://doi.org/10.1016/j.bpj.2017.07.025
https://doi.org/10.1016/j.bpj.2012.01.056
https://doi.org/10.1021/jp063993h
https://doi.org/10.1021/jp409306x
https://doi.org/10.1021/cr300461d
https://doi.org/10.1021/acs.chemrev.5b00644
https://doi.org/10.1002/jcc.540040303
https://doi.org/10.1021/jp907965b
https://doi.org/10.1021/jp200749s
https://doi.org/10.1016/S0006-3495(04)74159-4
https://doi.org/10.1016/j.cplett.2004.09.033
https://doi.org/10.1016/S0006-3495(04)74160-0
https://doi.org/10.1063/1.464397
https://doi.org/10.1021/ja900168k
https://doi.org/10.1002/wcms.1310
https://doi.org/10.1016/j.sbi.2006.06.002
https://doi.org/10.1038/415287a
https://doi.org/10.1126/science.1082708
https://doi.org/10.1038/emboj.2009.259
https://doi.org/10.1085/jgp.200709759
https://doi.org/10.1085/jgp.200709760
https://doi.org/10.1085/jgp.200509258
https://doi.org/10.1063/1.470117
https://doi.org/10.1016/S0896-6273(03)00168-5
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

QM/MM Study of EcCLC

Faraldo-Gomez, J. D., and Roux, B. (2004). Electrostatics of ion stabilization in
a CIC chloride channel homologue from Escherichia coli. J. Mol. Biol. 339,
981-1000. doi: 10.1016/j.jmb.2004.04.023

Feller, S. E., Zhang, Y., Pastor, R. W., and Brooks, B. R. (1995). Constant pressure
molecular dynamics simulation: the langevin piston method. J. Chem. Phys.
103, 4613-4621. doi: 10.1063/1.470648

Feng, L., Campbell, E. B., Hsiung, Y., and MacKinnon, R. (2010). Structure of a
eukaryotic CLC transporter defines an intermediate state in the transport cycle.
Science 330, 635-641. doi: 10.1126/science.1195230

Feng, L., Campbell, E. B., and MacKinnon, R. (2012). Molecular mechanism of
proton transport in CLC ClI~/H* exchange transporters. Proc. Natl. Acad. Sci.
U.S.A. 109, 11699-11704. doi: 10.1073/pnas.1205764109

Field, M. J., Bash, P. A., and Karplus, M. (1990). A combined quantum mechanical
and molecular mechanical potential for molecular dynamics simulations. J.
Comput. Chem. 11, 700-733. doi: 10.1002/jcc.540110605

Foster, J. P., and Weinhold, F. (1980). Natural hybrid orbitals. J. Am. Chem. Soc.
102, 7211-7218. doi: 10.1021/ja00544a007

Francl, M. M., Pietro, W. J., Hehre, W. ], Binkley, J. S., DeFrees, D. J., Pople, J. A.,
et al. (1982). Self-consistent molecular orbital methods. XXIII. A polarization-
type basis set for second-row elements. J. Chem. Phys. 77, 3654-3665.

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A,
Cheeseman, J. R,, et al. (2010). Guassian09. Version, B.01. Wallingford, CT:
Gaussian, Inc.

Gao, J. (1996). Methods and applications of combined quantum mechanical
and molecular mechanical potentials. Rev. Comput. Chem. 7, 119-185.
doi: 10.1002/9780470125847.ch3

Gervasio, F. L., Parrinello, M., Ceccarelli, M., and Klein, M. L. (2006). Exploring
the gating mechanism in the CIC chloride channel via metadynamics. J. Mol.
Biol. 361, 390-398. doi: 10.1016/j.jmb.2006.06.034

Gouaux, E., and MacKinnon, R. (2005). Principles of selective ion transport in
channels and pumps. Science 310, 1461-1465. doi: 10.1126/science.1113666

Han, W., Cheng, R. C., Maduke, M. C., and Tajkhorshid, E. (2014). Water access
points and hydration pathways in CLC HT/Cl~ transporters. Proc. Natl. Acad.
Sci. U.S.A. 111, 1819-1824. doi: 10.1073/pnas.1317890111

Hehre, W. J., Ditchfield, R., and Pople, J. A. (1972). Self-consistent molecular
orbital methods. XII. Further extensions of Gaussian-type basis sets for use in
molecular orbital studies of organic molecules. J. Chem. Phys. 56, 2257-2261.
doi: 10.1063/1.1674902

Hoover, W. G. (1985). Canonical dynamics: equilibrium phase-space distributions.
Phys. Rev. A 31, 1695-1697. doi: 10.1103/PhysRevA.31.1695

Huetz, P., Boiteux, C., Compoint, M., Ramseyer, C., and Girardet, C. (2006).
Incidence of partial charges on ion selectivity in potassium channels. J. Chem.
Phys. 124:044703. doi: 10.1063/1.2159483

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular
dynamics. J. Mol. Graphics. 14, 33-38. doi: 10.1016/0263-7855(96)00018-5

Ilingworth, C. J, and Domene, C. (2009). Many-body effects and
simulations of potassium channels. Proc. R. Soc. A. 465, 1701-1716.
doi: 10.1098/rspa.2009.0014

Illingworth, C. J. R., Furini, S., and Domene, C. (2010). Computational studies on
polarization effects and selectivity in KT channels. J. Chem. Theory Comput. 6,
3780-3792. doi: 10.1021/ct100276¢

Izrailev, S., Stepaniants, S., Isralewitz, B., Kosztin, D., Lu, H., Molnar, F., et al.
(1998). “Steered molecular dynamics,” in Computational Molecular Dynamics:
Challenges, Methods, Ideas, eds P. Deuflhard, J. Hermans, B. Leimkuhler, A. E.
Mark, S. Reich, and R. D. Skeel. (Berlin: Springer-Verlag), 39-65.

Jayaram, H., Accardi, A., Wu, F., Williams, C., and Miller, C. (2008).
Ton permeation through a Cl™-selective channel designed from a CLC
ClI=/H* exchanger. Proc. Natl. Acad. Sci. US.A. 105, 11194-11199.
doi: 10.1073/pnas.0804503105

Jentsch, T.J. (2008). CLC chloride channels and transporters: from genes to protein
structure, pathology and physiology. Crit. Rev. Biochem. Mol. Biol. 43, 3-36.
doi: 10.1080/10409230701829110

Jentsch, T. J. (2015). Discovery of CLC transport proteins: cloning,
structure, function and pathophysiology. J. Physiol. 593, 4091-4109.
doi: 10.1113/JP270043

Jiang, T., Han, W., Maduke, M., and Tajkhorshid, E. (2016). Molecular basis
for differential anion binding and proton coupling in the ClI~/H" exchanger
CLC-ecl. J. Am. Chem. Soc. 138, 3066-3075. doi: 10.1021/jacs.5b12062

Jorgensen, W. L. (2007). Special issue on polarization. J. Chem. Theory Comput. 3,
1877-1877. doi: 10.1021/ct700252g

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and Klein, M. L.
(1983). Comparison of simple potential functions for simulating liquid water.
J. Chem. Phys. 79, 926-935. doi: 10.1063/1.445869

Kaminski, G. A., Stern, H. A., Berne, B. J., and Friesner, R. A. (2004).
Development of an accurate and robust polarizable molecular mechanics force
field from ab initio quantum chemistry. J. Phys. Chem. A 108, 621-627.
doi: 10.1021/jp0301103

Khantwal, C. M., Abraham, S. J., Han, W., Jiang, T., Chavan, T. S., Cheng, R. C,,
et al. (2016). Revealing an outward-facing open conformational state in a CLC
Cl~/H* exchange transporter. Elife 5:e11189. doi: 10.7554/eLife.11189

Kieseritzky, G., and Knapp, E.-W. (2011). Charge transport in the CIC-
type chloride-proton anti-porter from Escherichia coli. ]. Biol. Chem. 286,
2976-2986. doi: 10.1074/jbc.M110.163246

Klauda, J. B., Venable, R. M., Freites, J. A., O’Connor, J. W., Tobias, D. J.,
Mondragon-Ramirez, C., et al. (2010). Update of the CHARMM all-atom
additive force field for lipids: validation on six lipid types. J. Phys. Chem. B 114,
7830-7843. doi: 10.1021/jp101759q

Ko, Y. J., and Jo, W. H. (2010a). Chloride ion conduction without water
coordination in the pore of CIC protein. J. Comput. Chem. 31, 603-611.
doi: 10.1002/jcc.21432

Ko, Y. J., and Jo, W. H. (2010b). Secondary water pore formation for proton
transport in a CIC exchanger revealed by an atomistic molecular-dynamics
simulation. Biophys. J. 98, 2163-2169. doi: 10.1016/j.bp;j.2010.01.043

Kreis, K., Tuckerman, M. E., Donadio, D., Kremer, K., and Potestio, R. (2016).
From classical to quantum and back: a Hamiltonian scheme for adaptive
multiresolution classical/path-integral simulations. J. Chem. Theory Comput.
12, 3030-3039. doi: 10.1021/acs.jctc.6b00242

Kuang, Z. F., Liu, A. P., and Beck, T. L. (2008). TransPath: a computational method
for locating ion transit pathways through membrane proteins. Proteins 71,
1349-1359. doi: 10.1002/prot.21822

Kuang, Z., Mahankali, U., and Beck, T. L. (2007). Proton pathways and
H*/CI™ stoichiometry in bacterial chloride transporters. Proteins 68, 26-33.
doi: 10.1002/prot.21441

Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H., and Kollman,
P. A. (1992). The weighted histogram analysis method for free-energy
calculations on biomolecules. I. the method. J. Comput. Chem. 13, 1011-1021.
doi: 10.1002/jcc.540130812

Lee, C.,, Yang, W., and Parr, R. G. (1988). Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density. Phys. Rev.
B Condens. Matter 37, 785-789. doi: 10.1103/PhysRevB.37.785

Lee, S., Liang, R., Voth, G. A., and Swanson, J. M. J. (2016a). Computationally
efficient multiscale reactive molecular dynamics to describe amino
acid deprotonation in proteins. J. Chem. Theory Comput. 12, 879-891.
doi: 10.1021/acs.jctc.5b01109

Lee, S., Mayes, H. B., Swanson, J. M. J., and Voth, G. A. (2016b). The origin of
coupled chloride and proton transport in a CI"/H" antiporter. J. Am. Chem.
Soc. 138, 14923-14930. doi: 10.1021/jacs.6b06683

Lee, S., Swanson, J. M. ], and Voth, G. A. (2016¢). Multiscale simulations reveal key
aspects of the proton transport mechanism in the CIC-ec1 antiporter. Biophys.
J. 110, 1334-1345. doi: 10.1016/j.bp;j.2016.02.014

Lim, H.-H., and Miller, C. (2009). Intracellular proton-transfer mutants in a CIC
CI™/H™ exchanger. J. Gen. Physiol. 133, 131-138. doi: 10.1085/jgp.200810112

Lim, H.-H., Shane, T., and Miller, C. (2012). Intracellular proton access in
a ClI"/H" antiporter PLoS Biol. 10:e1001441. doi: 10.1371/journal.pbio.
1001441

Lin, C.-W., and Chen, T.-Y. (2003). Probing the pore of CIC-0 by substituted
cysteine accessibility method using methane thiosulfonate reagents. J. Gen.
Physiol. 122, 147-159. doi: 10.1085/jgp.200308845

Lin, H., and Truhlar, D. G. (2005). Redistributed charge and dipole schemes for
combined quantum mechanical and molecular mechanical calculations. J. Phys.
Chem. A 109, 3991-4004. doi: 10.1021/jp0446332

Lin, H., and Truhlar, D. G. (2007). QM/MM: What have we learned, where
are we, and where do we go from here? Theor. Chem. Acc. 117, 185-199.
doi: 10.1007/s00214-006-0143-z

Lin, H., Zhang, Y., Pezeshki, S., Duster, A., and Truhlar, D. G. (2017). QMMM.
Version 2.2.8.CO. Minneapolis MN: University of Minnesota.

Frontiers in Chemistry | www.frontiersin.org

15

March 2018 | Volume 6 | Article 62


https://doi.org/10.1016/j.jmb.2004.04.023
https://doi.org/10.1063/1.470648
https://doi.org/10.1126/science.1195230
https://doi.org/10.1073/pnas.1205764109
https://doi.org/10.1002/jcc.540110605
https://doi.org/10.1021/ja00544a007
https://doi.org/10.1002/9780470125847.ch3
https://doi.org/10.1016/j.jmb.2006.06.034
https://doi.org/10.1126/science.1113666
https://doi.org/10.1073/pnas.1317890111
https://doi.org/10.1063/1.1674902
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1063/1.2159483
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1098/rspa.2009.0014
https://doi.org/10.1021/ct100276c
https://doi.org/10.1073/pnas.0804503105
https://doi.org/10.1080/10409230701829110
https://doi.org/10.1113/JP270043
https://doi.org/10.1021/jacs.5b12062
https://doi.org/10.1021/ct700252g
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp0301103
https://doi.org/10.7554/eLife.11189
https://doi.org/10.1074/jbc.M110.163246
https://doi.org/10.1021/jp101759q
https://doi.org/10.1002/jcc.21432
https://doi.org/10.1016/j.bpj.2010.01.043
https://doi.org/10.1021/acs.jctc.6b00242
https://doi.org/10.1002/prot.21822
https://doi.org/10.1002/prot.21441
https://doi.org/10.1002/jcc.540130812
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1021/acs.jctc.5b01109
https://doi.org/10.1021/jacs.6b06683
https://doi.org/10.1016/j.bpj.2016.02.014
https://doi.org/10.1085/jgp.200810112
https://doi.org/10.1371/journal.pbio.1001441
https://doi.org/10.1085/jgp.200308845
https://doi.org/10.1021/jp0446332
https://doi.org/10.1007/s00214-006-0143-z
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

QM/MM Study of EcCLC

Lobet, S., and Dutzler, R. (2006). Ion-binding properties of the CIC chloride
selectivity filter. EMBO J. 25, 24-33. doi: 10.1038/sj.emboj.7600909

Lowdin, P.-O. (1950). On the non-orthogonality problem connected with the use
of atomic wave functions in the theory of molecules and crystals. J. Chem. Phys.
18, 365-375. doi: 10.1063/1.1747632

MacKerell, A. D. Jr., Bashford, D., Bellott, M., Dunbrack, R. L., Evanseck, J.
D., Field, M. J., et al. (1998). All-atom empirical potential for molecular
modeling and dynamics studies of proteins. J. Phys. Chem. B 102, 3586-3616.
doi: 10.1021/jp973084f

Mackerell, A. D., Feig, M., and Brooks, C. L. (2004). Extending the treatment of
backbone energetics in protein force fields: limitations of gas-phase quantum
mechanics in reproducing protein conformational distributions in molecular
dynamics simulations. J. Comput. Chem. 25, 1400-1415. doi: 10.1002/jcc.
20065

Maduke, M., Miller, C., and Mindell, J. A. (2000). A decade of CIC chloride
channels: structure, mechanism, and many unsettled questions. Annu. Rev.
Biophys. Biomol. Struct. 29, 411-438. doi: 10.1146/annurev.biophys.29.1.411

Martyna, G. J., Tobias, D. J., and Klein, M. L. (1994). Constant pressure molecular
dynamics algorithms. J. Chem. Phys. 101, 4177-4189. doi: 10.1063/1.467468

Matulef, K., and Maduke, M. (2007). The CLC ‘chloride
family: revelations from prokaryotes. Mol. Membr. Biol. 24, 342-350.
doi: 10.1080/09687680701413874

Miller, C., and Nguitragool, W. (2009). A provisional transport mechanism for
a chloride channel-type CI™/H" exchanger. Phil. Trans. R Soc. 364, 175-180.
doi: 10.1098/rstb.2008.0138

Miloshevsky, G. V., Hassanein, A., and Jordan, P. C. (2010). Antiport mechanism
for CI"/H" in CIC-ecl from normal-mode analysis. Biophys. J. 98, 999-1008.
doi: 10.1016/j.bp;j.2009.11.035

Miloshevsky, G. V., and Jordan, P. C. (2004). Anion pathway and potential
energy profiles along curvilinear bacterial CIC Cl™~ pores: electrostatic effects of
charged residues. Biophys. J. 86, 825-835. doi: 10.1016/S0006-3495(04)74158-2

Nguitragool, W., and Miller, C. (2006). Uncoupling of a CLC Cl /H"
exchange transporter by polyatomic anions. J. Mol. Biol. 362, 682-690.
doi: 10.1016/.jmb.2006.07.006

Nieto-Delgado, P. G., Arreola, J., and Guirado-Lépez, R. A. (2013). Atomic
charges of Cl™ ions confined in a model Escherichia coli CIC-Cl~/H™" ion
exchanger: a density functional theory study. Mol. Phys. 111, 3218-3233.
doi: 10.1080/00268976.2013.776709

Patel, S., and Brooks, C. L. I1I. (2004). CHARMM fluctuating charge force field for
proteins: I parameterization and application to bulk organic liquid simulations.
J. Comput. Chem. 25, 1-15. doi: 10.1002/jcc.10355

Patel, S., Mackerell, A. D. Jr., and Brooks, C. L. III. (2004). CHARMM fluctuating
charge force field for proteins: II protein/solvent properties from molecular
dynamics simulations using a nonadditive electrostatic model. J. Comput.
Chem. 25, 1504-1514. doi: 10.1002/jcc.20077

Pezeshki, S., Davis, C., Heyden, A., and Lin, H. (2014). Adaptive-partitioning
QM/MM  dynamics simulations: 3. Solvent molecules entering and
leaving protein binding sites J. Chem. Theory Comput. 10, 4765-4776.
doi: 10.1021/ct500553x

Pezeshki, S., and Lin, H. (2015). Recent developments in QM/MM methods
towards open-boundary multi-scale simulations. Mol. Simulat. 41, 168-189.
doi: 10.1080/08927022.2014.911870

Phillips, J. C., Braun, R, Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E,,
et al. (2005). Scalable molecular dynamics with NAMD. J. Comput. Chem. 26,
1781-1802. doi: 10.1002/jcc.20289

Picollo, A., Malvezzi, M., Houtman, J. C. D., and Accardi, A. (2009). Basis of
substrate binding and conservation of selectivity in the CLC family of channels
and transporters. Nat. Struct. Mol. Biol. 16, 1294-1301. doi: 10.1038/nsmb.1704

Picollo, A., and Pusch, M. (2005). Chloride/proton antiporter activity of
mammalian CLC proteins CIC-4 and CIC-5. Nature 436, 420-423.
doi: 10.1038/nature03720

Picollo, A., Xu, Y., Johner, N., Bernéche, S., and Accardi, A. (2012). Synergistic
substrate binding determines the stoichiometry of transport of a prokaryotic
H*/Cl™ exchanger. Nat. Struct. Mol. Biol. 19, 525-531. doi: 10.1038/nsmb.2277

Pyykko, P., and Atsumi, M. (2009). Molecular single-bond covalent radii for
elements 1-118. Chem. Eur. J. 15, 186-197. doi: 10.1002/chem.200800987

Reed, A. E., Weinstock, R. B., and Weinhold, F. (1985). Natural population
analysis. J. Chem. Phys. 83, 735-746. doi: 10.1063/1.449486

channel’

Robertson, J. L., Kolmakova-Partensky, L., and Miller, C. (2010). Design,
function and structure of a monomeric CIC transporter. Nature 468, 844-847.
doi: 10.1038/nature09556

Rode, B. M., Hofer, T. S., Randolf, B. R, Schwenk, C. F., Xenides, D,
and Vchirawongkwin, V. (2006). Ab initio quantum mechanical charge
field (QMCF) molecular dynamics: a QM/MM - MD procedure for
accurate simulations of ions and complexes. Theor. Chem. Acc. 115, 77-85.
doi: 10.1007/s00214-005-0049-1

Roux, B. (1995). The calculation of the
using computer simulations. Comput.
doi: 10.1016/0010-4655(95)00053-1

Roux, B., Bernéche, S., Egwolf, B., Lev, B., Noskov, S. Y., Rowley, C. N, et al. (2011).
Ton selectivity in channels and transporters. J. Gen. Physiol. 137, 415-426.
doi: 10.1085/jgp.201010577

Ryckaert, J.-P., Ciccotti, G., and Berendsen, H. J. C. (1977). Numerical
integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 23, 327-341.
doi: 10.1016/0021-9991(77)90098-5

Scheel, O., Zdebik, A. A., Lourdel, S., and Jentsch, T. J. (2005). Voltage-dependent
electrogenic chloride/proton exchange by endosomal CLC proteins. Nature
436, 424-427. doi: 10.1038/nature03860

Senn, H. M., and Thiel, W. (2007). QM/MM methods for biological systems. Top.
Curr. Chem. 268, 173-290. doi: 10.1007/128_2006_084

Shannon, R. (1976). Revised effective ionic radii and systematic studies of
interatomic distances in halides and chalcogenides. Acta Crystallographica Sect.
A 32,751-767. doi: 10.1107/S0567739476001551

Smart, O. S., Neduvelil, J. G, Wang, X., Wallace, B. A., and Sansom,
M. S. P. (1996). HOLE: a program for the analysis of the pore
dimensions of ion channel structural models. J. Mol. Graphics 14, 354-360.
doi: 10.1016/S0263-7855(97)00009-X

Smith, M., and Lin, H. (2011). Charge delocalization upon chloride ion binding
in CIC chloride ion channels/transporters. Chem. Phys. Lett. 502, 112-117.
doi: 10.1016/j.cplett.2010.12.031

Stewart, J. J. P. (1989a). Optimization of parameters for semiempirical methods I.
Method. J. Comput. Chem. 10, 209-220. doi: 10.1002/jcc.540100208

Stewart, J. J. P. (1989b). Optimization of parameters for semiempirical methods II.
Applications. J. Comput. Chem. 10, 221-264 doi: 10.1002/jcc.540100209

Thiel, W. (2005). MNDO2005. Version, 7.0. Mitheim an der Ruhr: Max-Planck-
Institut fiir Kohlenforschung.

Torrie, G. M., and Valleau, J. P. (1977). Nonphysical sampling distributions in
Monte Carlo free-energy estimation: umbrella sampling. J. Comput. Phys. 23,
187-199. doi: 10.1016/0021-9991(77)90121-8

Turano, B., Pear, M., and Busath, D. (1992). Gramicidin channel selectivity.
Molecular mechanics calculations for formamidinium, guanidinium, and
acetamidinium. Biophys. J. 63, 152-161. doi: 10.1016/S0006-3495(92)81574-6

van der Kamp, M. W., and Mulholland, A. J. (2013). Combined quantum
mechanics/molecular mechanics (QM/MM) methods in computational
enzymology. Biochemistry 52, 2708-2728. doi: 10.1021/bi400215w

Vanommeslaeghe, K., and MacKerell, A. D. (2015). CHARMM additive and
polarizable force fields for biophysics and computer-aided drug design.
Biochim. Biophys. Acta 1850, 861-871. doi: 10.1016/j.bbagen.2014.08.004

Varma, S., and Rempe, S. B. (2010). Multibody effects in ion binding and selectivity.
Biophys. J. 99, 3394-3401. doi: 10.1016/j.bpj.2010.09.019

Vien, M., Basilio, D., Leisle, L., and Accardi, A. (2017). Probing the conformation of
a conserved glutamic acid within the CI~ pathway ofa CLCH"/Cl™ exchanger.
J. Gen. Physiol. 149, 523-529. doi: 10.1085/jgp.201611682

Walden, M., Accardi, A., Wu, F., Xu, C., Williams, C., and Miller, C. (2007).
Uncoupling and turnover in a CI~/H" exchange transporter. J. Gen. Physiol.
129, 317-329. doi: 10.1085/jgp.200709756

Wang, D., and Voth, G. A. (2009). Proton transport pathway in the CIC Cl~/H*
antiporter. Biophys. J. 97, 121-131. doi: 10.1016/j.bp;j.2009.04.038

Wang, J., Wu, Y., Ma, C,, Fiorin, G., Wang, J., Pinto, L. H,, et al. (2013).
Structure and inhibition of the drug-resistant S31N mutant of the M2 ion
channel of influenza A virus. Proc. Natl. Acad. Sci.U.S.A. 110, 1315-1320.
doi: 10.1073/pnas.1216526110

Wang, S., Orabi, E. A., Baday, S., Bernéche, S., and Lamoureux, G. (2012).
Ammonium transporters achieve charge transfer by fragmenting their
substrate. J. Am. Chem. Soc. 134, 10419-10427. doi: 10.1021/ja300129x

of mean force
91, 275-282.

potential
Phys.  Commun.

Frontiers in Chemistry | www.frontiersin.org

16

March 2018 | Volume 6 | Article 62


https://doi.org/10.1038/sj.emboj.7600909
https://doi.org/10.1063/1.1747632
https://doi.org/10.1021/jp973084f
https://doi.org/10.1002/jcc.20065
https://doi.org/10.1146/annurev.biophys.29.1.411
https://doi.org/10.1063/1.467468
https://doi.org/10.1080/09687680701413874
https://doi.org/10.1098/rstb.2008.0138
https://doi.org/10.1016/j.bpj.2009.11.035
https://doi.org/10.1016/S0006-3495(04)74158-2
https://doi.org/10.1016/j.jmb.2006.07.006
https://doi.org/10.1080/00268976.2013.776709
https://doi.org/10.1002/jcc.10355
https://doi.org/10.1002/jcc.20077
https://doi.org/10.1021/ct500553x
https://doi.org/10.1080/08927022.2014.911870
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1038/nsmb.1704
https://doi.org/10.1038/nature03720
https://doi.org/10.1038/nsmb.2277
https://doi.org/10.1002/chem.200800987
https://doi.org/10.1063/1.449486
https://doi.org/10.1038/nature09556
https://doi.org/10.1007/s00214-005-0049-1
https://doi.org/10.1016/0010-4655(95)00053-I
https://doi.org/10.1085/jgp.201010577
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1038/nature03860
https://doi.org/10.1007/128_2006_084
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1016/S0263-7855(97)00009-X
https://doi.org/10.1016/j.cplett.2010.12.031
https://doi.org/10.1002/jcc.540100208
https://doi.org/10.1002/jcc.540100209
https://doi.org/10.1016/0021-9991(77)90121-8
https://doi.org/10.1016/S0006-3495(92)81574-6
https://doi.org/10.1021/bi400215w
https://doi.org/10.1016/j.bbagen.2014.08.004
https://doi.org/10.1016/j.bpj.2010.09.019
https://doi.org/10.1085/jgp.201611682
https://doi.org/10.1085/jgp.200709756
https://doi.org/10.1016/j.bpj.2009.04.038
https://doi.org/10.1073/pnas.1216526110
https://doi.org/10.1021/ja300129x
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

QM/MM Study of EcCLC

Warshel, A., Kato, M., and Pisliakov, A. V. (2007). Polarizable force fields:
history, test cases, and prospects. J. Chem. Theory Comput. 3, 2034-2045.
doi: 10.1021/ct700127w

Warshel, A., and Levitt, M. (1976). Theoretical of enzymic
reactions:  dielectric, electrostatic and steric stabilization of the
carbonium ion in the reaction of lysozyme. J. Mol. Biol. 103, 227-249.
doi: 10.1016/0022-2836(76)90311-9

White, M. M., and Miller, C. (1981). Probes of the conduction process of a
voltage-gated CI~ channel from Torpedo electroplax. J. Gen. Physiol. 78, 1-18.
doi: 10.1085/jgp.78.1.1

Xie, W., and Gao, J. (2007). Design of a next generation force field: the
X-POL potential. J. Chem. Theory Comput. 3, 1890-1900. doi: 10.1021/
ct700167b

Yin, J., Kuang, Z., Mahankali, U., and Beck, T. L. (2004). Ion transit pathways
and gating in CIC chloride channels. Proteins 57, 414-421. doi: 10.1002/prot.
20208

Yu, T., Wang, X.-Q., Sang, J.-P., Pan, C.-X,, Zou, X.-W., Chen, T.-Y,, et al.
(2012). Influences of mutations on the electrostatic binding free energies
of chloride ions in Escherichia coli CIC. ]. Phys. Chem. B 116, 6431-6438.
doi: 10.1021/jp300430f

studies

Zdebik, A. A., Zifarelli, G., Bergsdorf, E.-Y., Soliani, P., Scheel, O., Jentsch, T. J.,
etal. (2008). Determinants of anion-proton coupling in mammalian endosomal
CLC proteins. J. Biol. Chem. 283, 4219-4227. doi: 10.1074/jbc.M708368200

Zhang, Y., and Voth G. A. (2011). The coupled proton transport in the CIC-ecl
Cl~/H" antiporter. Biophys. J. 101, L47-149. doi: 10.1016/j.bpj.2011.10.021

Zhang, Y., Lee, T.-S., and Yang, W. (1999). A pseudobond approach to combining
quantum mechanical and molecular mechanical methods. J. Chem. Phys. 110,
46-54. doi: 10.1063/1.478083

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Wang, Duster, Aydintug, Zarecki and Lin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

17

March 2018 | Volume 6 | Article 62


https://doi.org/10.1021/ct700127w
https://doi.org/10.1016/0022-2836(76)90311-9
https://doi.org/10.1085/jgp.78.1.1
https://doi.org/10.1021/ct700167b
https://doi.org/10.1002/prot.20208
https://doi.org/10.1021/jp300430f
https://doi.org/10.1074/jbc.M708368200
https://doi.org/10.1016/j.bpj.2011.10.021
https://doi.org/10.1063/1.478083
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Chloride Ion Transport by the E. coli CLC Cl-/H+ Antiporter: A Combined Quantum-Mechanical and Molecular-Mechanical Study
	Introduction
	Computational Details
	Model Preparation
	Steered Molecular Dynamics
	Umbrella Sampling
	Pore Radius Calculations
	Electron Delocalization

	Results
	Equilibrated Model System
	Conformational Changes Along Cl- Translocation
	Global Conformational Changes of the Protein
	Local Conformational Changes of Pore Residues
	Pore Sizes

	Cl- ion Charge Redistribution
	Potential of Mean Force Through Umbrella Sampling

	Discussion
	External Gating by Glu148
	Sext-Free vs. Sext-Occupied Open States
	Quantum Effects of Electron Delocalization on Cl- Translocation

	Summary
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


