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Abstract

Microorganisms contend with numerous and unusual chemical threats and
have evolved a catalog of resistance mechanisms in response. One partic-
ularly ancient, pernicious threat is posed by fluoride ion (F−), a common
xenobiotic in natural environments that causes broad-spectrum harm to
metabolic pathways. This review focuses on advances in the last ten years to-
ward understanding the microbial response to cytoplasmic accumulation of
F−, with a special emphasis on the structure and mechanisms of the proteins
that microbes use to export fluoride: the CLCF family of F−/H+ antiporters
and the Fluc/FEX family of F− channels.
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Proton motive force:
the electrochemical
proton gradient across
the inner membrane
established by the
electron transport
chain

Electrodiffusive:
passive flow of an ion
down its
electrochemical
gradient
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INTRODUCTION

Nearly all microorganisms possess membrane proteins dedicated to the export of fluoride ion (F−).
These proteins belong to one of two families, each of which has a completely different fold and ex-
ports F− via a fundamentally different mechanism.The first group is a fluoride-specialized variant
of the well-knownCLC (Cl− channel) family of anion transporters and channels called the CLCFs
(CLC-fluorides). These proteins are secondary active transporters that harness the proton motive
force to export F− in exchange for proton (H+) import (1). The second family, called Fluc (fluo-
ride channel) in bacteria and FEX (fluoride exporter) in eukaryotes, consists of dedicated fluoride
channels that permit electrodiffusive export of F− (2, 3). In the extensive catalog of ion channels
and transporters, these were the first fluoride-handling proteins to be identified. Moreover, they
draw a stark contrast with most cases of fluoride complexation by biological macromolecules in
that they bind F− without the aid of any metal ion.

Why are the CLCFs and Flucs so broadly distributed among microbes, and how do they work?
This review first addresses the biological rationale for fluoride export, including where microbes
encounter fluoride, why intracellular fluoride accumulation is harmful, and the mechanisms that
microbes have evolved to mitigate this threat. We then discuss the physicochemical features that
distinguish fluoride from other common biological anions and the molecular mechanisms by
which the CLCF and Fluc/FEX proteins exploit these differences to accomplish selective fluo-
ride binding and export.

FLUORIDE IN THE BIOSPHERE

Environmental Fluoride and Weak Acid Accumulation

F− has been abundant in the environment over evolutionary time (Figure 1a). Approximately
85 million tons of fluoride are concentrated in the Earth’s mantle, and volcanic eruptions disperse
hydrofluoric acid (HF) and H2SiF4 volatiles that can settle in soil or water. This halide is com-
monly found in groundwater, where leaching of rocks containing fluoride-rich minerals, such as
fluorite, apatite, andmuscovite, deposits F− into aquifers.Clay soils are also abundant in F−, where
the ion is often found in complex with cations like aluminum (Al3+) (4, 5). Natural environmental
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Figure 1

Environmental sources of aqueous and terrestrial fluoride and weak acid accumulation. (a) Alkaline environments rich in bicarbonate
ion (HCO3

−) promote exchange of F− trapped in aquifer rocks. Volatile fluoride complexes are dispersed from deep within the Earth’s
crust via volcanic activity to the terrestrial surface, where they encounter plants and microbes. (b) Weak acid accumulation
(ion-trapping) pathway for the intracellular accumulation of F− in modestly acidic environmental niches. A two-unit pH differential
across the membrane leads to a 100-fold elevation in intracellular fluoride over environmental levels according to Equation 1.

fluoride concentrations vary widely depending on the local geology and range from 30 to 80 μM
in oceans and from 10 to 400μM in ground and surface waters (4, 6). In some areas, human activity
further increases ambient F− concentrations over environmental levels. Fluoridation of municipal
water supplies in theUnited States sets the F− concentration of drinking water to∼40μMinmany
locations (7, 8), and F− concentrations are higher still in areas affected by industrial pollution or
use of fluoride-contaminated fertilizers and in niches such as the oral microbiome,where exposure
to fluoride for dental hygiene—the concentration of F−is∼70mM in toothpaste—is routine (4, 9).

Thus, broadly dispersed microbes frequently encounter fluoride in their environment. Expo-
sure to this halide is further exacerbated in acidic niches (Figure 1b). The conjugate acid HF is
a weak acid (pKa = 3.4), and because HF is small and uncharged, it readily crosses the plasma
membrane (10, 11). Since microbes maintain their cytoplasm at a constant pH between 7 and 7.5,
even during mild acid stress (12, 13), HF that crosses the plasma membrane encounters a rela-
tively higher cytoplasmic pH, which shifts the equilibrium toward dissociation to a proton and
F−. These charged species cannot diffuse back across the membrane out of the cell and thus ac-
cumulate, a process known as weak acid accumulation or ion trapping (14). In microbes that lack
any F− export pathway, intracellular F− accumulates according to this simple scheme:

[
F−]

in

[F−]out
=

[
H+]

out

[H+]in
. 1.

For a microbe in a modestly acidic niche of pH 5.5 that maintains a cytoplasmic pH of 7.5, the
intracellular fluoride accumulates 100-fold in the cytoplasm compared to environmental levels,
reaching millimolar concentrations (15).

Fluoride Ion Inhibition of Biomolecules

Once it has breached the membrane and accumulated within the cell, fluoride is detrimental to
biological systems because of its ability to act as substrate or transition-state analog for a host of
metalloenzymes involved in the most fundamental biological processes, ranging from glycolysis to

www.annualreviews.org • Membrane Exporters of Fluoride Ion 561



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
14

1.
21

1.
4.

22
4 

O
n:

 S
un

, 0
5 

Ja
n 

20
25

 0
1:

50
:0

3

Riboswitch:
a regulatory RNA
element that alters
gene transcription or
translation in response
to ligand binding

Membrane potential:
the difference in
electrical potential
across the membrane;
a metabolizing
bacterium typically has
a negative-inside
membrane potential of
∼100 mV

nitrogen fixation to macromolecule synthesis (14, 16, 17). One common theme of enzyme inhibi-
tion by F− is that the electronegative F− effectively outcompetes electronegative substrate groups,
such as OH−, phosphate, and carboxylate, for coordination by an enzyme-bound metal ion. For
example, in pyrophosphatase, F− displaces the hydrolytic water in the coordination sphere of the
enzyme-bound Mg2+, acting as a transition-state analog of the activated water molecule (18, 19)
(Figure 2a). In enolase, the enzyme that catalyzes the conversion of 2-phosphoglycerate to phos-
phoenolpyruvate during glycolysis, fluoride complexes an active-site Mg2+, displacing the sub-
strate’s carboxylate group (20–23) (Figure 2b). Enzymes that catalyze phosphoryl group transfer
reactions, including kinases and other ATP-consuming enzymes, are also subject to inhibition by
fluoride-metal ion complexes like the trigonal planar aluminum trifluoride (AlF3) adduct, which
behaves as a transition-state analog for phosphoryl group transfer reactions, or beryllium trifluo-
ride (BeF3

−), whichmimics the geometry of a phosphate and forms a ground-state analog together
with ADP (24, 25) (Figure 2c). Since aluminum is also found at physiologically relevant concen-
trations in soils, aluminum fluoride inhibition of phosphoryl group transfer enzymes is a germane
biological phenomenon (4). In these various examples, the inhibitory constants of F− are in the
hundreds of micromolar range, well within the range of cytoplasmic F− accumulation that occurs
in modestly acidic environmental niches (15).

Biological Response to Fluoride Ion Toxicity

Given the broad-spectrum sensitivity of metabolic processes to inhibition by fluoride, it is perhaps
unsurprising that microbes possess mechanisms to mitigate this threat. However, the existence of
themicrobial fluoride response was unknown until 2012,whenRonald Breaker and colleagues (26)
showed that the conserved crcB riboswitch motif (Figure 2d), present in all domains of life, acts
as a transcriptional on switch upon F− binding (see the sidebar titled The Fluoride Riboswitch).
Genes commonly associated with bacterial fluoride riboswitches (Figure 2e) include fluoride-
sensitive metalloenzymes like enolase and the ATP-consuming DNA repair enzymeMutS, shown
in Figure 2c. Sodium ion (Na+)/H+ antiporter genes also frequently cooccur with fluoride ri-
boswitches. Because they help maintain pH homeostasis, the Na+/H+ antiporters may alleviate
proton accumulation that occurs when HF enters the cell and dissociates. But the most frequently
encountered genes, present in nearly half of all fluoride riboswitch–controlled operons, encode
membrane proteins that have since been identified as F− exporters, the CLCF and Fluc proteins
(Figure 2f ).

By providing a route for accumulating F− to exit the cell, expression of these F− export proteins
in the plasma membrane undermines weak acid accumulation of fluoride (1, 15, 26, 27). An extra
thermodynamic push is provided by the protonmotive force that metabolizing cells maintain.The
CLCFs harness the proton gradient directly by coupling fluoride export to proton import (1). For
the Flucs, the positive-outside electrical potential thermodynamically favors anion expulsion (2).
AlthoughCLCF and Fluc are unrelated by sequence, structure, andmechanism, their physiological
roles overlap, and most bacteria have one or the other but not both. Fluoride exporters from the
CLCF and Fluc families are not necessarily associated with a riboswitch (1, 26); some, including
the Escherichia coli Fluc channel, are instead constitutively expressed (15).

CHALLENGES IN FLUORIDE RECOGNITION

The common challenge shared—and met—by the CLCFs and the Flucs is not only to rapidly
export F− but to do so with high specificity. Other anions like chloride (Cl−) are more abun-
dant in the cytoplasm [10–100 mM in E. coli (28)], and even low levels of uncontrolled leak-
age would disrupt the membrane potential with catastrophic consequences for processes that
rely on the electrical potential, including ATP synthesis, secondary active transport, and motility.
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Figure 2

Biological responses to cytoplasmic fluoride accumulation. (a–c) Inhibition of enzymes by fluoride. F− is shown as a pink sphere in each
view. (a) Pyrophosphatase (PDB ID 1E6A). Pyrophosphate (PPi) is depicted by orange and red spheres and Mn2+ by violet spheres.
(b) Enolase (PDB ID 1NEL). The position of the natural product, phosphoenolpyruvate (transparent white sticks) complexed with Mg2+
(white sphere), is overlaid with the structure of the inhibitory F−/PO4

−/Mn2+ complex (red and orange spheres represent PO4
−, and violet

spheres represent Mn2+). F− binds in the same position as the carboxylate group of the substrate or product. (c) The ATP-dependent
DNA repair enzyme MutS (PDB ID 1NNE) with bound ADP (sticks) and BeF3

− adduct (beryllium in light green and F− in pink). Here,
the BeF3

− adduct mimics the terminal phosphoryl group of ATP. (d, top) Structure of the fluoride-sensing riboswitch of Thermotoga
petrophila (PDB ID 4ENB). The F− is shown as a pink sphere, and magnesium ions are shown in purple. (d, bottom) Zoomed-in view of
the fluoride binding site. (e) Genetic association of fluoride-sensitive enzymes and fluoride exporters with fluoride riboswitches.
Sections are proportional to the number of bacterial operons that encode each protein. ( f ) Riboswitch-associated fluoride exporters
CLCF and Fluc (PDB IDs 6D0J and 5NKQ, respectively). The membrane is indicated by the orange rectangle, with the typical
membrane polarization indicated by plus and minus symbols. The direction of ion movement is shown for each protein. Abbreviations:
PDB ID, Protein Data Bank identifier; PPi, pyrophosphate. Pie graph in panel e adapted with permission from Reference 26.
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Pseudohalide: a
polyatomic anion that
resembles the halides
(fluoride, chloride,
bromide, and iodide)
in charge and chemical
properties; examples
include nitrate,
thiocyanate, cyanate,
and azide

THE FLUORIDE RIBOSWITCH

The discovery of fluoride as the ligand for this riboswitch family by the Breaker lab was unexpected and serendipi-
tous (26, 99).While searching for the natural ligand for this conserved RNA motif, researchers observed activation
upon the addition of various nucleotide substrates. But it was not nucleotide binding that threw the switch—the
culprit turned out to be F−, which was present at trace amounts from chemical synthesis (26). The apparent incon-
gruence of a negative ion binding to a negatively chargedRNAmolecule has been resolved by structural studies (100,
101). Water molecules and five inward-pointing backbone phosphoryl groups coordinate three Mg2+ ions, which
screen the negative charge.TheseMg2+ ions, in turn, coordinate a single F− ion.The structure of the fluoride-Mg2+

nucleus is reminiscent of the fluoride-inhibited pyrophosphatase structure (18), with RNA phosphoryl groups in
place of the substrate pyrophosphate.

However, specificity cannot be achieved by tight binding, since ionic throughput is a critical func-
tional feature of transport proteins.And, in contrast to themajority of F− bindingmacromolecules,
including those shown in Figure 2a–d, neither membrane exporter employs metal ions to bind or
transport F−, providing rare examples of biological F− coordination without intervening metals.

Among the halides, F− andCl− are themost similar, and discriminating these anions has proved
to be quite difficult in synthetic applications, particularly in aqueous contexts (29, 30). F− is the
smallest of the halides, with a radius approximately half an angstrom smaller than that of Cl− (31).
As such, F− also has a higher charge density than Cl− and is, therefore, an especially strong hydro-
gen bond acceptor. This is reflected in the high energetic cost to dehydrate fluoride, 111 kcal/mol,
approximately 30 kcal/mol more costly than dehydration of Cl− (32). Because the F− ions are
dehydrated for transport, this energetic barrier must be surmounted. Theoretical treatments of
halides show that inner-sphere fluoride-water interactions are dominated by classical hydrogen
bonds (33, 34), which are more tightly structured and closely held (35). In contrast, larger halides,
including Cl−, are more polarizable (36). Their coordination sphere is more flexible, and both
hydrogen bond– and dipole-dominated configurations occur (34). F− prefers approximately one
to two fewer ligands than Cl− (35, 37–39), and small-molecule hosts designed for fluoride recog-
nition commonly use between four and six hydrogen bond donors (38). Another unique aspect of
fluoride is that it is a stronger base than the other halides and pseudohalides (and its conjugate
acid,HF, is a weaker acid).Whereas anions such as Cl− and NO3

− are exclusively ionized in aque-
ous media, the relatively high pKa of HF means that this species may have relevance in biological
systems, as it does in host-guest chemistry (11, 38). HF formation is particularly significant in
low-dielectric environments such as the protein interior, where a F− might share a proton with
pKa-matched side chains like aspartate or glutamate.

Thus, fluoride recognition by proteins is challenging due to the similar size of prominent bio-
logical competitors and the especially high free energy of dehydration. But there are also a number
of physicochemical properties that membrane transport proteins could exploit to differentiate F−

from Cl−, including the preference of fluoride for fewer ligands and a tighter coordination shell,
its greater strength as a hydrogen bond acceptor, and its unique ability to share protons with pKa-
matched protonatable side chains.

CLCF F−/H+ ANTIPORTERS

When the fluoride riboswitches and associated genes were discovered, the CLC family of anion
transport proteins was already well known to biology. The CLC family comprises both anion
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Helix dipole: the sum
of amino acid dipoles
renders the α-helix
positive at the amino
end and negative at the
carboxyl end

channels and proton-coupled transporters and is broadly distributed among nearly all organisms
and cell types. CLCs play diverse physiological roles ranging from extreme acid resistance in bac-
teria, acidification of intracellular vesicles in eukaryotes, maintenance of the resting membrane
potential of skeletal muscle and of solute concentration in the kidney in animals, and generation
of the voltage that electric rays use to electrocute their prey (40, 41). Although Cl− is the namesake
of the family and in most cases the physiological ion, the canonical CLC proteins are not very se-
lective among anions and also permeate other halides and pseudohalides like iodide, bromide, and
nitrate (42). A number of Cl−-transporting CLCs have been structurally characterized, providing
a deep mechanistic basis for understanding the fluoride riboswitch–associated CLCs (43–47).

The riboswitch-associated CLC proteins cluster together in a single bacterial clade of the CLC
phylogeny (26). Not all proteins in this clade are associated with a riboswitch, but representatives
with and without riboswitches share basic transport properties; the proteins in this clade were thus
renamed CLCFs (1). When heterologously expressed, CLCF representatives from both gram-
negative and gram-positive bacteria protect E. coli against fluoride toxicity (1). Genes encoding
proteins in the CLCF clade are overexpressed in fluoride-resistant Streptococcus mutans (48) and
upregulated in Enterococcus faecalis in response to fluoride stress (49), and deletion of the CLCF

genes severely impairs growth of the oral bacteria S. mutans and Streptococcus anginosus in fluoride-
containing media (50). In addition, a number of homologs have been purified and characterized
using in vitro transport and electrophysiological assays. The transporters harness the transmem-
brane proton gradient to export one F− in exchange for one H+, and the unitary transport rates of
different characterized homologs range from ∼400 to 1,000 ions/s (1, 51). Sequence alignments
show that proteins in the CLCF clade lack many of the essential chloride-coordinating residues
that are well conserved in other chloride-transporting family members (1). In accord with this
observation, the CLCFs exhibit high selectivity for F− relative to Cl−, such that Cl− permeation
is not observed unless a high membrane potential is applied (1, 26, 51). Such selectivity is unique
among CLCs but makes good physiological sense: Fluoride export is the only context described
as yet in which a CLC must discriminate against monovalent anions that are more prevalent than
the substrate in the biological milieu.

CLCF Structure and Fluoride Coordination

Like other CLC proteins, CLCFs assemble as homodimers (52, 53). Each monomer contains the
necessary machinery for ion permeation and proton coupling, and if mutations are introduced
that force the protein into a monomeric state, the lone subunits are capable of functioning
independently (52). X-ray crystal structures of a CLCF homolog from Enterococcus casseliflavus
(53) show that each monomer possesses 14 transmembrane α-helices comprising two structurally
homologous seven-helix domains that are related to one another by internal inverted symmetry
(Figure 3a,b). In accordance with their role in anion transport, the α-helices are tilted with
respect to the membrane, defining electropositive internal and external aqueous vestibules that
are 6–8 Å deep (Figure 3c). Breaks in these helices position the positive helix dipoles of the
N-terminal ends of the helices near the central dehydrated anion-binding region of the protein
and also provide backbone amides to coordinate the transient anions (Figure 3d).

The crystal structures exhibit electron densities in two positions along the ion permeation path-
way, termed the central (Fcen) and external (Fext) anion-binding sites (53) (Figure 3d). Although
fluoride is isoelectronic with water and thus indistinguishable by X-ray diffraction, these densities
were assigned as F− ions by analogy to the well-characterized permeation pathway of other CLC
proteins. The first of the fluoride-binding sites, Fcen, sits at the apex of the cytoplasmic vestibule,
where it is exposed to water and coordinated by protein side chains in a manner reminiscent of
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Figure 3

CLCF architecture and F− binding. (a) Transmembrane topology of a single subunit of the CLCF dimer. The two domains of the
inverted repeat are colored blue and teal. (b) Three-dimensional structure of the CLCF dimer from Enterococcus casseliflavus (PDB ID
6D0J) with bound F− ions and approximate membrane boundaries shown. (c) Side view of a CLCF dimer sliced along a plane
perpendicular to the membrane at the protein center, with the electrostatic surface shown. Blue regions are electropositive, and red
regions are electronegative. F− ions at the Fext position are shown as pink spheres. F− ions at the Fcen position are not visible in this
slice; their approximate location at the top of the intracellular vestibule is indicated by the dashed circle. (d) Detailed view of fluoride
binding at Fcen and Fext. Amino acids within hydrogen-bond distance are shown as sticks, with potential hydrogen bonds shown as
dashed lines. Abbreviations: Fcen, central anion-binding site; Fext, external anion-binding site; PDB ID, Protein Data Bank identifier.

other CLCs. In an interaction that has precedent in the Cl− transporters (43), a side chain hydroxyl
from Y396 coordinates the fluoride. A methionine, M79, also contributes to F− coordination via
the terminalmethyl group of the side chain,which is polarized and renderedweakly electropositive
by the adjacent electron-withdrawing sulfur. Mutagenesis experiments showed that this methio-
nine contributes to F−/Cl− selectivity in the CLCF proteins, and conversion to the straightfor-
wardly polar asparagine reduces selectivity in a close homolog of the E. casseliflavus protein (51).
The methionine is a somewhat surprising participant in fluoride coordination, since, in general,
hard bases (like F−) prefer coordination by hard acids, like conventional hydrogen bond donors
asparagine or serine (54). However, as described in the section titled Fluc F− Channels, F− coor-
dination by polarizable amino acids, and methionine in particular, is reprised in the Fluc fluoride
channels.

The second fluoride-binding site observed in the crystal structure, Fext, is entirely dehydrated.
This ion is coordinated by the side chain of T320 along with backbone amides from consecutive
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F–

H+

H+

One-to-one F–:H+ stoichiometry

Glu118Glu118

1

Stage 1 Stage 2 Stage 3 Stage 4

Figure 4

Proposed CLCF transport mechanism. The extracellular solution is shown in blue and the intracellular solution in pink. The gating
glutamate, E118, is shown in stick representation, and a yellow halo indicates protonation. In Stage 1, E118 is in the up position, where
it can be protonated. In Stage 2, the now-neutral protonated E118 follows a hydrophobic pathway to the intracellular vestibule,
bypassing the electropositive F− binding sites. In Stage 3, E118 releases its proton to the intracellular vestibule. In the final stage (Stage
4), the deprotonated E118 transits along the F− permeation route back to the extracellular vestibule, pushing a single F− ion ahead of
itself. F− ions are shown as pink spheres, and unoccupied fluoride binding sites are indicated with pink dashed circles. Abbreviations:
Fcen, central anion-binding site; Fext, external anion-binding site.

residues, G116–G119, contributed by a helical break. In the structure of wild type CLCF, F− ions
occupy both the Fcen and the dehydrated Fext sites.

CLCF Fluoride Transport Mechanism and Selectivity

In addition to the fluoride-coordinating residues, a final critical component of the transport ma-
chinery is the proton carrier E118, which faces the external solution in the structure of the wild
type E. casseliflavusCLCF. All members of the CLC family possess this so-called gating glutamate.
In the CLC channels, the equivalent glutamate gates the conduction pathway depending on its
protonation state (55), and in the CLC transporters, the glutamate participates in transport of the
permeant H+ (56–58). The gating glutamate is likewise a key mechanistic player in the transport
cycle of CLCF.

The CLCF transport cycle proposed by Last, Miller, and colleagues (53) is based on compe-
tition between F− and the negatively charged carboxylate of E118 for the binding sites Fcen and
Fext (Figure 4). In stage 1 of the transport cycle, the side chain of the gating glutamate E118 is
in the up position, where it can obtain a proton from the extracellular milieu. Upon protonation,
the now-neutral glutamate is proposed to swing down, following a hydrophobic pathway and by-
passing the electropositive F− binding sites (stage 2) so that it extends downward to access the
intracellular vestibule, where it can release the bound proton to the cytoplasm (stage 3). Such a
conformationally swapped state, with E118 exposed to the internal solution, was captured in the
crystal structure of a mutant transporter, V319G (53).

In the final phase of the transport cycle, having deposited its proton on the intracellular side,
the now-negatively charged E118 outcompetes F− for the Fcen site, chasing the bound F− along
the permeation pathway toward the extracellular solution. Deprotonated E118 is proposed to
follow the Fcen → Fext → external vestibule anion permeation route (stage 4), pushing a single F−

ahead of it, such that E118 transits back to the up position in the extracellular vestibule. Thus, the
excursions of this single side chain carry a H+ to the intracellular side, then electrostatically push a
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F− to the extracellular side, providing a structural explanation for the one-to-one F−/H+ exchange
stoichiometry. In accord with the proposal that electrostatic repulsion by the E118 carboxylate
hastens F− along the permeation pathway, F− transport is abolished in neutral mutants E118Q
and E118A because the F− binding affinity is over an order of magnitude higher in these mutants
compared with wild type (51, 53). In the absence of F−, these mutants support Cl− efflux, albeit
uncoupled to H+ exchange (53).

Compared with other CLC transporters, the aqueous vestibules of CLCF are deeper and the
anhydrous zone crossed by the permeant ions is shorter. This may be an adaptation to prevent
unproductive interactions between the gating glutamate and the permeant F−, which are close in
pKa and could conceivably capture a H+ between them, especially when traversing a long, low-
dielectric span. As a mechanistic counterpoint to the CLCFs, a bacterial Cl−/H+ CLC antiporter
is potently inhibited when the protonated gating glutamate hydrogen bonds with a F− in the
anion binding site, locking down the glutamate and interrupting the transport cycle (59, 60).Thus,
although the CLCF proteins share many mechanistic features with the large CLC family of Cl−

transporters, both the anion binding sites and the interactions between the fluoride and the gating
glutamate have been optimized for F− transduction.

FLUC F− CHANNELS

The second family of membrane proteins associated with the fluoride riboswitches is entirely
dedicated to fluoride transport, and its members are unlike any previously characterized protein.
Genes encoding these proteins, originally called crcB, are found not only in bacteria but also in ar-
chaea, unicellular eukaryotes, fungi, plants, and filter-feeding ocean animals like sponges and sea
anemones. Electrophysiological characterization showed that the proteins encoded by the crcB
genes are electrodiffusive F− channels (2, 3, 61–64), and they were renamed Fluc in bacteria and
FEX in eukaryotes. Although it seems puzzling that a thermodynamically passive channel mech-
anism could protect organisms against external F−, two factors favor fluoride export in the phys-
iological context. First, the weak acid accumulation effect can lead to cytoplasmic fluoride levels
that exceed external F−, and a fluoride-selective efflux pathway simply undermines this process.
Second, a metabolizing cell maintains a negative-inside membrane potential, so the electrical po-
tential favors anion expulsion (15).

In harmony with an electrodiffusive mechanism, single Fluc channels can be monitored in
planar lipid bilayer electrophysiological recordings, where the observed fluoride conductances
correspond to a throughput of ∼105–106 ions/s (2, 62). Unlike many gated channels, which open
only in response to specific stimuli, the Fluc channels are constitutively open. However, the rapid
fluoride conduction and lack of regulation pose a biophysical challenge: F−/Cl− selectivity of
100-fold, or even 1,000-fold, would still permit an intolerable Cl− leak. Accordingly, the Flucs are
perhaps the most selective ion channels known; not even low levels of Cl− transport are observed,
placing the F−/Cl− selectivity at a minimum of 10,000-fold (2).

The protective role of the fluoride channels has been demonstrated in a broad array of organ-
isms.Knockouts of genomic Fluc/FEX proteins greatly increase the fluoride sensitivity of bacteria
including E. coli (15, 26), Bacillus subtilis (26, 65), and the oral bacterium Streptococcus sanguinis (50);
fungi including Saccharomyces cerevisiae (3, 27),Candida albicans (27),Neurospora crassa (27), and As-
pergillus fumigatus (66); and the plant Arabidopsis thaliana (67). Heterologously expressed protein
from an animal, the sea sponge Amphimedon queenslandica (68), complements strains of S. cere-
visiae in which endogenous FEX channels have been knocked out. Since fluoride accumulation
in tea leaves is a source of chronic endemic fluoride toxicity in many parts of the world (69), the
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Figure 5

Fluoride channel (Fluc) architecture. (a) Fluoride channel topologies, including dual topology homodimers, antiparallel heterodimers,
and inverted repeat monomers. The genetic architecture is shown at the top, and the resultant membrane topology is shown at the
bottom. (b) Structure of Fluc-Bpe (PDB ID 5NKQ). One monomer is rendered in stick format and the other monomer in ribbon
format. F− ions are shown as pink spheres. The twofold symmetry axis is shown as a dashed line. (c, top) View of the Fluc dimer from
panel b rotated 90° with the central Na+ shown as a gray sphere. Arrows adjacent to the F− ions denote the direction of fluoride
movement along the two pores. (c, bottom) Zoomed-in view of the central Na+ binding site with the backbone atoms of coordinating
residues shown as sticks. (d) Fluc channel sliced at the midpoint along a plane perpendicular to the membrane with surface electrostatics
shown. Electropositive surfaces are depicted in blue. (e) Top-down view of a Fluc homodimer with the twofold symmetry axis shown as
a dashed line. Abbreviation: PDB ID, Protein Data Bank identifier.

expression and activity patterns of fluoride channels in various cultivars of the tea plant Camellia
sinensis are also under scrutiny for their role in mitigating intracellular fluoride accumulation (67,
70).

Architecture of Fluoride Channels

The fluoride channel family encompasses a topologically diverse set of proteins that provide an
unusual glimpse into evolutionary processes in membrane transport proteins (71) (Figure 5a).
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two structurally
homologous domains
in a single polypeptide
arranged with
antiparallel topology

Dual topology: a
membrane protein
that is inserted into the
membrane in both
inward- and
outward-facing
orientations

The eukaryotic FEX proteins, like the CLCF proteins, have an inverted repeat architecture, in
which two structurally homologous domains in a single polypeptide are arranged in opposite ori-
entations (3, 27). Many other diverse membrane protein folds share this construction, which pre-
sumably arose from the duplication and fusion of a primal homodimer (72, 73).

Remarkably, the bacterial Flucs embody this evolutionary antecedent, assembling as dual topol-
ogy dimers with one subunit inserted into the membrane with the termini facing out and the other
inserted into the membrane with the termini facing in (2, 61). Dual topology architecture was
first predicted for the homodimeric Flucs by Rapp, von Heijne, and colleagues (74) years before
their function was known, based on protein sequences alone. Such architecture is quite unusual,
and although it has been proposed for several other membrane protein families (74), it has been
structurally confirmed for only two other transporter classes (75, 76). For the Flucs, this rare ar-
chitecture was experimentally confirmed via diverse approaches including crosslinking analysis,
genetic fusion of the domains, a single-channel inhibitor binding assay, and solution of the three-
dimensional structure (2, 61, 77). In addition to the dual topology homodimers, gene duplications
have occurred among bacterial Flucs on at least five occasions (71); the resultant protomers assem-
ble as obligate antiparallel heterodimers in which both subunits are required for channel assembly
and function (2). The Flucs are the only functionally characterized family with modern-day rep-
resentatives of all topological states along this evolutionary trajectory.

Of these various topologies, the dual topology homodimers from Bordetella pertussis (Fluc-Bpe)
and an E. coli virulence plasmid (Fluc-Ec2) are the only ones that have been structurally charac-
terized (64, 77, 78). The Fluc fold is unique among known membrane proteins. The two 15-kDa
subunits in the dimer, each composed of four transmembrane helices known as TM1–4, adopt
identical structures such that the channels possess twofold symmetry about an axis parallel to the
plane of the membrane (Figure 5b). TM3 has a five-residue helical break that corresponds to one
of the most highly conserved sequences in the protein. When the dimer is assembled, the TM3
breaks cross over each other at the heart of the protein, where free backbone carbonyl oxygens
coordinate a central Na+ at the dimer interface (Figure 5c). This structural Na+ is deeply buried,
stably bound, and likely inserted upon dimer assembly (79). Although there is no known prece-
dent among membrane proteins for such a nontransported structural Na+, the binding site on the
symmetry axis, coordinated by backbone carbonyl oxygens, resembles some Na+ binding sites in
Na+-coupled transporters (79).

The channel adopts a symmetrical hourglass shape with wide aqueous vestibules on both sides
of the membrane (Figure 5d). These vestibules are separated by a 10-Å-thick protein plug that
houses the structural Na+. This Na+ and a universally conserved arginine residue, R22, render the
vestibules electropositive, and both R22 and the Na+ are essential for fluoride permeation (79).
As a consequence of the dual topology architecture and twofold symmetry, structural features that
lie off the symmetry axis are found in duplicate. For example, the cytoplasmic and periplasmic
faces of the channel are structurally identical. Functional experiments support this observation:
An inhibitor applied in sequence to the cis and trans sides of a single Fluc channel in a planar
lipid bilayer blocks both sides of the channel with identical kinetics (61–63). More strikingly, the
channel also possesses a duplicate set of pores, each demarcated by a pair of F− ions arranged ver-
tically, slightly off normal to the membrane plane (Figure 5c,e). Although the twofold symmetry
of the channels dictates that the two pores are antiparallel with respect to each other, electrophys-
iological experiments showed that fluoride uses both conduits to flow down its electrochemical
gradient (80).However, inspection of the sequences of the heterodimeric and inverted-repeat fluo-
ride channels suggests that the presence of both pores is not necessary. In the heterodimeric Fluc
and FEX proteins, essential pore-lining residues are conserved in only one of the two domains
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(3, 68, 77), providing a case study in how redundant features degrade upon gene duplication, fu-
sion, and genetic drift.

Fluc Fluoride Coordination and Proposed Permeation Pathway

Using a combination of crystallographic and functional data from Fluc-Bpe and Fluc-Ec2, three
different F− binding sites have been proposed along the permeation pathway. Figure 6a and 6b
illustrate the proposed pore and are built from several different structures of the two homologs.
Figure 6b posits a mechanism of alternating fluoride site occupancy, akin to that described for
other multi-ion channels (81–85), where electrostatic repulsion between ions in adjacent sites
contributes to rapid ion throughput. For simplicity, the panels in Figure 6 show Fluc-Bpe un-
less otherwise indicated, residue numbering corresponds to Fluc-Bpe, and only one of the two
structurally identical pores is described.

F− ions are proposed to accumulate in the electropositive vestibule, and in agreement with
this, F− currents are inhibited if the vestibule is occluded by the bulky, negatively charged thiol-
reactive reagent 2-[(methylsulfonyl)thio]-ethanesulfonic acid (MTSES) (85a). The first binding
site along the permeation pathway, denoted F0, is located at the bottom of the vestibule. This site
is nonspecific among anions and was first identified by cocrystallization of Fluc-Ec2 with bromide
(Br−), a halide that anomalously scatters X-ray beams (85a). An anion in the F0 site is coordinated
by the side chain hydroxyl groups of two highly conserved residues from the TM3 break, S83
and T84, along with bulk vestibule solvent. These positions are sensitive to mutagenesis: S83C
and S83T are incompetent for F− transport, and the double S83A/T84A mutant exhibits currents
just 1% of wild type (85a). Such aqueous entryways are familiar features of ion channels more
generally and function to increase the rate of ion entry into the channel before the ions proceed
to the constricted selectivity filter (86–88).

From F0, the F− ion is proposed to move laterally to access the fluoride-selective binding site
F1, which is located in an anhydrous crevice between TM2, TM3a, and TM4. F1 and the next
binding site in the series, F2, delineate a pathway that runs perpendicular to the membrane along
one face of TM4. Termed the polar track, this stretch of sequence is defined by a hydrogen bond
donor at every fourth position, or one per helical turn (indicated with asterisks in Figure 6a).
Sequence alignments show that although the identity of the polar-track residues is not conserved
among Fluc proteins, the polar, hydrogen bond–donating nature is (Figure 6c). In addition, TM2
contributes a completely conserved hydrogen bond donor, N43, to this polar, dehydrated stretch.
N43 is situated between F1 and F2 with the side chain amide coordinating F2. A rotameric switch
would bring this side chain within coordination distance of F1, and such an event was conjec-
tured to be part of the transport mechanism (77). Alteration of N43 typically eliminates fluoride
transport entirely (77, 89); the polar-track residues, like the side chains that coordinate F0, are
somewhat more tolerant of alanine substitution (89).

Along with this enrichment of hydrogen bond donors, the transient F− ions in the F1 and F2

positions are also coordinated by the electropositive edges of a pair of phenylalanines, F82 and
F85 (Figure 6d). These highly conserved side chains are arranged adjacent to the polar track in
a symmetrical box configuration, with the electropositive edge of each phenylalanine adjacent to
the electronegative face of the next phenylalanine. The polarizable aromatic rings are positioned
to interact with the fluoride densities via side-on coordination by the electropositive quadrupoles
of the ring edges. Such interactions, termed anion-quadrupole interactions, have been observed
in a variety of macromolecular contexts and also occur between F− and aromatic rings in small
molecules (90–92). Mutation of either F82 or F85 to a nonpolarizable hydrophobic residue like
isoleucine greatly reduces or abolishes F− transport, depending on the homolog (77, 80).Mutation
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Figure 6

Proposed fluoride channel pore. (a) Compilation of structural data from Fluc-Bpe and Fluc-Ec2 showing fluoride binding sites F0, F1,
and F2 along the proposed fluoride permeation pathway. Numbering corresponds to Fluc-Bpe, with mechanistically important side
chains shown as sticks and polar track residues indicated by asterisks. Subunits are colored tan and green with aqueous vestibules
[determined by CAVER (102)] shown as dark mesh. (b) Proposed alternate occupancy of F− ions. The electrostatic repulsion that occurs
between F− ions in adjacent sites contributes to rapid conduction. Zoomed-in views of fluoride binding configurations with occupied
sites are indicated in pink and unoccupied sites in white. F− movement is indicated with pink arrows. (c) Sequence alignment of the
transmembrane helix TM4 polar track of microbial Fluc channels from Bordetella pertussis, Escherichia coli, Arcanobacterium haemolyticum,
Bacillus velezensis, Klebsiella pneumoniae,Helicobacter pylori, Yersinia pestis, and Pseudomonas aeruginosa. (d, left) View of the phenylalanine
box with edge-on coordination of F− ions indicated with dashed lines. This view emphasizes the two-pore construction of the channel.
Note that in panels a and d, the ions in the F1-pore 2 and F2-pore 2 sites are omitted for clarity. (d, right) Structure of Fluc-Ec2 mutant
F82M (PDB ID 6B2B), a fluoride-conducting phenylalanine-box mutant. Abbreviation: PDB ID, Protein Data Bank identifier.
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to polar aromatic side chains like tyrosine and tryptophan does not support transport either (89).
However,mutation tomethionine,which, like phenylalanine, is both hydrophobic and polarizable,
supports fluoride conductance at wild type levels (89). The structure of this mutant shows that
the substituted methionine adopts a twisted conformation, filling approximately the same space
as the phenylalanine ring in the wild type protein, with the electropositive γ-methylene sitting
in the same position as the phenylalanine edge (Figure 6d). This interaction calls to mind the
CLCF’s coordination of Fcen by a methionine, and in a handful of bacterial Fluc homologs, the
phenylalanine-box sequence motif includes a methionine instead (89).

After visiting sites F0, F1, and F2, the permeant F− is presumed to exit the pore on the other
side of the membrane, near the mouth of the opposite vestibule. At this position resides a gluta-
mate, E88. This glutamate is extremely well conserved among fluoride channels and follows the
same pattern of conservation and degradation in the different domains of the eukaryotic channels
as other pore-lining residues (77). In S. cerevisiae FEX channels, mutation of the corresponding
glutamate renders the protein unprotective against F− (68). Some evidence suggests that E88
contributes to anion selectivity, although its exact role is unclear. Analogy to the CLCF proteins
suggests the interesting hypothesis that E88 hastens F− dissociation with an electrostatic push.

The Unresolved Question of Fluoride Selectivity by the Flucs

Although the permeation pathway has been determined, the features responsible for the striking
10,000-fold F−/Cl− selectivity have not yet been identified. Of dozens of mutations, none have
allowed substantial throughput of any other anion, and increasing the bore of the channel by
paring back side chains has not yet been shown to decrease selectivity (77, 79, 80, 89). Because
F− requires the smallest number of coordinating ligands of any anion, it is plausible that only by
adding ligands to the fluoride-binding sites could the channel be engineered to bind other anions.
Such a maneuver would be difficult or impossible by site-directed mutagenesis alone. This type
of selectivity mechanism, based on optimizing the number of protein ligands to coordinate the
physiological ion and exclude competing ions, has been proposed for K+ channels (93, 94) and
as a general ion selectivity principle (35). The proposed fluoride-binding sites in Fluc may be
undercoordinated, with few protein ligands (three or four are observed in the structures, assuming
limited side chain rearrangement), in order to exclude Cl−. This sparsity of ligands in Fluc draws
a contrast with the five to six ligands provided to each anion-binding site by the less-selective
CLCFs. It is also possible that rather than one selectivity filter, the Fluc channels have evolved
multiple selectivity checkpoints, such that mutation to multiple regions of the protein would be
required to permit chloride conduction. Or it could be that some molecular feature—perhaps the
hydrophobic polarizable side chains—presents an insurmountable kinetic barrier to permeation
by softer anions. Whatever the biophysical basis, the Flucs are impeccably optimized for fluoride
selectivity and rapid conduction, all accomplished without any depletion of the microbe’s energy
stores. It seems significant that the Fluc family has not evolved into a diversity of physiological
roles like the CLCs: The Flucs are very specialized in what they do.

CONCLUSIONS

Nature has independently evolved two strikingly different fluoride export proteins to solve the
problem of cytoplasmic fluoride accumulation. Not only do the proteins possess unrelated folds,
but also, it is highly unusual for the same biological problem to be solved by both passive and
active transport mechanisms. Despite their very obvious differences in form and function, the
CLCF and Fluc proteins also share some common features. Some of these are expected, like the
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prevalence of hydroxyl side chains as hydrogen bond donors for fluoride. Other common features
are more surprising, like the involvement of hydrophobic, polarizable side chains of methionine
and phenylalanine in F− coordination and the presence of mechanistically important glutamate
side chains along the fluoride transport pathway. It remains to be determined whether the
convergence of these features in the CLCFs and fluoride channels is evolutionary happenstance
or whether it reflects the unique suitability of these residues for fluoride conduction.

SUMMARY POINTS

1. F− is ubiquitous in terrestrial and aquatic environments and poses a threat to microbes
because it can accumulate in the cytoplasm via a weak acid ion-trapping mechanism,
where it inhibits diverse metalloenzymes.

2. Two strikingly different families of membrane proteins export cytoplasmic fluoride: the
CLCF F−/H+ antiporters and the Fluc fluoride channels.

3. CLCF transporters are a fluoride-specialized variant of the ubiquitous CLC family of
anion channels and transporters.

4. The Fluc family is dedicated to F− export and has a unique structure among membrane
proteins.However, fundamental aspects of its construction call to mind features of long-
studied ion channels, including the wide aqueous entryway (86–88) and multi-ion con-
duction (81–85).

5. Although they are structurally unrelated, the CLCFs and Flucs share common features
in their F− permeation pathways, including coordination by hydrophobic, polarizable
amino acids such asmethionine and phenylalanine; hydrogen bond donation by hydroxyl
side chains; and participation of conserved glutamate residues.

FUTURE ISSUES

1. Additional mechanistic work, including both experimental and computational investi-
gations, is important to understand the contributions of polarizable amino acids to F−

binding and the physicochemical basis of F− selectivity, especially in the Flucs, for which
no modification has yet been discovered that permits the permeation of any other anion.

2. Eukaryotic FEX proteins have a fundamental architectural difference from the homod-
imeric Flucs. Structural characterization of eukaryotic FEX proteins is important both to
understand how eukaryotic pathogens resist environmental fluoride and to answer more
basic questions about how membrane proteins evolve in complexity upon duplication
and fusion of the individual subunits.

3. Identification of the microbial molecular response to fluoride has launched a new era in
applied fluoride physiology, including the use of fluoride channels as selectable markers
in transgenic yeast (95), the design of fluoride-centric antimicrobial approaches (96),
and the engineering of tea cultivars to decrease fluoride accumulation (67). Research
is ongoing in a variety of organisms relevant to human disease to understand whether
fluoride-sensing and fluoride export systems are suitable drug targets, particularly in
dental applications (66, 97, 98).
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4. It remains unknown whether higher animals, including mammals, possess fluoride ex-
port proteins. Although fluoride is not transported to the bloodstream by the excretory
epithelia, epithelial cells in the gut are exposed to this halide, and the molecular physi-
ology of these encounters, including any possible export system, is still unknown.
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