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ABSTRACT: The CLC family of anion channels and
transporters includes ClI"/H" exchangers (blocked by F)
and F/H" exchangers (or CLC's). cLC’s contain a
glutamate (E318) in the central anion-binding site, that is
absent in CLC CI/H" exchangers. The X-ray structure of
the protein from Enterococcus casseliflavus (cLC -eca)
shows that E318 tightly binds to F* when the gating
glutamate (E118; highly conserved in the CLC family)
faces the extracellular medium. Here we use classical and
DFT-based QM/MM metadynamics simulations to
investigate proton transfer and release by CLC -eca. After
up to down movement of protonated E118, both
glutamates combine with F~ to form a triad, from which
protons and F~ anions are released as HF. Our results
illustrate how glutamate insertion into the central anion-
binding site of CLC -eca permits the release of H to the
cytosol as HF, thus enabling a net 1:1 F/H'
stoichiometry.
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. 1 .
Fluoride can permeate cell membranes as HF -, in

contrast to other anions such as CI" and NO3. HF is a
weak acid (pKa ~ 3.2 ’) that does not dissociate
completely in water. Inside the cytoplasm, F~ anions may
inhibit enzymes necessary for energy production and
nucleic acid synthesis at concentrations close to

environmental levels ** . This occurs because of the
peculiar chemical properties of F: the anion is isosteric
with hydroxide5 and can form strong coordination
complexes with Mg2+ and phosphatee, thus acting as
transition state-like inhibitor of several enzymatic
reactions. The strong selectivity of most anion channels
and transporters against F~ limits its resorption in the
gastrointestinal tract of higher organisms. Unicellular
organisms accumulate F intracellularly, but specialized
F~ transporters in bacteria, protozoa or yeast reduce
intracellular fluoride to below toxic concentrations. One
such group of F transporters, the cLck transporters g
belongs to the large CLC family of anion channels and
transporters 1 cLct transporters exchange H" and F~
with 1:1 stoichiometry 712 thus exploiting the proton
influx in acidic environments to clear F from the
bacterial cytoplasm. cLch transporters are closely related
to the prototypic CLC-type CI/H® exchanger from
Escherichia coli, CLC-ec1 12 However, whereas CLC-ecl is
a chloride transporter that is strongly inhibited by F~ B

CLC's are effective F~ transporters.

. 14
Functional and structural analyses have

demonstrated shared mechanisms for CLC™ basic
transport and CLC-ec1l CI/H" exchange; the latter has
been studied in great detail in recent years 1326 1n cLc-
ecl, CI"/H" exchange critically depends on two conserved
glutamate residues: the gating glutamate (E148) 7 and
the internal glutamate (E203) '” 19 During transport,
E148 moves up and down 2831 shuttling protons from
one membrane site to the other, whereas E203 is



necessary for proton release into the internal medium 17
% Proton movement drives CI” transport in the opposite
direction, resulting in a ClI/H" exchange at 2:1
stoichiometry 32 F blocks CLC-ecl by forming a strong
hydrogen bond (H-bond) with the gating E148 B This H-
bond locks the glutamate in a conformation that does
not allow proton transport. In contrast, cLc proteins
exchange fluoride and protons with 1:1 stoichiometry K
1214 Thus, they differ from CLC-ecl in both halide
selectivity and  transport  stoichiometry. The
Enterococcus casseliflavus cLch exchanger (cLC -eca)
lacks the intracellular transport glutamate 2 put
contains a glutamate close to the central anion-binding
site (E318, Figures 1 and S1).

Here, we use classical and guantum
mechanics/molecular mechanics (QM/MM) combined
with well-tempered metadynamics (WT-MTD) 3334
simulations to study how cLck transporters discriminate
F~ from CI". We employed the highly parallel interface
(MiMiC)35 between the CPMD and GROMACS codes for
the QM (B3LYP and BLYP-based DFT) ***’ and MM
(CHARMM) *% calculations, respectively.

Our simulations focus on the first transport steps that
result in H* movement from outside to inside the cell,
using the X-ray structure of wild-type cLc -eca ™ as the
starting conformation. Here, the gating glutamate (E118)
is in the up conformation and is free to exchange protons
with the extracellular solution. E318 is located in the
central anion-binding site Scn. Its close contact with
fluoride in the CLC™-eca X-ray structure™ (Feen in
Figures 1 and S2A) suggests that E318 must be
protonated in this conformation. Thus, we assume that
both E118 and E318 are protonated. Further details on
the choice of protonation state of the two glutamates are
given in the Supporting Information (page S2).

After 300 ns of classical MD simulation (Figure S3), we
studied the conformational change of E118 via classical
WT-MTD. The calculated free energy profile as a function
of the E118 N-Ca-CB-Cy (1) dihedral angle (Figure 2A)
shows that the up to down transition of protonated E118
is barrierless. The global minimum corresponds to E118
in the down conformation (Figure 2A), with both
glutamate protons interacting with F e, to form an E318-
F-E118 triad.

To investigate the location of the protons in each of the
two E118 conformations, we next computed proton
transfer free energies by QM/MM WT-MTD. In the E118
up conformation, F ., interacts only with the
coordinating glutamate E318, forming a strong H-bond.
By calculating the free energy as a function of the
H(E318)-F distance (Figures 2B and S4), we found a
single minimum at a distance of 1.5 A%,

When E118 adopts the down position, F° becomes
coordinated by both glutamates. The free energy surface
as a function of the H(E118)-F and H(E318)-F distances
(Figures 2C and S6) shows a single minimum
corresponding to an HF molecule located between
protonated E118 and deprotonated E318 (i.e. H(E118)-
F= 1.7 A and H(E318)-F = 1.1 A). An overlap of the
QM/MM free energy profiles for the two E118 positions
(Figure 2B; up vs down) projected onto the H(E318)-F
distance illustrates a free energy minimum shift from
1.5 Ato 1.1 A during the up to down movement of E118.
Such shortening of the H(E318)-F distance indicates a
change from F that is H-bonded to protonated E318 (up
position) to HF that is H-bonded to deprotonated E318
(down position).

To understand the release of the resulting HF to the
intracellular solution, we next calculated the QM/MM
WT-MTD free energy surface (Figure 3A) as function of
the H(E118)-F and H(E118)-O(E318) distances (Figure S8
gives a graphical definition). These two collective
variables describe the release of HF from the gating
glutamate and the approach of the two glutamates,
respectively. Three free energy minima are identified
(Figure 3A). These differ by only 2 kcal/mol or less and
are separated by low barriers (around 5 kcal/mol),
indicating that their interconversion is possible at 300 K.
One minimum (i) corresponds to the E318-F-E118 triad
from the previous simulation, in which the H(E118)-F and
H(E118)-O(E318) distances are 1.5 A and 3.3 A,
respectively. In (ii), the gating E118 is dissociated from
both HF (H(E118)-F = 3.5 A) and E318 (H(E118)-O(E318)
= 3.5 A). In (iii), HF is no longer H-bonded to E118
(H(E118)-F = 3 A), but instead forms an H-bond with the
E318 carboxyl group (Figure 3A, inset). Here, E118 is
protonated and H-bonded with E318 (H(E118)-O(E318) =
1.5 A). Thus, our simulations suggest that after inward
proton release as HF, E118 and E318 form an H-bonded
dyad. We noted that the distance between the two
glutamates within the dyad is similar to that observed in
the V319G CLC -eca X-ray structure 2 (see Figure S2B).

We next investigated the energetics associated with HF
release from E318. A QM/MM WT-MTD calculation
provides the free energy as a function of the distance
between the HF hydrogen and the O1 of E318 (for oxygen
atom labels, see Figure 3B insets and Figure S9). The first
two minima are isoenergetic and separated by a barrier
lower than 2 kcal/mol, indicating that HF can be H-
bonded to either oxygen atom of the E318 carboxyl
group. For HF dissociation from the coordinating
glutamate (O1(E318)-HF = 6 A) a barrier of about
4 kcal/mol needs to be overcome. This results in HF being
solvated by water molecules in the intracellular side of
the channel, while E318 remains in contact with the
gating glutamate (E118) in the down conformation. This



simulation was performed with a harmonic restraint on
the HF distance to facilitate convergence of the free
energy surface (see the Supporting Information for
details). Since our model does not include the possibility
of HF dissociation, the free energy profile in Figure 3B can
be considered a lower bound limit of the energy for HF
release from the glutamates to the intracellular solution.
Nonetheless, HF in the intracellular vestibule of CLC" -eca
is solvated exclusively by water molecules; the absence
of strong H-bond donors disfavours HF dissociation with
long-range proton diffusion®®*.

In summary, our calculations suggest that protonation of
E118 leads to a barrierless transition from the up to down
conformation to form a E318-F-E118 triad stabilized by a
complex H-bond network (Figure 4). This triad allows
protonation of fluoride to form HF, which becomes H-
bonded to both protonated E118 and deprotonated
E318. Next, E118 approaches E318, expelling HF from the
central binding site and resulting in formation of the
E318-E118 dyad. HF swings between the two carboxyl
oxygen atoms of E318 and is then released into the
intracellular solution, leaving the two glutamates in
contact and occupying the central binding site of cLc’-
eca. In CLC-ecl, only a single glutamate/fluoride
interaction is possible with the gating E148, which causes
fluoride blockage via proton sharing between the
glutamate and fluoride B Instead, CLC"-eca prevents
fluoride blockage by forming the E118-F-E318 triad that
permits release of HF from the central binding site.

The simultaneous release of protons and fluoride ions
into the internal solution was proposed to explain the
reduced stoichiometry of H/F~ exchange compared with
ClI/H" exchange7’ 2 Our calculations put forward the
detailed molecular mechanism of this co-release (Figure
S$10). Downward rotation of the protonated E118,
together with projection of the CLCF-eca-specific E318
toward the central binding site, enables fluoride
protonation and subsequent release as HF into the
intracellular solution.

CLC's select against CI', the main physiological halide, via
weaker binding and a strongly voltage-dependent
chloride translocation that greatly enhances F~ selectivity
at physiological voItages”. F~ forms either partially or
fully covalent bonds with the protons in the E118-F-E318
system (Figure 4). In contrast, CI” can only form ionic H-
bonds with the two glutamates 2 Moreover, CI” is an
extremely weak base (pKa = -7) that cannot accept a
proton from E318 (pKa = 4.2).

Combined mutagenesis and functional studies have
demonstrated that neutralizing the gating glutamate
(E118Q and E118A) abolishes proton and F transport,
resulting in CI” fluxes that are inhibited by F 2. In the
E118 mutants, anion transport is not linked to the
counter transport of H' as in the WT*. These mutants

possess only one glutamate (E318), and the presence of
a single fluoride-glutamate interaction can account for
the observed F~ blockagelz, as in the case of CLC-ec1 ™
A similar argument was recently put forward using
electrostatic calculations®. One might speculate that
E118 (in the middle position shown in Figure S10)
electrostatically weakens the E318-F interaction in WT
CLC'-eca, whereas neutralization of E118 (E118Q or
E118A) prevents effective release of F from E318.

In contrast, mutations of the coordinating E318 still
permit coupled H'/F™ transport. However, the E318A and
E318Q mutations changed the transport stoichiometry
from 1:1 to 2:1 *2. Our simulations suggest that HF
formation and release is hampered in these mutants
because of the removal of the second glutamate in the
central binding site. Nonetheless, these mutants may
release H' from the gating E118, thus permitting F-H"
exchange. The ability of E118 to release H' is supported
by the proton-coupled CI” transport observed in WT
cLch-eca ™.

The E318 mutations strongly reduce F~ transport rates 12
At present, our simulations cannot provide a rationale for
this reduction. We also do not understand the difference
between the E318A/Q CLC -eca mutants and CLC-ecl,
which both lack glutamate at the E318 position but differ
in F~ inhibition. It is possible that replacement of S107
(which coordinates the anion at Sce, in CLC-ec1) by M79
in CLC"-eca prevents fluoride block in E318A/Q CLC -eca
mutants. This is supported by the differences in anion
selectivity between the two CLC' subclades **. Members
of the MV subclade (such as CLC™-eca, with M79 and V82
in the central anion-binding site) exhibit a higher
selectivity for fluoride over chloride, compared to
members of the NT subclade.

The V319G mutation has a threefold reduction in
transport rates, yet with 2:1 F/H" stoichiometry. The
corresponding X-ray structure shows a change in the
orientation of E318 2. Based on our simulations, we
further suggest that this mutant might impair triad
formation and thus hinder HF formation.

Our simulations provide insight into F binding at the
CLC"-eca central anion site and H* release as HF to the
internal medium. They also lead to a prediction to be
tested in future studies: If two glutamate residues are
crucial for fluoride transport at 1:1 F/H" stoichiometry,
then insertion of a second glutamate into the
coordination sphere of the chloride in a CLC-type CI'/H"
exchanger should be the first step to convert the chloride
transporter into a fluoride transporter (although further
substitutions might be needed to shift chloride transport
towards highly negative, non-physiological voltages). F
transport by CLC™-eca demonstrates how evolution
overcomes the chemical features of substrates to
generate selective transporters.



FIGURE 1. Top panel: E. casseliflavus F'/H" antiporter (CLC'-
eca) embedded in a lipid bilayer in our simulation setup.
Water and counterions are not shown for clarity. Bottom
panel: Anion-binding sites in the wild-type protein. The two
fluoride anions (F o and F . present in the crystal
structure (PDB code 6D0J) are included in our simulations.
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FIGURE 2. A) Classical MTD simulation of conformational change in the gating glutamate. Up/down conformations are
defined by the position of the E118 side chain above/below the plane of the backbone. Red dashed lines indicate the
transition between conformations. B) QM/MM MTD of proton transfer between fluoride and E318 with the gating glutamate
E118 in either the up (MTD.I, blue) or down (MTD.lI, orange) conformation. C) QM/MM MTD.II of double proton transfer in
the E118-F-E318 triad with the gating glutamate E118 in the down conformation. The two possible H-bond networks are
shown on the right, with H-bonds indicated as red dashed lines. The free energy profiles are in kcal/mol.
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FIGURE 3. A) QM/MM MTD.lII of conversion of the E318-F-E118 triad into the intermediate conformation with E318 and
E118 in direct contact. B) QM/MM MTD.IV of HF release into the intracellular solution. The E318 carboxyl oxygen atoms are
labelled 01 and O2. H-bonds are shown as red dashed lines and free energy profiles are in kcal/mol.



FIGURE 4. Structures involved in the conversion of conformation A (corresponding to the wild-type CLC -eca crystal
structure) to intermediate F (proposed based on the V319G X-ray structurelz). A)E118isin the up conformation and exposed
to the extracellular solution, where it can easily exchange protons. B) Protonated E118 undergoes a spontaneous up to down
transition, leading to formation of the E318-F-E118 triad. In the down conformation, E118 interacts directly via an H-bond
with F .., which accepts a proton from E318 to form HF. C) Gating E118 dissociates from the anion and approaches the
carboxyl oxygen of E318. D) E318 and E118 are in close proximity and interact via an H-bond. HF is still H-bonded to one of
the E318 carboxyl oxygen atoms. E) HF swings between the two E318 carboxyl oxygen atoms and finally dissociates into the
intracellular solution. F) E118 in the down conformation has replaced fluoride in the central binding site; HF is surrounded by

water molecules in the intracellular part of the vestibule.
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