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Fluorine is an abundant element and is toxic to organisms from
bacteria to humans, but the mechanisms by which eukaryotes
resist fluoride toxicity are unknown. The Escherichia coli gene crcB
was recently shown to be regulated by a fluoride-responsive ri-
boswitch, implicating it in fluoride response. There are >8,000 crcB
homologs across all domains of life, indicating that it has an im-
portant role in biology. Here we demonstrate that eukaryotic
homologs [renamed FEX (fluoride exporter)] function in fluoride
export. FEX KOs in three eukaryotic model organisms, Neurospora
crassa, Saccharomyces cerevisiae, and Candida albicans, are highly
sensitized to fluoride (>200-fold) but not to other halides. Some of
these KO strains are unable to grow in fluoride concentrations
found in tap water. Using the radioactive isotope of fluoride,
8F, we developed an assay to measure the intracellular fluoride
concentration and show that the FEX deletion strains accumulate
fluoride in excess of the external concentration, providing direct
evidence of FEX function in fluoride efflux. In addition, they are
more sensitive to lower pH in the presence of fluoride. These
results demonstrate that eukaryotic FEX genes encode a previously
unrecognized class of fluoride exporter necessary for survival in
standard environmental conditions.
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alides have long been known to be important to biology.

Chloride and iodide have been well studied for their effects
on organisms (1-5), but less is understood about the biological
importance of fluoride, the smallest and most electronegative
anion in this series. The size and reactivity of fluoride give it
unique chemical and biochemical properties, but the mecha-
nisms by which cells respond to this halide are incompletely
characterized.

Fluoride is ubiquitous in the environment, where it is found in
soil, water, and air (6, 7), and it is a highly abundant element in
the earth’s crust (0.32 g/kg) (8-10). The distribution of this ha-
lide in soil and water is variable depending on location. Fluoride
concentrations in soil can range from ten to thousands of parts
per million (ppm) (10). In natural water sources, the concen-
trations range from <25 pM to >100 mM (<0.5 to >2,000 ppm;
1 ppm ~ 55 pM) depending if the water is in contact with high
levels of fluoride-containing minerals (6, 7, 11). In groundwater
specifically, fluoride concentrations are among the highest of any
anion (7, 12).

At high concentration, fluoride has toxic effects on bacteria,
fungi, plants, and animals. More than a century ago, fluoride was
used as an antimicrobial agent (6). The antimicrobial effects of
this ion have continued to be elucidated over the last decades,
with an emphasis on the bacteria that cause dental caries (13-
15). Fluoride is also toxic to eukaryotic organisms. For example,
at the beginning of the 20th century, it was noted that baker’s
yeast, Saccharomyces cerevisiae, was killed in 1% sodium fluoride
(about 250 mM) (16). Inhibitory growth effects have also been
observed for other species of fungi, including several pathogens

17, 18).
( The )mechanisms by which fluoride is toxic to these different
species are complex and incompletely understood. It is thought
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that a partial cause of fluoride toxicity is through enzyme in-
hibition and interactions with important cations in the cell, such
as Mg?*" and Ca** (12, 19, 20). Crystal structures of the enzyme
enolase in complex with fluoride show that the inhibition is due
to the formation of a magnesium-fluoride-phosphate complex
(19). Another well-known example of the interaction of fluoride
with enzymes is the ability of fluoride complexes with aluminum
and beryllium to act as phosphate mimics. These complexes af-
fect the activity of phosphoryl transfer enzymes, a large and
important group of macromolecules (12, 21).

Because of its ubiquitous presence in the environment and its
toxic effects, organisms must have evolved mechanisms of re-
sistance to fluoride. However, little is known about these strat-
egies and pathways. Some new clues emerged with the discovery
of a class of regulatory RNAs, or riboswitches, that bind to
fluoride and regulate the expression of genes in response to this
anion in eubacteria and archaea (22, 23). Riboswitches are me-
tabolite or ion-sensing structured RNA motifs typically located
in the noncoding regions of certain mRNAs. They control the
expression of adjoining protein-coding regions through several
different mechanisms including transcription termination, trans-
lation blocking, and alternative splicing (24-27). One of the
genes most commonly associated with fluoride-sensing ribos-
witches is the crcB gene. This gene was originally identified in
Escherichia coli and had been implicated previously in chromo-
some condensation and camphor resistance (28, 29). It encodes
a small protein (127 amino acids) that has four predicted
transmembrane domains. There is evidence that CrcB functions
as a dimer with dual membrane topology, similar to several small
multidrug transporters (30).

Due to its association with the fluoride-binding riboswitch, it
was hypothesized that crcB may be involved in fluoride re-
sistance, specifically fluoride efflux. An E. coli strain lacking crcB
is 200-fold more sensitive to fluoride than the WT strain (22).
Additionally, this strain appears to have a higher intracellular
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Fig. 1. FEX proteins architecture and distribution. (A) Eubacterial, archaeal,
and eukaryotic FEX domain arrangments. TM represents transmembrane
domain. (B) Phylogenetic tree for eukaryotic FEX proteins.

concentration of fluoride than WT, and the growth of this strain
can be rescued on high fluoride media by the addition of the
eriC" gene (22), a variant of eriC that encodes a F/H" antiporter
(31). Because eriC" can substitute for creB, it is likely that these
proteins have some level of functional equivalence, namely the
transportation of fluoride ions.

Although no fluoride riboswitches have been identified in
eukaryotes, many of these organisms have crcB homologs. There
are more than 8,000 genes in the UniProt database annotated as
containing at least one crcB domain (32). Although the majority
of identified sequences are in prokaryotic organisms, there are
a significant number in eukaryotic (>200; Fig. 1) and archaeal
(>200) species as well. Many of the homologs contain at least
four transmembrane domains and are classified in a transporter
superfamily in Pfam (30, 33).

To determine whether the eukaryotic homologs of crcB are
involved in fluoride homeostasis, we used genetic approaches in
three organisms: the filamentous fungus Neurospora crassa, the
budding yeast S. cerevisiae, and the pathogen Candida albicans.
Here we demonstrate that CrcB proteins play a role in fluoride
resistance in eukaryotes and we provide direct evidence that they
are involved in removing fluoride from the cell. This is the only
known example of a gene identified to function in fluoride efflux
in eukaryotes. Based on these results, we propose renaming
these genes FEX, for fluoride exporters, and will refer to them
using this nomenclature.

Results

Conserved Domains and Phylogenetic Tree for Eukaryotic FEX
Proteins. Examination of FEX homologs in eubacteria, archaea,
and eukaryotes reveals clear similarities and differences in do-
main organization. Most of the archaeal and bacterial genes
encode proteins containing a single conserved FEX domain,
whereas most eukaryotic homologs encode two conserved FEX
domains in a single polypeptide (Fig. 14). There is evidence that
the CrcB protein from E. coli forms a dimer, suggesting that two
CrcB domains may be needed for biological function (30). If this
is the case, most prokaryotic FEX proteins would be predicted to
form dimers, whereas most eukaryotic homologs would be pre-
dicted to function as monomers, with the two necessary FEX
domains present in the same polypeptide.

Eukaryotic FEX proteins segregate into several distinct groups
based on phylogeny and are found in a wide variety of organisms,
including fungi, algae, molds, protozoans, plants, and animals
(Fig. 1B). Fungal FEX genes comprise the two largest groups
with the homologs from yeast species closely related to each
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other but distinct from those found in filamentous fungi.
Examples are also present in agriculturally important plants such
as rice, corn, and grapes, as well as the model plant species
Arabidopsis thaliana. Additionally, FEX genes are present in
several animal species, such as Oikopleura dioica (a tunicate) and
Ciona intestinalis (a sea squirt). The widespread distribution of
this protein suggests an important biological function for FEX.

Deletion of FEX Causes Fluoride Sensitivity in Eukaryotes. To test the
role of eukaryotic FEX proteins in fluoride resistance, we se-
lected three important model organisms that would sample
phylogenetic diversity but are also easily genetically manipulated.
We deleted the FEX gene(s) in three organisms, N. crassa,
S. cerevisiae, and C. albicans, and tested each knockout (KO)
strain for growth on fluoride containing media.

N. crassa is a haploid organism that contains one FEX gene
(NCU06262, chromosome I1I; fex-1) encoding a 526 amino acid
(aa) protein with two conserved FEX domains. This gene was
deleted, and growth was assessed on both liquid and solid media
with increasing amounts of fluoride. When both strains were
cultured on solid agar media without fluoride, the KO strain had
a similar growth rate compared with WT (Table S1). However,
on both solid and liquid media containing fluoride, the growth of
the KO organism was inhibited at an ~200-fold lower concen-
tration than WT (Fig. 2 and Fig. S1). WT N. crassa experienced
a reduction in the number of spores, and the amount of myce-
lium as the fluoride concentration was increased (Fig. S1).When
a copy of the fex-1 gene was reintroduced into the genome at the
his-3 locus, the resulting rescue strain fully recovered the ability
to tolerate high fluoride concentrations (Fig. 2, Figs. S1 and S2,
and Table S1).

S. cerevisiae contains two ORFs, YOR390W (FEXI) and
YPL279C (FEX2), that each encodes a protein of 375 aa. Both of
these proteins are composed of two FEX domains connected by
a linker. These proteins, as well as the sequences upstream and
downstream, are nearly identical, suggesting a gene duplication
event. Both genes were previously uncharacterized and were not
included in the systematic yeast deletion library and were
therefore not implicated in yeast fluoride biology, despite
a large-scale screen for mutants that had growth defects in mil-
limolar sodium fluoride (34).

To test whether these crcB homologs are involved in fluoride
resistance in yeast, we made single deletion strains as well as
a strain in which both ORFs are deleted. The single deletion of
either FEX1 or FEX2 does not significantly increase fluoride
sensitivity, suggesting a redundancy of function for the two
proteins. Single KOs grow only slightly worse than the WT in
media containing millimolar quantities of fluoride (Fig. S3). For
the WT strain, the 1Csq for fluoride is 70 mM and the minimum
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Fig. 2. Sensitivity of the N. crassa fex-1 KO strain to NaF by race tube assay.
All strains are cultured on solid agar media with different concentrations of

NaF. (Inset) Curve for the KO strain. The results are from three independent
repeats. Gray bars represent SDs.
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inhibitory concentration (MIC) is ~120 mM. In the case of the
single deletion mutants, the ICs( for fluoride is ~55-60 mM and
the MIC is about 110 mM (Table S1).

In contrast to the single KOs, deletion of both FEX genes
results in a greater than 1,000-fold increase in fluoride sensitivity
(Fig. 3 and Table S1). The growth of the double KO is signifi-
cantly affected at micromolar concentrations of fluoride in both
solid and liquid culture. For this double deletion strain, the ICs,
for fluoride is ~60 pM and the MIC is 120 uM. To determine if
this phenotype is unique to fluoride, we tested the WT and
double KO strains with increasing concentrations of the other
sodium halide salts NaCl, NaBr, and Nal. We observed no
change in sensitivity to these halides even at concentrations that
completely inhibited growth (Fig. S4).

To determine whether the large increase in fluoride sensitivity
observed in the double KO was due solely to the deletion of the
FEX proteins, we sought to restore fluoride resistance by sup-
plying FEXI extrachromosomally. A centromeric plasmid (main-
tained at one copy per cell) containing FEXI was transformed into
the double KO and this strain was assayed for growth in the
presence of increasing amounts of fluoride. The transformed
strain behaves similarly to the single deletion mutant with an I1Cs,
>900-fold greater than the double KO (Table S1). This obser-
vation establishes that the change in fluoride tolerance observed
in the double KO is entirely due to the deletion of the FEX genes.

The pathogenic yeast C. albicans is a diploid organism that has
one FEX gene (Ca019.7095, chromosome 7; FEXI) encoding
a 390 aa protein with two conserved FEX domains. We gener-
ated a strain in which one allele is deleted (referred to as the
heterozygous KO) and one in which both alleles are deleted
(referred to as the homozygous KO). The fluoride sensitivity of
all strains was tested in liquid media growth assays.

Similarly to S. cerevisiae, the heterozygous KO does not have
a significant effect on fluoride sensitivity, whereas the growth of
the homozygous KO is compromised at concentrations of fluo-
ride several orders of magnitude lower than for WT (Fig. 4 and
Fig. S5). The WT strain has an ICs, for fluoride of 140 mM and
an MIC of 175 mM (Table S1). The heterozygous KO has in-
hibition values very similar to WT, whereas the homozygous KO
has an ICsy of 100 uM and an MIC of 0.5 mM, both >300-fold
lower. Neither C. albicans KO strain shows an increased sensi-
tivity to CI~ compared with WT (Fig. S6). A rescue strain was
constructed by integrating a WT copy of FEXI into the ribo-
somal protein S10 (RPS10) locus. The reintroduction of FEXT at
this alternate locus restores the ability to resist high concentra-
tion of NaF similarly to WT, although this strain grew more
slowly than WT for unknown reasons (Fig. S5).
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Fig. 3. Fluoride sensitivity of the S. cerevisiae double KO strain. (A) Serial
dilution assay of strains grown on YPD + NaF at the concentrations stated.
All plates were grown at 30 °C and imaged after 3 d of growth. (B) Liquid
growth assay of the double KO strain grown in YPD + NaF at the concen-
trations stated. Cultures were grown at 30 °C. (C) Representative 1Csq curves
for wild-type S. cerevisiae and the double KO strain. AUC is area under the
growth curve.
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Fig. 4. Sensitivity of the C. albicans FEX1 KO strain to NaF. Growth curves of
(A) WT and (B) homozygous KO.

Given that deletion of FEX in all three organisms produced
a similar fluoride-sensitive phenotype, we performed the rest of
the analyses only on the two yeasts. These unicellular organisms
were more amenable to analysis than the filamentous species.

Intracellular Fluoride Concentration Increases in Organisms Without
FEX. If FEX genes encode proteins that remove fluoride from
cells, FEX KO cells should have higher levels of fluoride than the
WT strain. To quantitatively determine the amount of fluoride in
WT and KO organisms, we measured the intracellular fluoride
concentration using radioactive '°F (35, 36).

We first applied this method to measure the concentration of
fluoride in WT S. cerevisiae. Yeast cells were incubated with
a mixture of nonradioactive fluoride and a trace concentration of
I8F. Any fluoride not taken up by the cells was washed away, and
the counts per minute (cpm) were measured for the cell sus-
pension. We additionally determined the volume of the WT and
double KO cells, allowing us to calculate the concentration of
fluoride inside the yeast cells. The measured intracellular volume
of 38 + 5 fLL (mean + SD) matches cell volumes reported pre-
viously (37).

WT S. cerevisiae are able to maintain a low intracellular fluoride
concentration over a range of external fluoride concentrations.
When incubated in 50 pM external fluoride, the intracellular
concentration remains below 10 pM (Fig. 5 4 and B). There is
essentially no change in the intracellular fluoride concentration for
at least 4 h, which is the upper time limit of the assay due to the
short half-life of the '8F isotope (109 min). When the external
fluoride concentration was increased up to 1 mM, the internal
fluoride concentration remains ~10-fold below the external con-
centration (Fig. 5C). This result implies that even in millimolar
amounts of fluoride, WT S. cerevisiae are able to maintain
a low intracellular fluoride concentration. Consistent with the
results from growth assays, single KO cells have levels of fluoride
approximately equal to WT (Fig. 54).

In contrast, the intracellular fluoride concentration of double
KO S. cerevisiae cells rapidly equilibrates and then exceeds the
external fluoride concentration. After only 30 min of incubation,
the double KO strain contains >10-fold more fluoride than the
WT strain under the same conditions (Fig. 54). After 2 h, the
internal concentration rises to 5-fold higher than the external
concentration and ~40-fold higher than the WT strain (Fig. 54).
When cells were incubated with 50 uM NaF, we observe a nearly
linear increase in the amount of fluoride inside the double KO
cells with time (Fig. 5B). The intracellular concentration also
increases as the external concentration of fluoride is increased.
After 2 h in the presence of varying concentrations of fluoride,
the amount of fluoride inside the double KO cells is between two-
and fivefold higher than the external concentration (Fig. 5C).

When FEX]I is supplied to double KO cells on a plasmid, low
intracellular levels of fluoride are restored (Fig. 54). After 30
min of incubation with 50 pM fluoride, the rescue strain has an
intracellular fluoride concentration within three- to fourfold of
the WT cells. Even after 2 h of incubation, the concentration of
fluoride inside these cells is significantly lower than in the double
KO, despite a small increase compared with WT. This slight
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Fig. 5. Intracellular fluoride concentrations in S. cerevisiae and C. albicans.
Values graphed are the average of at least three measurements + the SD. (A)
Intracellular concentration of fluoride for S. cerevisiae strains after in-
cubation with 50 uM NaF. (B) Intracellular fluoride concentration as a func-
tion of time for WT and double KO S. cerevisiae. Cells were incubated with
50 pM NaF. (C) Intracellular fluoride concentration as a function of external
fluoride concentration for WT and double KO S. cerevisiae. All samples were
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concentration of C. albicans strains. Cells were incubated with 500 pM
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increase is most likely due to the fact that the cells must be grown
in nonselective media before the assay, and this plasmid is known
to be lost at a low percentage for each generation grown without
selection (38). It is also possible that differences in expression of
FEXI between the plasmid and chromosomal locus may exist
and contribute to the discrepancies observed.

The same trends were observed in C. albicans, where the ho-
mozygous KO accumulates much higher fluoride in the cell than
the WT or heterozygous KO strains (Fig. 5D). Accurate con-
centrations were not determined due to difficulty in measuring
the internal volume of C. albicans. However, we observed that
the homozygous KO cells accumulate ~10-fold more fluoride
than WT cells when both are incubated with 0.5 mM fluoride.
When FEXI was reintroduced into a different chromosomal lo-
cus, the intracellular concentration of fluoride was equivalent to
WT (Fig. 5D). These results suggest that FEX proteins play an
important role in removing fluoride from the cell and establish
that FEX is necessary and sufficient to lower the internal fluoride
concentration (Fig. 5).

Cytotoxic Effects of Fluoride on FEX KO Organisms. Deleting FEX in
eukaryotic organisms causes an increase in both sensitivity to
fluoride and intracellular fluoride concentration. We next de-
termined whether this increase in intracellular fluoride in FEX
KO yeast results in cell death at lower external fluoride con-
centration or shorter exposure time. To assess the time- and
concentration-dependent killing of cells by fluoride, overnight
growths of WT and double KO cells were diluted into media
containing fluoride. Periodically, a small volume of this culture
was removed, and the cells were washed and plated. The number
of colonies was counted after several days of growth.

For WT S. cerevisiae, 200 mM fluoride is required to kill the
total cell population within 24 h of exposure. Some growth is
observed even at 100 mM fluoride, and at least 48-72 h of
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incubation is required for cell death at this concentration (Fig.
64). Although 100 mM is slightly below the MIC for the WT
strain, more growth was observed in this assay than in the liquid
culture growth assays described above, most likely due to dif-
ferences in conditions between these two experiments (amount
of oxygen, shaking speeds, etc.). In contrast to the WT strain,
when double KO cells are incubated with 100 mM fluoride, the
number of colonies decreases sharply after 4-8 h, and all cells are
dead at 24 h of exposure (Fig. 6B). When double KO cells are
incubated with 0.5 mM fluoride, we observe a decrease in the
number of colonies after only 2.5 h. However, after 72 h, a few
colonies are still able to grow. Curiously, at 10 mM fluoride, the
number of colonies does not substantially decrease until ~12-24 h
of exposure, and some cells are still alive after 72 h.

For WT C. albicans, 300 mM fluoride is required to kill the
yeast within 24 h (Fig. 6C); 200 mM fluoride (close to the MIC)
inhibits the growth for the first 12 h only but cells continue to
multiply after that. The result is similar to what was observed for
S. cerevisiae, and we expect that this is due to differences in how
the cells were cultured between solid agar plate and liquid me-
dium assays. In the case of the homozygous KO, 100 mM fluo-
ride is required to kill the cells within 24 h of exposure (Fig. 6D).
Similarly to S. cerevisiae at lower fluoride concentrations, such as
5 mM here, the C. albicans homozygous KO is inhibited in
growth but could survive up to 120 h.

These data suggest that although the inhibitory concentrations
of fluoride are dramatically different between WT cells and
those in which FEX has been deleted, the concentrations that
cause cell death after 24 h are similar. Lower concentrations of
fluoride could kill cells lacking a functional FEX, but longer
exposure times were needed.

Effect of pH on the Growth of C. albicans with Fluoride. The cellular
permeability of HF is >1,000,000-fold greater than F~ (39) due
to the fact that HF is neutral and can therefore diffuse through
the lipid bilayer. In contrast, F~ is repelled by the large Born
charging energy that results from the low dielectric environment
of the membrane and the small radius of the F~ anion (40). The
pK, of HF is 3.2 (41), so a lower extracellular pH results in
a higher ratio of HF to F~, and therefore a greater amount of
fluoride able to enter cells (6, 42). Under low pH conditions,
cells lacking FEX would be predicted to accumulate more
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Fig. 6. Effects of NaF on the growth and survival of S. cerevisiae and C.
albicans. Data were measured in triplicate but only one data set is shown as
an example. Colonies formed by (A) WT S. cerevisiae, (B) S. cerevisiae double
KO, (C) WT C. albicans, and (D) C. albicans homozygous KO cultures.
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fluoride and experience greater toxic effects than the same KO
cells at higher pH. To test this hypothesis, we measured the
growth of different C. albicans strains as a function of pH, both
in the absence and presence of NaF. As expected, the growth of
the WT, heterozygous KO, and rescue strains of C. albicans is
unaffected by pH (Fig. S7). However, even in the absence of
added NaF, the growth of homozygous KO cells is inhibited be-
low pH 5. We believe that this effect is due to the presence of
residual F~ in the media [according to our measurement, YPD
(yeast extract, peptone, dextrose) contains 7.3 = 0.5 pM fluoride].
When a known amount of fluoride (100 pM) is added to the
media, the growth of the homozygous KO is inhibited at pH 6.5
or lower, indicating that these cells are more sensitive to pH in
the presence of F~.

Discussion

FEX genes are widespread across all three domains of life,
suggesting that these proteins have an important function in
diverse organisms. Deleting crcB in E. coli makes the cells more
sensitive to fluoride, likely due to the accumulation of fluoride in
the cell as indicated by a reporter assay (22). Here we showed
that deleting FEX genes in three model eukaryotic organisms
produces a fluoride sensitive phenotype, and KO cells become
200-1,000 times more sensitive to fluoride than their corre-
sponding WT strain. These data demonstrate the importance of
FEX in resistance to fluoride toxicity. We also provided direct
evidence that cells lacking FEX have higher intracellular fluoride
concentrations relative to their WT counterparts, directly im-
plicating FEX in fluoride efflux.

The FEX protein product is predicted to be a multipass
transmembrane protein with homology to a variety of membrane
proteins responsible for transporting different substrates. Com-
bined with our data, this suggests that the FEX gene encodes
a fluoride channel or transporter, although we cannot rule out
the possibility that FEX functions as a required accessory ele-
ment to another protein that itself exports fluoride. However,
a recent report shows conclusively that bacterial FEX homologs
are highly selective fluoride channels that discriminate against
CI” by a factor of >10,000-fold (43). These channels recon-
stituted in lipid bilayers exist primarily in an open state and
export F~ via passive electrodiffusion by using the negative
membrane potential. Because of the large degree of homology
that exists between bacterial and fungal FEX genes, the
eukaryotic FEX proteins are likely to also function as selective
F~ channels. Furthermore, the resting membrane voltage of
fungi is normally highly negative (about —200 mV) (44, 45),
which would provide a sufficient thermodynamic gradient to
expel F~ by the same mechanism. The results from both eubac-
teria and eukaryotes indicate that FEX proteins have a conserved
function in maintaining low levels of intracellular fluoride across
multiple domains of life and that these proteins promote the
survival of cells under fluoride stress.

The conservation of FEX proteins across many species implies
that a large number of organisms encounter fluoride stress and
require the ability to remove this anion. Environmental fluoride
concentrations vary from low micromolar to mid millimolar,
suggesting that to survive, organisms must be tolerant to these
levels (6, 46). It is possible that different species may be resistant
to different concentrations of this ion. Indeed, we observe dif-
ferences in the MIC for the different eukaryotic species that we
have studied here, with C. albicans being the most tolerant to
fluoride and N. crassa being the least. A previous study reports
the MIC for C. albicans to be even higher, suggesting that dif-
ferent strains within species may vary in their level of resistance
(18). Wide variation is observed in the fluoride tolerance of
higher eukaryotes. For instance, the model organism Caeno-
rhabditis elegans experiences toxic effects at low to submillimolar
concentrations (47), whereas some plants (such as the cotton
plant) can tolerate up to 4,000 ppm (about 220 mM) NaF (48).
Relative to the WT strains, all of the FEX deletion mutants that
we made in this study exhibited increased sensitivity to fluoride
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by several orders of magnitude, meaning they experienced
growth inhibition at low to mid-micromolar fluoride. These data
indicate that many organisms would not be able to grow in the
absence of FEX in many environmental conditions. In fact, the
S. cerevisiae FEX double KO shows growth inhibition at the level
of fluoride supplementation found in some municipal water
supplies (~50 pM) (7). Even at these low micromolar amounts,
our data using '®F as a reporter for intracellular fluoride con-
centration indicate that over time the internal fluoride concen-
tration can reach much higher levels as fluoride accumulates.

Lower pH aggravates fluoride stress, presumably by facilitating
the influx of fluoride into cells as the conjugate acid HF. This fact
may also explain why most bacteria and fungi contain FEX genes.
In many situations, the external pH is lower than the intracellular
pH, which would promote the accumulation of fluoride in the
cell. For instance, tap, distilled, or deionized water all have a pH
of ~5. For environmental water sources where the pH is also
near 5, it would be difficult for cells to survive without genes
encoding fluoride export proteins.

To date, no homologs of FEX have been identified in many
higher eukaryotes, including in humans and other mammals.
However, the toxic effects of fluoride on these species have been
well documented. These reports along with our data indicate that
most organisms likely have evolved mechanisms to combat
fluoride toxicity. Although the proteins involved in fluoride re-
sponse in mammals are largely unknown, the fact that FEX does
not appear to be involved could be exploited for therapeutic
purposes. Because humans and many animals do not have the
FEX protein, whereas many pathogens and parasites do, a drug
targeting FEX used in combination with fluoride might be
promising as a novel therapeutic (49, 50). For example, when an
antifungal reagent (Amphotericin) was combined with a small
amount of NaF, the efficacy of the inhibition was greatly im-
proved (49). If inhibitors targeting FEX were developed, such
a combination would be predicted to have broad activity against
diverse pathogens and parasites while being relatively nontoxic
to human or animal cells that do not contain the FEX protein.

Materials and Methods

Strains and Growth Assays. Strains used in this study are listed in Table S2,
plasmids used are listed in Table S3, and primers used are listed in Table S4.
FEX deletions in N. crassa, S. cerevisiae, and C. albicans were made using
previously published methods. For a detailed description, see S/ Materials
and Methods. N. crassa growth assays were performed in both liquid and
solid (race tubes) minimal media with and without NaF. S. cerevisiae growth
assays were performed on solid agar plates and also in liquid culture using
standard procedures. C. albicans growth assays were done in liquid culture
using standard procedures. For a detailed description, see SI Materials
and Methods.

8F Assays. Measurements of internal fluoride concentrations in S. cerevisiae
were made using yeast grown to ~1 ODgq; 675 pL of this cell suspension was
mixed with 75 pL of 10x NaF solution containing a mixture of '®F and non-
radioactive NaF. A variable amount of '®F was added to the 10x solutions to
reduce the range of specific activities for the samples: 0.013 pCi/uL for the
10 and 50 uM samples, 0.026 uCi/uL for the 250 pM samples, 0.04 pCi/uL for
the 500 pM samples, 0.053 pCi/uL for the 750 uM samples, and 0.067 pCi/uL for
the 1,000 uM samples. After addition of NaF, the cells were incubated at
room temperature for variable time. The media were removed, and the cells
were washed four times by vacuum filtration. Cells were resuspended in 200 uL
YPD, and the radiation intensity was measured by scintillation counting using
a "®F measurement protocol. Each sample was counted for 1 min, and the
decay of '®F during counting was accounted for by using the half-life of 109
min. One hundred microliters of a 1:1,000 dilution of each 10x stock was
counted alongside the samples to determine the specific activity of the 10x
mixture in moles per count. This value was used to determine the moles of
NaF in the cells by multiplying the counts of each cell sample by the moles per
count value obtained. Samples without '8F were prepared in an identical
fashion and used to determine the ODgyo of the cells after incubation and
washing. The ODgqo of the samples was used to determine the volume of the
cells in each sample as described below. The concentration of NaF in the cells
was determined by dividing the moles of NaF by the cell volume.
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The cell volumes were determined using the cell displacement method and
inulin as previously described (35). Thirty mL of ~20 ODggg cells were pelleted
and resuspended in 200 pL water with 10,000 counts/uL '4C purified inulin. The
volume of the resuspension was determined, and the ODgqo of the cells was
measured. The increase in volume over 200 uL was due to both the cellular
volume and the extra cellular volume. To determine the extracellular volume,
the cells were filtered through a 0.45-um filter by centrifugation. The radiation
intensity of the filtrate and the cells were measured by scintillation counting.
The radiation intensity of the filtrate is the specific activity of the extracel-
lular liquid and was used to determine the extracellular volume from the
radiation intensity of the cells. The cell volume was determined by sub-
tracting the extracellular volume from the total volume increase above
200 pL. The ODgoo and volume of the cells were used to determine the cell
volume per ODggp X mL. This analysis was done four times for S. cerevisiae
to determine a value of 0.00038 pL (cell volume)/pL (sample volume) x
ODggo (sample). This value and the ODggo and volume of the NaF-incubated
cells were used to determine the internal volume of the cells.

The internal NaF concentrations in C. albicans were determined by
growing cells to a density of 2 ODggo; 10x NaF solutions were added to the
cells at similar specific activities as the S. cerevisiae samples. The picomoles of
NaF were obtained using the same method as describe for the S. cerevisiae
samples. Because of the challenge of using 'C inulin with a pathogenic
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