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Abstract

Most riboswitches are metabolite-binding RNA structures located in bacterial messenger RNAs

where they control gene expression. We have discovered a riboswitch class in many bacterial and

archaeal species whose members are selectively triggered by fluoride but reject other small anions,

including chloride. These fluoride riboswitches activate expression of genes that encode putative

fluoride transporters, enzymes that are known to be inhibited by fluoride, and additional proteins

of unknown function. Our findings indicate that most organisms are naturally exposed to toxic

levels of fluoride and that many species use fluoride-sensing RNAs to control the expression of

proteins that alleviate the deleterious effects of this anion.

Fluoride has been widely used as an additive in oral hygiene products and water since the

1950s because of its usefulness in preventing tooth decay. Fluoride ions present at

millimolar concentrations in bacterial culture media inhibit cell growth (1–3), and this has

been proposed as one of the mechanisms for its efficacy (4–7). However, little has been

reported on how organisms respond to toxic levels of fluoride.

We identified a fluoride-responsive riboswitch class by analyzing a group of noncoding

RNA structures that carry a conserved domain called the crcB motif (Fig. 1A) (8, 9). crcB

motif RNAs are located upstream of genes encoding proteins of diverse functions and

presumably regulate these genes. Some of the gene products are annotated as ion
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transporters (for example, chloride, sodium, proton) and some others are involved in various

physiological (e.g., universal stress adaptation, DNA repair) or metabolic (e.g., enolase,

formate-hydrogen lyase) processes (fig. S1).

We used a method called in-line probing (10, 11) to assess the binding of various possible

metabolites, which unexpectedly revealed that fluoride contaminating a commercial

compound sample caused extensive conformational changes in crcB RNAs (fig. S2). Using

a 78-nucleotide RNA called 78 Psy that encompasses the crcB motif from Pseudomonas

syringae (Fig. 1B and table S1), we determined that the most highly conserved nucleotides

of this RNA class undergo structural change on addition of NaF (Fig. 1C), which suggests

that these nucleotides help form a ligand-binding aptamer for fluoride. The pattern of

products resulting from in-line probing at various fluoride concentrations reveals an

apparent dissociation constant (KD) of ~60 μM (Fig. 1D). We obtained similar KD values

with crcB motif RNAs from other organisms (fig. S3).

Ca2+ forms a strong complex with fluoride ions (12), and the addition of Ca2+ in excess over

fluoride precludes RNA structure changes (fig. S4). This demonstrates that free fluoride is

important for binding by the RNA. The 78 Psy RNA rejects other halogen anions (chloride,

bromide, iodide), even when they are added at high concentrations (fig. S5). Likewise,

hydroxide ions (up to pH 9.7) and carbon monoxide and nitric oxide as dissolved gasses do

not induce RNA folding changes.

Mutations that alter the aptamer’s conserved substructures (fig. S6) or conserved nucleotides

(fig. S7) adversely affect fluoride binding, indicating that the features common to all crcB

motif RNAs are necessary for the selective recognition of fluoride. Certain RNAs are known

to directly bind chloride ions (13), and therefore it seems conceivable that RNA could form

a fluoride-specific pocket without the use of a cofactor. Selectivity could be based on the

ionic radius of fluoride (0.133 nm), which is smaller than those of other chemical species

tested, including chloride (0.181 nm); also, fluoride has unique hydrogen-bonding abilities

(9). Alternatively, the polyanionic crcB motif RNAs may exploit one or more Mg2+ ions to

form bridging contacts between anionic fluoride and nucleotides.

A reporter construct was created by joining a representative crcB motif RNA from the

Bacillus cereus crcB gene to a lacZ gene (transcriptional fusion). The observed activation in

B. subtilis of the reporter gene by fluoride (figs. S8 and S9) and additional in-line probing

experiments (fig. S10) indicate that this representative is a fluoride-responsive riboswitch

that operates by controlling the formation of an intrinsic transcription terminator stem.

The homologous fluoride riboswitch from a P. syringae eriC gene was joined (translational

fusion) to lacZ, and the plasmid-based construct was transformed into an Escherichia coli

strain with its natural lacZ gene disabled. High expression occurred when cells were grown

on a medium supplemented with 50 mM fluoride, whereas lower fluoride concentrations

resulted in little or no expression (Fig. 2A, left side). Results of mutational analysis of this

representative (fig. S11) also are consistent with our hypothesis that the crcB motif RNA

from P. syringae is a fluoride-responsive riboswitch that controls gene expression by

regulating translation initiation.
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The crcB genes, which are most commonly associated with fluoride riboswitches, have

previously been implicated in chromosome condensation and camphor resistance (14).

However, crcB genes are predicted to code for membrane proteins (15) belonging to a

superfamily that is predominantly composed of transporters (16). Therefore, we speculated

that CrcB proteins might function as fluoride transporters to reduce cellular concentrations

of this anion. An E. coli strain carrying a genetic knockout (KO) of its crcB gene could not

grow at 50 mM fluoride and exhibited high reporter gene expression even at low (for

example, 0.2 mM) fluoride concentrations (Fig. 2A, right side).

We recorded a series of growth curves for wild-type (WT) and KO cells at various fluoride

concentrations in liquid media to assess whether there is a correlation between cell growth

and reporter gene activity as fluoride concentrations in the medium are increased. For WT E.

coli cells, growth was noticeably reduced at 30 mM NaF, and the minimum inhibitory

concentration (MIC) for fluoride was ~200 mM (Fig. 3A and fig. S12A). In contrast, the

growth of the E. coli crcB KO strain is inhibited by micromolar amounts of fluoride and

exhibits an MIC of slightly higher than 1 mM (Fig. 3B and fig. S12A). Fluoride sensitivities

of both strains are heightened under acidic conditions (fig. S12B) due to the increased

membrane permeability of hydrogen fluoride.

A comparison of the growth curves (Fig. 3 and fig. S12) with the reporter gene expression

driven by fluoride riboswitches (Fig. 2) indicates that reporter expression increases in

proportion to the amount of fluoride in the culture media until the anion concentration

becomes toxic to cells. Both growth inhibition (Fig. 3B) and reporter gene expression (Fig.

2B) phenotypes are similarly shifted to lower fluoride concentrations in crcB KO cells.

These findings suggest that CrcB protein is important for reducing fluoride concentrations in

cells, thus reducing its toxicity.

Another gene family commonly associated with fluoride riboswitches is a distinct subset of

highly related eriC genes (hereafter called eriCF) coding for ClC-type ion channel proteins.

The prototypic eriC representatives exhibit specificity for chloride (fig. S13) (17–19).

However, EriCF protein homologs commonly associated with fluoride riboswitches carry a

distinct set of amino acids in their putative channels compared with validated chloride-

specific EriC proteins (fig. S14). This finding suggests that members of the EriCF subgroup

could be channels for fluoride anions. Anion flux assays conducted with the EriCF protein

from P. syringae reveal similar efficiency for chloride and fluoride transport (Fig. 3C),

whereas a typical EriC protein from E. coli greatly favors chloride over fluoride (Fig. 3D).

We assessed the biological function of the EriCF variant from P. syringae by expressing the

protein in the E. coli strain lacking the CrcB protein. Consistent with fluoride transport

activity, the P. syringae eriCF gene rescues growth of the E. coli crcB KO strain to yield

cells with restored resistance to high fluoride concentrations in both liquid and solid media

(fig. S15). The functional equivalency of EriCF and CrcB proteins is likewise suggested by

their distributions among bacterial species (fig. S16). The genes for these putative fluoride

transport proteins are rarely observed in the same species under the control of fluoride

riboswitches, suggesting that their biochemical roles may be identical.
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crcB genes associated with fluoride riboswitches are distributed broadly among bacteria and

archaea (fig. S16). Riboswitches are associated with genes for CrcB proteins that vary

greatly in amino acid sequence (fig. S17), suggesting that all CrcB proteins might have the

same function in mitigating fluoride toxicity. If true, a surprisingly large number of

organisms are predicted to contend with fluoride toxicity, including eukaryotic lineages such

as fungi and plants. Moreover, the bacterium Streptococcus mutans (a causative agent of

dental caries) encodes EriCF proteins in the same genomic location where other

Streptococcus species encode CrcB proteins (fig. S18). This arrangement again supports the

hypothesis that the proteins are functionally equivalent and reveals the importance of

fluoride toxicity resistance for S. mutans.

Though the vast majority of species encode at most 2 fluoride riboswitches, the bacterium

Methylobacterium extorquens DM4 encodes at least 10 fluoride riboswitches in its genome.

This organism, known for its ability to consume halogenated hydrocarbons as a food source

(20), has been shown to survive on dichloromethane. The pertinent halogenase enzyme can

catalyze the degradation of dibromomethane (21), suggesting that this organism also might

degrade fluorinated hydrocarbons, which would generate fluoride anions and require a more

robust fluoride sensor and toxicity mitigation response system for rapid growth on

fluorinated food sources.

Our findings resolve a long-standing mystery regarding why some species carry sensor and

mitigation systems for toxic metals such as arsenic, cadmium, lead, and silver, whereas an

analogous fluoride-specific system had been notably absent (22). The pervasive occurrence

of these fluoride toxicity mitigation systems is consistent with the fact that fluorine is the

13th most abundant element in Earth’s crust. Given their wide distributions, fluoride-

specific riboswitches and commonly associated proteins such as CrcB may represent

components of an ancient system by which cells have contended with toxic levels of this

anion.
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Fig. 1.
Fluoride binding by crcB motif RNAs. (A) Consensus sequence and structural model for

crcB RNAs based on 2188 representatives from bacterial and archaeal species. P1, P2, P3

and pseudoknot labels identify extended base-paired substructures. (B) Sequence and

secondary structure model for the WT 78 Psy RNA from P. syringae. Colored circles

summarize the in-line probing results presented in (C). The two G residues preceding

nucleotide 1 were added to facilitate RNA production. (C) Polyacrylamide gel

electrophoresis analysis of an in-line probing assay with 78 Psy RNA and various amounts

of fluoride. NR, T1, and −OH designate no reaction, partial digestion with RNase T1

(cleaves after guanosines), or partial digestion with hydroxide ions (cleaves after any

nucleotide), respectively. Precursor RNA (Pre) band and some RNase T1 product bands are

labeled (left). Locations of fluoride-mediated spontaneous RNA cleavage suppression

(regions 1, 3, 5, 6) and enhancement (regions 2, 4) are identified by vertical bars. (D) Plot of

the normalized fraction of RNA cleavage versus fluoride ion concentration from the data in

(C). Curves represent those expected for one-to-one binding with a KD of 60 μM.
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Fig. 2.
Fluoride riboswitch-mediated gene control. (A) Solid media cultures of WT E. coli cells or

crcB KO E. coli cells transformed with a riboswitch reporter fusion construct carrying the P.

syringae eriC fluoride riboswitch. (B) Plot of the β-galactosidase reporter activity versus

fluoride concentration (c) in liquid media supporting growth of transformed E. coli cells [see

(A)] as quantified using Miller assays. WT and crcB KO E. coli cells grown in media

supplemented with 50 mM NaCl (no added fluoride) yielded 0.06 and 15.5 Miller units,

respectively.
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Fig. 3.
Evaluation of putative fluoride transport proteins. (A) Liquid cultures supplemented with

specific amounts of NaF were inoculated with identical amounts of WT E. coli cells and the

optical density (O.D.) at 600 nm was periodically recorded over a 16-hour period. (B)

Growth curve plots for the E. coli crcB KO strain. (C) Anion efflux of an EriCF protein

associated with the P. syringae fluoride riboswitch. Gray and black lines depict ion-transport

measurements from liposomes in the absence or presence of protein, respectively. The high

fluoride baseline is due to the relative membrane permeability of HF (pKa of 3.4) compared

with chloride (pKa of −7). Asterisks in (C) and (D) identify the times at which protein-

mediated anion transport is initiated. (D) Anion efflux by an EriC protein from E. coli that is

known to serve as a chloride transporter.
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