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Abstract

Fluoride has long been known to inhibit bacterial and fungal cell growth most likely by blocking
the functions of key metabolic enzymes. In this study, we demonstrate that antifungal compounds
that disrupt cell membrane integrity exhibit improved ability to inhibit cell growth when used with
millimolar concentrations of fluoride. Specifically, antifungal compounds of the polyene class and
an antifungal peptide exhibit synergy with fluoride to inhibit the growth of various fungal species,
including Candida albicans. Our results demonstrate that certain compounds can be found that
increase the cellular uptake of fluoride, and provide new opportunities for creating antimicrobial
compounds whose functions are enhanced when combined with otherwise sub-inhibitory
concentrations of small ions.
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Humans can be infected with a diversity of fungal species and the outcomes of these
diseases can range from minor discomfort and disfiguration to death. Numerous antifungal
therapies have been developed over the last several decades that have been very effective,1:2
but many challenges still exist when treating fungal infections, including the emergence of
drug resistance.3 Fungal infections on the surface of the body are among the most common?
and usually can be overcome by topical treatment with antifungal agents, although poor
efficacy can sometimes limit the utility of existing compounds.
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In this study, we assessed the hypothesis that fluoride can be used to enhance the in vitro
activity of certain classes of antifungal agents. This hypothesis has emerged from our recent
discovery of a fluoride-responsive riboswitch class®8 in many bacterial and archaeal
species. Riboswitches are metabolite- or ion-sensing domains found within the noncoding
portions of certain messenger RNAs where they control the expression of adjoining protein
coding regions.”9 Members of the fluoride riboswitch class bind fluoride anions and
regulate numerous genes whose protein products appear to overcome the inherent toxicity of
this anion.®

Although fungi lack representatives of the known fluoride riboswitch class, many fungal
species carry a homolog of the gene most commonly associated with fluoride riboswitches
in bacteria. This gene (called crcB) codes for a member of a family of proteins predicted to
be membrane-associated transporters.1911 A genetic knock-out of crcB in the bacterium
Escherichia coli results in a strain that is approximately 200-fold more sensitive to fluoride,
and these cells accumulate higher cytoplasmic concentrations of fluoride compared to wild-
type cells when grown in identical fluoride-supplemented growth media.®

We speculate that CrcB proteins are most likely fluoride transporters and, if true, fungal
expression of this protein and the subsequent ejection of this anion from cells may be a
major mechanism for how these organisms overcome fluoride toxicity. To assess whether
fluoride simply halts fungal growth (fungistatic) or kills fungal cells (fungicidal), we
prepared a culture of Saccharomyces cerevisiae and added 300 mM fluoride to the medium
(see Supplementary data for all materials and methods). Samples of this mixture were taken
at various times, plated, and the number of resulting colonies were recorded (Fig. 1). Cells
experience a rapid loss of viability, and a 160 minute incubation results in near complete
killing of the cells in the culture. Therefore, compounds that facilitate the uptake and/or
retention of fluoride, or otherwise inhibit the fluoride toxicity mitigation responses of fungi,
should also function as fungicidal compounds when used in combination with this anion.

Among the existing antifungal compound classes are examples that are known or predicted
to selectively disrupt the integrity of fungal membranes. In particular, members of the
polyene class are believed to form multimer complexes in fungal membranes!213 resulting
in pores that permit leakage of cytoplasmic constituents.1# Since it is unlikely that this flow
of small molecules and ions is unidirectional, chemicals from the growth medium also
should begin to equilibrate with the interiors of cells whose membranes have been
compromised by the fungicide.

Given that fluoride is an exceedingly small chemical entity, and given the fungicidal activity
of this anion when present at high concentrations in cells (Fig. 1), we reasoned that
antifungal compounds that disrupt the integrity of cell membranes could interact
synergistically with fluoride to more effectively inhibit fungal growth. Specifically, the
addition of fluoride to a fungal growth medium containing a concentration of such an
antifungal agent below its typical MIC (minimum inhibitory concentration) should improve
its MIC value. Likewise, these antifungal compounds should lower the concentration of
fluoride needed to inhibit fungal growth.
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This hypothesis was initially tested by conducting growth curve analyses of S. cerevisiaein
the presence or absence of various concentrations of sodium fluoride and amphotericin B
(Fig. 2). Amphotericin B is a prominent member of the polyene class of antifungal agents
and therefore should allow fluoride to more readily gain entry into cells. We found that
fluoride alone only marginally affects S. cerevisiae growth when present at 30 mM in liquid
medium under the growth conditions used in this study (Fig. 2A). The addition of more than
100 mM fluoride is required to completely inhibit fungal growth over a 48-hour culture. In
the absence of added fluoride, concentrations of amphotericin B ranging from 30 to 70 nM
only marginally delay near full growth of the S. cerevisiae culture, while 300 nM of this
antifungal compound is required to almost completely inhibit growth over 48 hours (Fig.
2B).

To assess the effects of the combination of fluoride and amphotericin B, we exposed S.
cereviciae cultures containing 10 nM of the antifungal compound to a range of fluoride
concentrations. Although 10 nM amphotericin B has almost no effect on cell growth when
used alone, its presence causes a dramatic increase in the growth-inhibition effects of
fluoride (Fig. 2C). The toxicity of fluoride is further enhanced by doubling the concentration
of amphotericin B to 20 nM (Fig. 2D). For example, 60 mM fluoride has only a modest
effect on fungal growth when tested alone, but causes complete inhibition of growth when
combined with a concentration of amphotericin B (20 nM) that otherwise has almost no
growth inhibition effect on S. cerevisiae.

This synergistic activity between fluoride and polyene class compounds is made further
evident when fluoride concentrations are held constant and antifungal compound
concentrations are varied (Fig. 3). For example, amphotericin B undergoes an improvement
in MIC for S. cerevisiae of ~10 fold when 30 mM fluoride is added to liquid medium (Fig.
3A). Moreover, 80 mM fluoride alone only lengthens the time to near full culture growth by
two fold, but improves the MIC of amphotericin B by ~30 fold (Fig. 3B). We observed that
KCI and NaCl also improve the MIC values of this antifungal compound when tested at 30
mM and 80 mM, suggesting that they too may exploit the membrane-destabilization
mechanism to adversely affect fungal growth. However, KCI and NaCl are consistently less
effective than NaF at causing fungal growth inhibition. Similar anion enhancement effects
are observed for 30 mM (Fig. 3C) and 80 mM (Fig. 3D) fluoride when combined with
nystatin, a related polyene class member.

Fluoride did not improve the function of compounds from most other antifungal agent
classes examined. For example, aculeacin A, a member of an antifungal class that inhibits
cell wall biosynthesis,14 is not affected at all by the presence of 30 mM fluoride (Fig. 4).
Likewise, representatives of other classes either failed to be improved by the addition of
fluoride (itraconazole) or did not significantly inhibit S. cerevisiae growth (tolnaftate,
terbinafine) under our assay conditions (data not shown). These findings suggest that the
synergistic effects we observe for fluoride (and to a lesser extent other ions) are likely to
broadly improve the function of only those antifungal compounds that compromise the
ability of cell membranes to act as a barrier to ions.
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Since polyene antifungal compounds have broad efficacy against numerous species, we
sought to determine whether the synergy between fluoride and certain antifungal compounds
observed with S. cerevisiae also occurs with other species of fungi. Neurospora crassa is a
filamentous fungus and therefore we conducted antifungal activity assays by visually
examining liquid media cultures incubated with either fluoride, amphotericin B, or both (Fig
5). When tested independently, fluoride concentrations of greater than 80 mM were required
to completely prevent N. crassa growth (Fig. 5A), and a concentration of greater than 300
nM amphotericin B was required to prevent growth (Fig. 5B). In contrast, combining 10 mM
or 30 mM fluoride with amphotericin B reduces the MIC for the antifungal compound by at
least 4 fold (Fig. 5C) and 10 fold (Fig. 5D), respectively. Similar synergy in the actions of
fluoride and amphotericin B was also evident with another filamentous fungal species
Aspergillus nidulans (see Supplementary data).

Fluoride also improves the MIC values for amphotericin B with the fungal pathogen
Candida albicans (Fig. 6). Among the four fungal species to be examined in this study, C.
albicans exhibited the greatest resistance to fluoride-mediated growth inhibition. When
tested alone, 300 mM fluoride completely prevented growth in liquid medium after 48
hours, whereas 100 mM fluoride had only a modest inhibitory effect (Fig. 6A). Increasing
concentrations of amphotericin B ranging from 30 t0300 nM progressively inhibited cell
growth, with the MIC for the compound falling somewhere between 100 and 300 nM (Fig.
6B). However, this MIC is improved to ~50 nM when the medium is supplemented with
only 30 mM fluoride (Fig. 6C).

Another antifungal compound that has been proposed to function by destabilizing
membranes is a circular hepta-arginine peptide with the commercial name Novexatin®
(NP213; NovaBiotics, Aberdeen, UK).15-17 Growth curves conducted with S cereviciae (see
Supplemental data) confirm that Novexatin has MIC values for fungi that are high relative to
most commercial antifungal compounds. Under our culture conditions, 3 mM Novexatin
was needed to almost completely prevent fungal growth over 48 hours. Solubility of
Novexatin at millimolar concentrations becomes an issue, which made precise determination
of MIC values problematic. Regardless, a greater than 3-fold improvement in MIC was
obtained for Novexatin when combined with 30 mM fluoride. A similar result was obtained
when evaluating cultures that were allowed to incubate for approximately 24 hours (Fig. 7).
These results are consistent with the proposed mechanism of membrane destabilization by
this new antifungal compound.

In summary, our findings are consistent with the hypothesis that the toxic effects of fluoride
on fungi can be augmented by the use of compounds that facilitate the uptake of fluoride
from growth media. Although we observe positive results with antifungal compounds
known to destabilize membranes, we propose that compounds affecting other processes
involved in fluoride toxicity resistance would similarly increase the antifungal effects of
fluoride. Likewise, compounds that affect bacterial membrane integrity or fluoride toxicity
resistance systems also should enhance the antibacterial effects of this anion. Indeed,
evidence exists for the synergistic function of 50 mM fluoride with two amphiphilic peptides
that form ion channels in bacterial membranes.18 Fluoride has been known for many
decades to broadly inhibit the growth of fungi,19-2 albeit the concentrations of this anion
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required to achieve this effect are very high. Our findings indicate that compounds can be
identified that reduce the requirement for high fluoride or of its more potent salts?? to
achieve fungicidal activity.

Membrane destabilization by various compounds should permit increased uptake of other
antimicrobial chemical entities, and therefore a broader utility for this approach can be
envisioned. However, agents that are small and have little inherent toxicity to humans might
be most advantageously applied in combination with membrane destabilizing antimicrobial
compounds. Fluoride is routinely and daily applied to human tissues in the form of oral
healthcare products such as over-the-counter (~70 mM fluoride) or prescription (~250 mM
fluoride) toothpastes and mouthwashes. Furthermore, the relative selectivity of compounds
such as amphotericin B and nystatin for fungal cells suggests that antifungal formulations
containing both a polyene drug and low millimolar amounts of fluoride may offer a safe and
effective topical treatment for certain fungal infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Colonies

Figure 1.
(A) Demonstration that high fluoride concentration in S. cerevisiae culture causes loss of

cell viability. Cells were cultured in liquid medium in the presence of 300 mM fluoride for
the times (in minutes) indicated and then plated on solid medium in the absence of added
fluoride. Plate images were recorded after extended incubation and colonies were counted.
See Supplementary data for all methods details. (B) Plots of the numbers of colonies present
versus incubation time as noted in A.
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Figure 2.

(A) Fluoride inhibition of S cerevisiae growth in liquid culture over 48 hours. (B)

Amphotericin B inhibition of S. cerevisiae growth. (C), (D) Synergistic inhibition of S

cerevisiae growth by a combination of fluoride and 10 or 20 nM amphotericin B,
respectively.
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Figure 3.

(A) Effect of 30 mM fluoride or other ions on amphotericin B inhibition of S. cereveciae
growth. Experiments were conducted as described for the data in Fig. 2, and data points
(normalized to the maximum O.D.gqq Value recorded for each culture) reflect 9 h
incubations at 30°C with shaking. (B) Effect of 80 mM fluoride or other ions on
amphotericin B inhibition of S. cerevesiae growth. (C), (D) Effects of 30 mM or 80 mM
fluoride or other ions on nystatin inhibition of S. cerevisiae growth.
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Figure 4.
Lack of an effect of 30 mM fluoride on aculeacin A inhibition of S. cerevesiae growth.

Experiments were conducted as described for the data in Fig. 3.
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Figure 5.
(A) Fluoride inhibition of N. crassa growth in liquid culture after incubation for 24 h. The

asterisks denote tubes with the lowest concentration of fluoride or amphotericin B where
little or no cell growth is visible. (B) Amphotericin B inhibition of N. crassa growth. (C),
(D) Synergistic inhibition of N. crassa growth by a combination of amphotericin B and 10
or 30 mM fluoride, respectively.
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(A) Fluoride inhibition of C. albicans growth in liquid culture over 48 hours. (B)
Amphotericin B inhibition of C. albicans growth. (C) Synergistic inhibition of C. albicans
growth by a combination of 30 mM fluoride and amphotericin B.
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Figure 7.

Improvement in MIC of S cerevisiae with Novexatin at 26.25 h upon the addition of 30 mM

NaF.
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