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Supporting Text 

 

Rationale for testing RNA dinucleotides as possible riboswitch ligands. 

The crcB motif RNAs are associated with an eclectic list of genes (fig. S1) that did not 

readily reveal the ligand for this riboswitch candidate. Since the only other riboswitch classes 

associated with many diverse gene types respond to the bacterial second messenger c-di-GMP 

(23, 24), we used synthetic linear RNA dinucleotides to assess binding of c-di-GMP (regulates a 

diversity of genes) and another bacterial second messenger called c-di-AMP (implicated in DNA 

repair control) (25, 26).  

 

Gene control by fluoride riboswitches. 

Miller assays conducted with ONPG reveal increasing levels of β-galactosidase expression 

with increasing amounts of fluoride added to liquid medium (Fig. 2B, fig. S8). A series of variant 

reporter constructs with mutations that alter highly-conserved nucleotides or that disrupt P3 stem 

formation fail to be activated by fluoride, whereas an altered P3 sequence that retains base 

pairing exhibits fluoride induction at a level equivalent to WT (fig. S11). These in vivo results 

parallel the fluoride-binding activity of mutants when tested in vitro. Moreover, a series of 

expression platform mutants were generated that yield reporter gene expression results that are 

consistent with a B. cereus crcB riboswitch mechanism involving transcription termination (fig. 

S9). In total, our findings confirm that fluoride triggers gene expression via distantly related 

riboswitch representatives from both Gram-positive and Gram-negative bacteria. 

Intriguingly, crcB KO cells exhibit a detectable level of reporter expression even when the 

medium is not supplemented with fluoride. This could be due to the presence of low micromolar 

amounts of fluoride contaminating the reagents used to make the medium. In liquid medium, the 

WT strain requires approximately two orders of magnitude higher fluoride concentration to 

trigger reporter gene expression compared to the KO strain (Fig. 2B). These results suggest that 

crcB, the gene most commonly associated with fluoride riboswitches, codes for a protein that 

reduces the concentration of fluoride in cells, thus avoiding build-up to toxic levels. 

 

Establishing the fluoride contaminant in synthetic RNA dinucleotides samples as the 

ligand. 
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Substantial conformational changes (fig. S2) were observed when various synthetic 

dinucleotide samples were incubated with an RNA construct derived from the crcB gene of P. 

syringae (78 Psy; Fig. 1B; Table S1). However, we eventually determined that the 

conformational changes were caused by fluoride ions. Tetra-n-butylammonium fluoride (TBAF) 

was used to remove the silyl-based protecting groups (27) from the ribose 2´ oxygens of the 

synthetic dinucleotides, and substantial amounts of fluoride remained in the commercial 

dinucleotide preparations. TBAF and other sources of free fluoride ions such as NaF, 

triethylamine trihydrofluoride, and potassium bifluoride all trigger identical conformational 

changes of 78 Psy crcB motif RNA (data not shown).  

The in-line probing pattern (Fig. 1C) is consistent with the formation of an RNA/fluoride 

complex with an apparent dissociation constant (KD) of 60 µM (Fig. 1D). Similar KD values (~50 

µM) for fluoride binding were obtained on analysis of three other crcB motif representatives 

from the bacteria Thermotoga petrophila and Bacillus cereus, and the archaeon Thermoplasma 

volcanium (fig. S3), which demonstrates that distal homologs of this RNA class also respond to 

fluoride. 

 

Selective recognition of fluoride by natural RNAs.  

Specificity for fluoride binding was established by testing other halogen anions (chloride, 

bromide and iodide) as well as various other inorganic and organic anions (fig. S5) via in-line 

probing. Strikingly, the 78 Psy RNA rejects these other anions even when they are present at 

extremely high concentrations. For example, the 78 Psy structure remains unchanged when 

exposed to chloride ion concentrations as high as 2.5 M, indicating that the RNA binds fluoride 

at least 40,000 fold more tightly. Similarly, hydroxide ions do not trigger RNA conformational 

changes up to a pH of 9.7 (50 µM), at which point the RNA secondary structure becomes 

denatured. We also determined that carbon monoxide and nitric oxide (as dissolved gases) are 

rejected by the RNA, despite their small sizes and electronic character. This remarkable 

selectivity is consistent with a biological role for the RNA as a fluoride sensor. 

 

The effects of Ca2+ on fluoride binding to crcB RNAs.  

Addition of Ca2+ in excess over fluoride at the start of an in-line probing assay diminishes 

RNA structural modulation, while a two-day pre-incubation of the ion mixture results in the 
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complete loss of modulation (fig. S4). This delay in Ca2+-mediated inhibition of fluoride-

dependent structure modulation is consistent with the slow rate of complex formation between 

calcium and fluoride ions (28). 

 

Examining the importance of conserved RNA sequence and structural features for fluoride 

binding. 

Numerous previous studies of riboswitches have proven that the distinct evolutionarily 

conserved structures and sequences are essential for forming ligand-binding pockets (29-31). 

Therefore, we reasoned that any mutations to the RNA that disrupt conserved structures or that 

alter any of its strictly-conserved nucleotides should perturb anion binding if fluoride indeed is 

the natural ligand. Alternatively, if the RNA has an as yet undiscovered natural ligand and only 

fortuitously binds fluoride, then some mutations that preclude binding of the natural ligand 

would still permit complex formation with fluoride.  

We find that all mutations that alter the strictly-conserved sequence or secondary structure of 

the RNA likewise adversely affect fluoride binding. For example, mutations that disrupt the P1 

stem cause complete loss of fluoride binding, while compensatory mutations that alter the wild-

type (WT) sequence but that restore base-pairing also restore binding (fig. S6). Moreover, any 

mutation to one of the 11 most highly conserved nucleotides diminishes or eliminates fluoride 

binding, whereas mutations at non-conserved positions have no effect (fig. S7). These findings 

suggest that fluoride is not a ligand mimic, but rather is the biologically relevant target for crcB 

motif RNAs.  

 

Materials and Methods 

 

Reagents and dinucleotides.  

Carbon monoxide was obtained from Tech Air. The nucleotide derivatives 2,8-

dihydroxyadenine, 8-hydroxyguanine, 8-hydroxyguanosine and 8-hydroxydeoxyguanosine were 

purchased from Cayman Chemical, as were spermine NONOate and DAF-2. Formaldehyde 

(37%) was purchased from J.T. Baker. c-di-GMP, c-di-AMP and pApA were obtained from the 

BioLog Life Science Institute. ApG, GpG, GpA, pGpA and pApA containing the fluoride 
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impurity were purchased from Oligos Etc. All other reagents were obtained from Sigma-Aldrich 

unless otherwise stated. 

 

DNA and RNA oligonucleotides and constructs.  

Double-stranded DNAs were made by PCR using synthetic primers (Table S1) and template 

DNA from bacterial genomic samples or from synthetic DNAs. Synthetic oligonucleotides were 

obtained from Sigma-Aldrich or the W. M. Keck Foundation at Yale University. RNAs were 

prepared as described in more detail below by in vitro transcription of PCR products using T7 

RNA polymerase, and purified by using denaturing (8 M urea) 6% PAGE. Plasmid constructs 

were prepared by ligating PCR products to specific plasmids that had been pre-digested with 

appropriate restriction enzymes or by using a TOPO TA Cloning Kit (Invitrogen). Plasmids 

carrying mutant riboswitch sequences were prepared from the WT construct by using a 

QuickChange XL Site-directed Mutagenesis kit (Stratagene). Additional details on gene 

constructs are provided below. 

 

Preparation of RNA oligonucleotides.  

To generate in vitro transcribed RNA, DNA templates were made by PCR amplification of 

wild-type plasmid or genomic DNA with the appropriate primers. All primers used to generate 

wild-type and mutant DNAs are found in Table S1. Transcription was carried out using 

bacteriophage T7 RNA polymerase (T7 RNAP) in 80 mM N-(2-hydroxyethyl)piperazine-N´-(2-

ethanesulfonic acid) (HEPES) (pH 7.5 at 25˚C), 40 mM dithiothreitol (DTT), 24 mM MgCl2, 2 

mM spermidine, and 2 mM of each nucleoside 5´-triphosphate (NTP). RNA was purified using 

denaturing (8 M urea) 6% PAGE. The appropriately sized band was excised and the RNA was 

eluted from the crushed gel slice using 10 mM Tris-HCl (pH 7.5 at 23˚C), 200 mM NaCl, and 1 

mM EDTA (pH 8.0). The RNA was subsequently precipitated with ethanol and pelleted by 

centrifugation. 

To generate 5´ 32P-labeled RNAs, the 5´-terminal phosphate was removed using alkaline 

phosphatase (Roche Diagnostics) following the manufacturer’s protocol. The RNAs were then 

radiolabeled with [γ-32P] ATP (Perkin Elmer) using T4 polynucleotide kinase (New England 

Biolabs). The 5´ 32P-labeled RNAs were isolated and purified using the same protocol as 

described above. 
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In-line probing. 

Conformational changes in the ligand binding domain of a riboswitch can be assessed by 

using a method called in-line probing (10, 11). This method exploits the fact that unstructured 

RNA regions typically undergo spontaneous cleavage of phosphoester linkages faster than 

structured regions.  

Except where noted, in-line probing experiments were conducted as previously described 

(11, 24). Briefly, in vitro transcribed RNA were 5´ 32P-radiolabeled and trace amounts (~1 nM) 

were incubated at room temperature for 48 hours (unless otherwise indicated) in the presence of 

100 mM KCl, 50 mM Tris-HCl (pH 8.3 at 23˚C), and 20 mM MgCl2. Cleavage products were 

separated by using denaturing 10% PAGE and imaged with a PhosphorImager (Molecular 

Dynamics). ImageQuant 5.1 was used to establish band intensities. Exceptions to the typical in-

line probing methods are detailed in the following sections. Apparent KD values were determined 

by varying the amount of ligand in a series of in-line probing reactions and determining the 

concentration required to cause 50% modulation of spontaneous cleavage. Values for normalized 

fraction of RNA cleaved at a given site were generated by setting the maximum amount of RNA 

cleaved among all the concentrations of fluoride tested to a value of 1 and setting the minimum 

amount of RNA cleaved among all the concentrations of fluoride tested to a value of 0. 

 

In-line probing with calcium chloride. 

To confirm that fluoride was the ligand causing RNA structure modulation, in-line probing 

reactions were conducted in the presence of calcium, which is known to form strong complexes 

with fluoride (12). Two stock solutions were made, one containing only 100 μM NaF, and the 

other containing 100 μM NaF and 1 mM CaCl2. In-line probing reactions were conducted as 

usual with some reactions lacking additives (NR, no ligand) and others carrying sodium fluoride 

(F) or sodium fluoride plus calcium chloride (Ca/F). After two days, the same F or Ca/F stock 

solutions were used to set up a new set of in-line probing reactions. These additional assays 

allowed for pre-equilibration of the fluoride and calcium before adding it to the RNA/in-line 

probing buffer mix. The reaction products were analyzed as usual. 

 

In-line probing at elevated pH. 
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To test for possible binding of hydroxide ion, the buffer used for in-line probing included 100 

mM KCl, 20 mM MgCl2, and 50 mM CHES (pH 9.0, 9.3, 9.7, or 10.0 at 23˚C). Reactions were 

incubated in this buffer at room temperature for 5 hours and cleavage products were analyzed as 

described above. 

 

In-line probing with formaldehyde. 

To test for possible binding of formaldehyde, HEPES was used in the in-line buffer instead 

of Tris (50 mM HEPES, pH 8.3 at 23˚C) to prevent reactions between Tris and formaldehyde. A 

37% formaldehyde solution (J.T.Baker) was used to make 10X formaldehyde stocks for addition 

to each in-line probing reaction. Reactions and analyses were otherwise conducted as usual. 

An indicator, Schiff reagent for aldehyde detection, was used to establish that a substantial 

amount of formaldehyde was left in solution after two days (minimal evaporation occurred). 

Mock in-line probing reactions containing varying concentrations of formaldehyde were 

prepared in duplicate. To one set, 1 μL of the Schiff reagent for aldehydes was added at time 

zero. The same was done to the other set after two days. The pink color was similar for the two 

sets, indicating that a similar amount of formaldehyde was present. 

 

In-line probing with the gases CO and NO. 

To test binding of CO gas with the 78 Psy RNA, a variation of the typical in-line probing 

reaction conditions at pH 9.7 was used. 5′ 32P-labeled RNA was incubated at room temperature 

for three hours (the reduced time is possible due to the elevated pH) and analyzed as usual. A 

side-arm flask was capped with a rubber septum and the side-arm was covered with a KimWipe 

to allow pressure to be released from the system. Carbon monoxide was bubbled through 

deionized water for 30 minutes before adding this water to the in-line probing reaction. 

Uncapped 1.5 mL microfuge tubes containing the in-line probing reactions were placed in the 

side-arm flask. Carbon monoxide was streamed into the flask at 3 psi for 3 hours. In-line probing 

reaction products were analyzed as usual. 

To test NO, spermine NONOate, a compound known to break down into nitric oxide at low 

pH, was used. Spermine NONOate (Cayman Chemical) was dissolved in 100 mM NaOH 

immediately before addition to an otherwise typical in-line probing reaction. Dilutions of the 

stock solution were made with 100 mM NaOH. In-line probing reactions were carried out using 
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the typical protocol, and the amount of NaOH delivered when adding spermine NONOate did 

not alter the pH substantially. The colorimetric indicator DAF-2 (Cayman Chemical) was used to 

monitor NO concentrations. Mock in-line probing reactions containing varying amounts of 

spermine NONOate were prepared in duplicate, and 1 μL of a DAF-2 solution (1.4 mM in 

DMSO) was added to each of the tubes in the dilution series either at time zero or after two days. 

For given concentrations of spermine NONOate, the extents of the color change in duplicate 

samples were similar, indicating that the levels of dissolved NO did not change significantly over 

the two day period. 

 

Bacterial strains and culture conditions. 

Bacillus subtilis 168 (trpC2), Bacillus cereus ATCC10987 and the B. subtilis integration 

vector pDG1661 were obtained from the Bacillus Genetic Stock Center (The Ohio State 

University). E. coli strain BW25113 and its various isogenic derivatives including BW25113 

ΔcrcB (kanr) were obtained from the Coli Genetic Stock Center (Yale University). Reporter 

vector pRS414 was a gift from R.W. Simons (UCLA). When required, growth medium was 

supplemented with antibiotics at the following concentrations: carbenicillin, 100 μg mL-1; 

kanamycin, 30 μg mL-1; chloramphenicol, 5 μg mL-1. To study growth at low pH, LBK medium 

with appropriate buffer was used as described previously (32). 

 

Design of reporter gene constructs. 

The sequence containing nucleotides -110 to +1 with respect to the translation start site of the 

crcB gene, encompassing the fluoride-sensing domain and the downstream expression platform, 

was amplified by PCR as an EcoRI-BamHI fragment from B. cereus (ATCC10987) genomic 

DNA and cloned into the vector pDG1661 to yield a transcriptional fusion with a promoterless 

lacZ gene. The amplified fragment also integrated (via primer) a previously characterized lysine 

promoter from B. subtilis (33) to drive expression (primers are listed in Table S1). The resulting 

construct was integrated into the amyE locus of B. subtilis as described previously (33). 

Mutations to examine riboswitch control of termination were made by using a three-step PCR 

(34). 

The 5´ UTR of COG0038 (eriCF homolog) was amplified from P. syringae DC3000 genomic 

DNA as an EcoRI-BamHI fragment and cloned into the translational reporter vector pRS414. Its 
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gene control function in E. coli was established using methods similar to those previously 

described (34). Specifically, the region encompassing nucleotides -248 to +24 with respect to the 

beginning of the eriCF ORF was cloned as a translational fusion in pRS414, wherein the 8th 

codon of the ORF was fused in-frame to the 9th codon of the lacZ reporter gene. Mutations in the 

regulatory region were generated by a three-step PCR approach using methods described 

previously (34). 

 

Expression analysis of fluoride riboswitch-reporter fusion constructs. 

A single colony of Bacillus subtilis harboring the crcB riboswitch reporter construct was 

grown overnight in LB with chloramphenicol. The next day, it was subcultured by diluting to 

1/200th using a defined glucose glutamate medium with chloramphenicol. The concentrations of 

added NaF in the medium varied from zero to 30 mM. β-galactosidase reporter gene expression 

was evaluated by adding X-gal (400 μg mL-1). 

E. coli strains BW25113 and its crcB KO derivative strain harboring the eriCF riboswitch 

reporter construct were streaked on modified LB plates with carbenicillin (100 μg mL-1) and X-

gal (800 μg ml-1). Plates included 0, 0.2 or 50 mM added NaF. Modified LB included 10 mM 

NaCl. Miller assays for reporter gene expression were conducted in 96-well format as described 

previously (39). 

 

Complementation with eriCF gene from P. syringae. 

The eriCF gene from P. syringae DC3000 was amplified from genomic DNA by PCR and 

cloned into the pCR2.1 vector (Invitrogen). The cloned fragment contained the full length eriCF 

ORF, the 5´ UTR features described above, and the putative native promoter to drive expression. 

 

Cell growth curves. 

Amounts of cell growth of WT and crcB KO E. coli strains were measured overnight using a 

Bioscreen C instrument (Oy Growth Curves Ab Ltd, Finland). The amount of fluoride added to 

the media was varied to measure its effect on growth at two pH values.  

For each bacterial strain, an overnight culture was set up of the desired bacteria the previous 

day. The majority of the growth curves were conducted in 350 μL LB medium that initially was 

not supplemented with salt. 2X LB without salt addition was prepared by combining 10 g Bacto 
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tryptone (pancreatic digest of casein), 5 g Bacto yeast extract, deionized water to 500 mL, and 2 

mL 1 N sodium hydroxide (mixture subsequently autoclaved). The desired concentration of NaF 

or NaCl was subsequently added as designated for each culture after a 1:100 dilution of an 

overnight culture. Wells with NaF concentrations below 1 mM were supplemented with NaCl to 

a final concentration of 1 mM Na+. Each condition was set up in duplicate or triplicate, but data 

from only one representative well is depicted. Every fifteen minutes the 100-well plate was 

shaken at medium intensity for 10 seconds and the O.D.600 was automatically measured for a 

period of 16 hours. The data was analyzed using Microsoft Excel. 

Growth curves to compare pH conditions used 350 μL of LB (neutral pH) or LBK medium 

(pH 5.5), 3.5 μL of an overnight culture, and 3.5 μL of a 100X sodium fluoride or sodium 

chloride solution. Growth curves with empty or eriCF–containing plasmids included 100 μg mL-1 

carbenicillin added to the growth medium (2X LB), which was subsequently diluted two-fold to 

a final concentration of 50 μg mL-1. 

 

Anion flux experiments. 

Protein expression, purification, and lipid vesicle reconstitution experiments used reagent 

grade chemicals obtained from Sigma-Aldrich or Fisher. Lipids were obtained from Avanti and 

detergents were obtained from Anatrace. The E. coli EriC protein was prepared as previously 

described (35). Similarly, a sequence encoding the P. syringae eriCF gene was cloned and 

inserted into the pASK vector with an N-terminal hexahistidine tag (36). Protein was expressed 

in E. coli under the same growth conditions used for E. coli EriC, except that the induction time 

was shortened to 1.5 hours. Cells were lysed by sonication and extracted with 40 mM decyl 

maltoside (DM) for 2 hours at room temperature. After the extract was clarified by centrifugation 

(12,000 g, 45 minutes), supernatant was passed over cobalt affinity beads (1 mL resin per 1 L 

bacterial culture), washed with 100 mM NaCl, 20 mM imidazole, and eluted with 400 mM 

imidazole. After elution, sodium citrate (pH 5) was added to a final concentration of 80 mM. 

Protein was then purified on a Superdex 200 gel filtration column in 100 mM NaCl, 20 mM 

sodium citrate (pH 6), and 5 mM DM. EriCF elutes as a single sharp, symmetrical peak at a 

position expected for the homodimer. This peak was collected and added to reconstitution buffer 

containing 20 mg mL-1 E. coli polar lipid and 20 mM DM, to a final concentration of 10 μg 

protein mg-1 lipid. Detergent was removed by dialysis against the desired intraliposomal solution 
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at 4°C over 72 hours. Liposomes were stored in aliquots at -80°C until the day of use. Prior to 

functional assays, liposomes were extruded 21 times through a 400 nm membrane filter.  

Anion efflux was monitored as a change in light scattering by liposomes monitored at 600 

nm using a fluorimeter. In a typical experiment, liposome samples containing 10 mM sodium 

citrate (pH 6.5) and 300 mM of either KF or KCl were diluted 1:200 into 2 mL of a degassed 

isotonic solution containing 10 mM sodium citrate (pH 6.5) and 200 mM K2SO4, in a stirred 

quartz cuvette. The baseline was allowed to stabilize for 20 s before flux was initiated with the 

addition of 1 µM of the potassium ionophore valinomycin. In these experiments, K+ and Cl- or F- 

flow down their gradients at a rate limited by ClC-mediated anion permeability. Water follows 

the ions across the lipid membrane, and the liposomes shrink and flatten, accompanied by a 5-

10% increase in 90° light scattering (37). Separate control experiments showed that liposomes 

reconstituted without protein, and liposomes loaded with an impermeant ion, sulfate, do not 

produce an increase in light scattering upon valinomycin addition. Additional Cl- efflux 

experiments monitored with a Cl--specific electrode (38) showed that liposomes release all of the 

Cl- along a time course consistent with that measured by the change in light scattering.  

 

E. coli knock out strains and fluoride sensitivity. 

Strains that lack the genes for chloride channels (ΔclcA, ΔclcB) and several other 

housekeeping genes (Δpgi, Δpgm, Δppx, Δppk) do not exhibit increased sensitivity to fluoride 

(data not shown). These observations suggest that deletion of the crcB gene does not cause 

general distress and indirect sensitivity to toxic agents, but rather its protein product has a direct 

role in alleviating fluoride toxicity.  

Knock-out strains were obtained from the Coli Genetic Stock Center (Yale University). 

ΔclcA, ΔclcB, Δpgi, Δpgm, Δppx and Δppk were evaluated for fluoride sensitivity in LB with 50 

mM NaF. The chloride channel knock-outs (ΔclcA and ΔclcB) are eriC homologs and were 

tested to determine whether they affect fluoride toxicity compared to the eriCF from P. syringae 

and the endogenous crcB. Neither of the eriC homolog KO strains exhibited reporter activity at 

low fluoride concentrations, unlike ΔcrcB. Since fluoride is known to inhibit enolase, 

phosphogluco isomerase (Δpgi) and phosphogluco mutase (Δpgm) knockouts were tested to see 

if glycolytic intermediates in their respective metabolic pathways might have an effect on the 

reporter. Again, these KO strains were not unusually sensitive to high fluoride concentrations 
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and reporter gene expression was not triggered at low fluoride concentrations. Finally, since 

overproduction of CrcB has been associated with chromosome condensation (22), knock outs of 

two genes known to control chromosome condensation , ppx (exopolyphosphatase) and ppk 

(polyphosphate kinase),  were tested. Neither KO strain exhibits reporter gene activation at low 

fluoride concentrations.  

 

Nucleic acid sequence databases. 

Analysis was performed on sequences from the bacterial and archaeal subsets of version 44 

of the RefSeq database (40), as well as environmental metagenome sequences from acid mine 

drainage (41), air (42), Global Ocean Survey scaffolds (43, 44), ground water (45), gutless sea 

worms (46), hot springs (47), human gut (48-50), hydrothermal vent (51), kimchi (52), lake 

sediment (53), marine sequences (54, 55), mouse gut (56), sludge (57), soil (58), termite hindgut 

(59), wallaby gut (60), whalefall (58) and others (61). These and other environmental sequences 

were identified and downloaded from the GenBank (62), IMG/M (63), CAMERA (63) or MG-

RAST (64) web sites, or from sources specific to the publication (50). Where available, protein-

coding genes were extracted from the annotation downloaded with the sequences, or predicted 

using MetaGene (65), as described previously (8). Conserved protein domains were predicted 

using the Conserved Domain Database version 2.25 (66). When two predicted domains 

overlapped, the prediction with the better E-value was used, except that "specific hits" (66) were 

always selected over other hits regardless of relative E-values. 

 

Homology search for fluoride riboswitches. 

Nearly 2200 representatives of fluoride riboswitches have been identified wherein each 

adopts either a two- (69%) or three-stem (31%) junction carrying more than a dozen highly-

conserved nucleotides (Fig. 1A). Homology searches were conducted using the cmsearch 

program from the Infernal software package (67). A multiple-sequence alignment of the RNAs 

was edited using the RALEE (68) extension to the Emacs text editor. Searches were performed 

iteratively, initially using the previously established alignment of the crcB RNA motif (8). A 

previously described search strategy was applied (69) wherein some searches were performed on 

sequences within 2 kb upstream of genes commonly associated with fluoride riboswitches. 
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Because the high diversity of sequences within the relatively small RNA might blur sequence 

conservation in related sequences, we performed some additional search strategies. First, fluoride 

riboswitches present in the RefSeq database were partitioned by their phyla according to RefSeq, 

and these alignment partitions were used as separate queries with the cmsearch program. Second, 

fluoride riboswitches were partitioned into separate alignments using the CD-HIT program (70) 

with threshold 0.6, and searched separately. Third, all known fluoride riboswitches were used as 

queries in a nucleotide BLAST (71) search. These three search strategies increased the number 

of known fluoride riboswitches by less than 10%, but did help to fully uncover previously 

undetected fluoride riboswitches in the genus Streptomyces. The BLAST searches helped to find 

truncated fluoride riboswitches, or sequences similar to borderline fluoride riboswitch matches. 

In some cases these latter sequences matched the consensus very poorly and revealed that the 

borderline matches were probably false positives. The RNA consensus diagram was initially 

drawn using R2R (72) based on the alignment resulting from all searches. The alignment of 

fluoride riboswitches is available upon request. 

 

Genes regulated by fluoride riboswitches. 

One or more consecutive genes were predicted to reside in an operon regulated by a fluoride 

riboswitch when the first gene is found within 700 base pairs of the consensus fluoride binding 

domain, all genes are transcribed in the same direction as this domain and the maximum distance 

between the genes is 100 base pairs. Protein domains predicted to be encoded by these genes 

were identified as above. Genes encoded on the opposite strand to the riboswitch were never 

counted, even though there is precedent for such genes to be regulated by riboswitches (73). 

In fig. S1, we used the numbers of operons containing one or more of genes encoding 

domains in the relevant category; this definition avoids overcounting categories present in 

multiple genes within the same operon (e.g., formate hydrogen lyase). When many closely 

related organisms are sequenced, genes regulated in these organisms can be overrepresented. For 

example, 31 inositol monophosphatase genes are regulated by fluoride riboswitches, but these 

genes are present only in strains of Enterococcus faecalis as the third gene in predicted operons, 

and thus are not likely to be significant. To reduce the impact of these effects, operons were 

weighted based on the uniqueness of the fluoride riboswitch predicted to regulate them. These 

weights were derived by applying the GSC algorithm (74) as implemented in the Infernal 
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software package (67) to the alignment of fluoride riboswitches. Gene categories were ignored 

when they occurred in fewer than 1% of operons, using weighted frequencies. For the small gray 

pie chart in the upper, left corner of fig. S1, weighted frequencies were also used, but genes were 

counted individually (i.e., not considered in the context of operons). 

Among genes predicted to be regulated by fluoride riboswitches, we noticed some 

correlations. "Ni/Fe-hydrogenase III" and "radical SAM" domains are always encoded in 

operons that also encode formate hydrogen lyase genes, so we grouped these proteins together. 

We also grouped the "class II terpene cyclase-like" domain (Conserved Domain Database 

accession cd00688) under the "COG1689" category, since all terpene cyclase-like proteins 

regulated by the fluoride riboswitch also matched the COG1689 domain, but the reverse was not 

always true. We noted that the presence of a gene encoding COG1993 is highly correlated with 

the occurrence of another gene in the operon encoding CrcB or EriCF. When weighted by the 

GSC algorithm as above, 80% of COG1993 genes are predicted as cotranscribed with a crcB 

gene, and 8% of operons with COG1993 genes also have eriCF genes. However, we continued to 

treat COG1993 separately from other domains, because it is correlated with multiple rather than 

a single other domain. Similarly, the "haloacid dehalogenase" and "universal stress protein" 

domains were also highly correlated with other domains, with 10% or fewer of the corresponding 

genes appearing in an operon in the absence of genes from one of the other 11 most common 

categories. 

Each category in the pie chart was defined as the union of certain accessions in the 

Conserved Domain Database, as below: 

 
Category name Conserved Domain Database accessions 
COG1689 cd00688, COG1689 
COG1993 COG1993, pfam02641 
CrcB COG0239, PRK14195, PRK14196, 

PRK14202, PRK14215, PRK14228, 
TIGR00494 

Enolase cd03313, pfam03952, PTZ00081 
EriC cd00400, cd03682 
Fe-S cluster  
(E.g. NifU) 

COG0822, COG1142, TIGR03652 

Formate hydrogen lyase 
(Includes Ni/Fe-hydrogenase III and 
Radical SAM) 

cd01335, COG0650, COG0651, COG1143, 
COG3260, COG3261, COG3262, 
COG4237, pfam00329, PRK06459  

Haloacid dehalogenase cd01427, pfam08282 
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(Full CDD name: "haloacid dehalogenase-
like hydrolase") 
Major Facilitator Superfamily cd06174, pfam07690 
MutS 
(Note: might only correspond to the 
ATPase domain of MutS; this is the only 
domain matched when proteins are 
searched against Pfam) 

cd03243, cd03283, COG0249 

Na+/H+ antiporter 
(Note: includes K+/H+ antiporters) 

COG0025, COG0475, pfam00999, 
TIGR00932 

Universal Stress Protein cd00293, pfam00582 
 
A detailed listing of fluoride riboswitches and their associated genes within RefSeq version 32 is 
available from a previous report (8). 
 
Rho-independent transcription terminators were predicted using RNIE (75). 

 

Analysis of EriC proteins. 

Initial analysis was conducted using the previously published alignment of crcB RNAs (8) 

restricted to sequences in RefSeq version 32. Genes predicted to be regulated by these fluoride 

riboswitches were extracted as above. Those genes predicted to belong to the EriC model in 

version 2.08 of the Conserved Domain Database were identified, and their protein sequences 

were retrieved. This was called the "positive set". Other eriC genes found within the same 

organisms as those in the positive set were extracted with their protein sequences; these formed 

the "negative set". All protein sequences were aligned to the Pfam 23.0 model PF00654 (16) 

using the HMMER version 3.0 (http://hmmer.janelia.org) program hmmsearch. We manually 

compared the positive and negative set proteins, and observed numerous differences, the most 

noticeable of which corresponded to certain residues in the previously established selectivity 

filter (18). One fluoride riboswitch-associated protein (out of 103 proteins) did not have the 

typical sequence features and was removed from the positive set. Also, one protein in the 

negative set out of 263 was similar in sequence to the positive set and was removed. 

We then used the positive set proteins to search the proteins in RefSeq version 44 and 

metagenome sequences. The HMM from the Pfam version 24.0 model PF00654 was also used to 

search this protein database using the hmmsearch program with the score cutoff encoded by 

Pfam, and proteins scoring below this cutoff were discarded from further analysis. To classify 

proteins that are similar to the positive set, whether or not they are associated with an RNA, we 
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subtracted the hmmsearch score obtained in the PF00654 search from the hmmsearch score 

obtained in the positive set search. This defines the "heuristic subfamily score". Proteins with 

scores greater than zero favor classification as putative fluoride channels. (However, the heuristic 

subfamily score is not a true LOD score because the null model probabilities in each hmmsearch 

score are not necessarily equal.) We observed that virtually all EriC proteins associated with 

fluoride riboswitches have the sequences GREGT or GREGV and GXVXP in their selectivity 

filter, where X represents any amino acid. (Among proteins whose genes are in completely 

sequenced genomes, 68 out of 70 have these features.) We removed putative fluoride channels 

that lacked these sequence features or that appeared to us to be truncated on their N- or C-

termini. These defined a higher confidence set of putative fluoride channels. Sequences were 

automatically aligned to the earlier model using hmmsearch. 

To generate a phylogenetic tree, we began with the alignment of proteins matching the 

PF00654 model of EriC generated by hmmsearch (see above). Only proteins in completed 

genome sequences were considered further, since prediction of riboswitch regulation might be 

difficult in incomplete or environmental sequence. However, we did the phylogenetic analysis 

described below with all proteins clustered to 60% identity, and obtained similar results. 

Protein sequences were eliminated if they had more than 15 consecutive gaps on their N-

terminus or 6 consecutive gaps on their C-terminus. These numbers were chosen empirically 

based on which sequences we judged to be truncated, and the numbers might need to change if a 

different set of proteins were searched. Proteins can be truncated because they come from 

environmental sequence fragments, because of incorrect start codon predictions or because they 

do not fully match the computer's model. We clustered these proteins into sets that were 80% 

identical in sequence using CD-HIT (70), and took one representative from each cluster. In the 

resulting alignment, columns that were more than 50% gaps were eliminated. Then we inferred a 

phylogenetic tree and branch significance using version "phyml-20100914" of PhyML (76) with 

the following command line: 

 

phyml -i alignment.phylip --rand_start --n_rand_starts 10 -d aa -f e -t e -v e -a e -s SPR -o tlr --

no_memory_check -b -4 
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The predicted tree was drawn using the Interactive Tree of Life web site (76). The branching 

confidence values are based on the likelihood ratio tests (77) specified by the "-b -4" command-

line option in PhyML. 

In fig. S14, we predicted selectivity filter residues in EriCF proteins based on the alignments 

produced by the hmmsearch program against the Pfam EriC model. However, we shifted the 

alignment of the five residues aligned to the sequence GSGIP in chloride channels by 2 

positions. This shift resulted in the aligning of five residues that were more highly conserved 

among EriCF proteins than those in the original alignment, and therefore more consistent with 

the likely constraints of a selectivity filter. Also, the Y445 position (18) is not part of the Pfam 

model, but a longer alignment of EriC proteins led to the alignment of a tyrosine in EriCF 

proteins to this position. Biochemical or structural studies will be necessary to determine the 

correct alignment of selectivity filters in the EriCF proteins. However, any of the possible 

alignments lead to the conclusion that EriCF proteins have several distinct amino acids in the 

selectivity filter positions. An alignment of EriCF proteins is available upon request. 

 

Distribution of CrcB and EriCF proteins and fluoride riboswitches 

A previously established phylogenetic tree of the three domains (78) was downloaded from 

the iTOL web site (79). To analyze CrcB proteins, species names on the tree were compared to 

those in the Pfam database (16). Strain designations were ignored because they were 

inconsistently named between the two datasets. Tree species that did not have a match in the 

Pfam entry for ribosomal protein S12 (Pfam accession PF00164) were assumed to be absent 

from or un-mappable to the underlying Pfam database, and were removed from the final tree 

image. Species matching a CrcB protein (Pfam accession PF02537) were marked appropriately. 

EriCF proteins and fluoride riboswitches were predicted as described above within the 

RefSeq database. Species names were extracted from the RefSeq database, and matched with 

species on the phylogenetic tree, again ignoring strain designations. Tree species that did not 

match any species in the RefSeq database were removed from the tree. 

These data were used to annotate the tree of life using the iTOL web site. The resulting tree 

image was downloaded from the web site, and edited manually. Branches were removed when 

their lengths were too short to be distinguished in the final figure. 
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Hydrogen bonding of fluoride ions and its implication in RNA-fluoride binding  

Due to their strong electronegativity, fluoride ions have been known to be potent hydrogen 

bond accepters (80, 81). This is supported by the fact that the F-H-F- bond is the strongest 

hydrogen bond in existence (81). Additionally, it has been noted that a key difference between 

fluoride and chloride ions is the stronger hydrogen bonding capabilities of F- (82). These 

observations suggest that hydrogen bonding may play an important role in the ability of the RNA 

aptamer to selectively sense fluoride over chloride and other negatively charged species. 

 

 

Table S1. Sequences of DNA primers used in this study. The T7 RNA polymerase promoter is 

italicized, the lysine promoter is bolded, and any restriction sites are underlined. 

 
 DNA sequence (5´ to 3´) Use 
1 taatacgactcactataggatcggcgcattggagatggcattcc Amplification of 78 Psy from P. 

syringae DC3000 genomic DNA 
2 caggtttctgtaggcatcatc Amplification of 78 Psy from P. 

syringae DC3000 genomic DNA 
3 taatacgactcactataggatcggcgcattggag In-line probing, WT 78 Psy 
4 caggtttctgtagggttcatcagctgctacggg In-line probing, M1 78 Psy 
5 cggcgcattggagatgggtttcctccattaacaaaccg In-line probing, M2 78 Psy; Two-

step PCR, Psy-pCR2.1, M2 
6 cggtttgttaatggaggaaacccatctccaatgcgccg In-line probing, M2 78 Psy; Two-

step PCR, PsyM1-pCR2.1, M2 
7 taatacgactcactataggactaacacccgtggaatggcgtttc In-line probing, WT 74 Tvo 
8 cacccgtggaatggcgtttccactcgtacaaaccgccagctccag In-line probing, WT 74 Tvo 
9 tttcaatcaggcgtcatcagtcagctggagctggcggtttgtacg In-line probing, WT 74 Tvo 
10 taatacgactcactataggataacccaacgggcgatgaggcccg

cccaa 
In-line probing, WT 62 Tpe 

11 cagtagaggccatcagccctcttcagggcagtttgggcgggcctc
atcg 

In-line probing, WT 62 Tpe 

12 taatacgactcactataggatcggcgcattggagccggcattcct
ccattaaca 

In-line probing, M3 78 Psy; Two-
step PCR, Psy-pCR2.1, M3 

13 caggtttctgtgggcatcatcagctgctacgg In-line probing, M4 78 Psy 
14 caggtttctgtacgcatcatcagctgctacggg In-line probing, M5 78 Psy 
15 caggtttctgtaggcatcatctgctgctacgggcgcagcggttt In-line probing, M6 78 Psy; Two-

step PCR, Psy-pCR2.1, M6 
16 taatacgactcactataggatcggcgcattgaagatggcattcctt

cattaacaaaccgctgcgcc 
In-line probing, M7 78 Psy 

17 gatggcattcctccattaacataccgctgcgcccgtagcagc In-line probing, M8 78 Psy 
18 gctgctacgggcgcagcggtatgttaatggaggaatgccatc In-line probing, M8 78 Psy 
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19 ggcattcctccattaacaatccgctgcgcccgtagcagctg In-line probing, M9 78 Psy 
20 cagctgctacgggcgcagcggattgttaatggaggaatgcc In-line probing, M9 78 Psy 
21 caggtttctgtaggcatcagcagctgctacgggcgcagcg In-line probing, M10 78 Psy 
22 caggtttctgtaggcatcttcagctgctacgggcgcagc In-line probing, M11 78 Psy 
23 cattggagatggcattcctccactaacaaaccgctgcgcccg In-line probing, M12 78 Psy 
24 cgggcgcagcggtttgttagtggaggaatgccatctccaatg In-line probing, M12 78 Psy 
25 ggagatggcattcctccattcacaaaccgctgcgcccgtag In-line probing, M13 78 Psy 
26 ctacgggcgcagcggtttgtgaatggaggaatgccatctcc In-line probing, M13 78 Psy 
27 gatggcattcctccattaactaaccgctgcgcccgtagcag In-line probing, M14 78 Psy 
28 ctgctacgggcgcagcggttagttaatggaggaatgccatc In-line probing, M14 78 Psy 
29 caggtttctgtaggcatcatcagctgctactggcgcagcggtttgtt

aatgg 
In-line probing, M15 78 Psy 

30 gcgcccgtagcagctgatgaaccctacagaaacctgatcaaacc Two-step PCR, Psy-pCR2.1, M1 
31 ggtttgatcaggtttctgtagggttcatcagctgctacgggcgc Two-step PCR, Psy-pCR2.1, M1 
32 gctaagatcggcgcattggagccggcattcctccattaacaaacc Two-step PCR, Psy-pCR2.1, M3 
33 ggtttgttaatggaggaatgccggctccaatgcgccgatcttagc Two-step PCR, Psy-pCR2.1, M3 
34 ccgtagcagctgatgatgcccacagaaacctgatcaaaccagg Two-step PCR, Psy-pCR2.1, M4 
35 cctggtttgatcaggtttctgtgggcatcatcagctgctacgg Two-step PCR, Psy-pCR2.1, M4 
36 aaaccgctgcgcccgtagcagcagatgatgcctacagaaacctg Two-step PCR, Psy-pCR2.1, M6 
37 cattcctccattaacaaaccggagcgcccgtagcagctgatgatg Two-step PCR, Psy-pCR2.1, M16
38 catcatcagctgctacgggcgctccggtttgttaatggaggaatg Two-step PCR, Psy-pCR2.1, M16
39 caaaccggagcgcccgtagctcctgatgatgcctacagaaac Two-step PCR, PsyM16-pCR2.1, 

M17 
40 gtttctgtaggcatcatcaggagctacgggcgctccggtttg Two-step PCR, PsyM16-pCR2.1, 

M17 
41 aaggaattcaaaaataatgttgtccttttaaataagatctgataa

aatgtgaactaaatgtaataattataggcgatggagttcg 
Amplification of B. cereus 
ATCC10987 crcB motif and 
expression platform 

42 aaggatcccctctttaaatagcttgctcaaaaaaatagactcct Amplification of B. cereus 
ATCC10987 crcB motif and 
expression platform 

43 atgcgaattctttggccctctttcgtaagcggtga Cloning of the eriCF gene from P. 
syringae DC3000 (full length into 
pCR2.1; fusion to lacZ gene into 
pRS414) 

44 gacgggatccccaggtcgtcgaaatttagacatttggcc Cloning of the eriCF gene from P. 
syringae DC3000 into pRS414 to 
form an in-frame fusion to the 
lacZ gene around the 8th codon 

45 gcgaaagctttcatttctcttcccccgcaagagtc Cloning of the full length eriCF 
gene from P. syringae DC3000 
into pCR2.1 

46 ccgcttaatcagcgggttttttttggtctttagtgtgcggttgaggccg
a 

Verifying the deletion of the crcB 
gene in E. coli 

47 cggcgttacacttatcactcatacaaatcaaatagcaggattttgca Verifying the deletion of the crcB 
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gtg gene in E. coli 
48 taatacgactcactataggtaggcgatggagttcgccataaac In-line probing, Bce RNA, full 

and short terminators 
49 tagactcctaccagtagtgatac In-line probing, Bce RNA, full 

terminator 
50 accagtagtgatactggtagg In-line probing, Bce RNA, short 

terminator 
51 aaggaattcaaaaataatgttgtccttttaaataagatctgataa

aatgtgaactaaatgtaataattataggcgatgatgttcgccataa
acg 

Two-step PCR, Bce-pDG1661, 
M18, M21, M23 

52 ctgcttagctaatgacatctaccagtatcactactggt Two-step PCR, Bce-pDG1661, 
M19, M21, M22, M23 

53 accagtagtgatactggtagatgtcattagctaagcag Two-step PCR, Bce-pDG1661, 
M19, M21, M22, M23 

54 aaggatcccctctttaaatagcttgctcaaaaaaatagacauctacc
agtagtgatac 

Two-step PCR, Bce-pDG1661, 
M20, M22, M23 

 



Baker et al. and Breaker  Fluoride Toxicity and Riboswitches 

21 

 

fig. S1. Genes most commonly associated with fluoride riboswitches in bacteria and archaea as 

classified by the Conserved Domain Database (66). Top: 62% of all riboswitch-associated genes 

fall into twelve common categories as noted with sections proportional to the number of operons 

encoding the specified protein. These genes are predominantly bacteria, since bacterial genome 

sequences significantly outnumber archaeal genome sequences. MFS: major facilitator 

superfamily; USP: universal stress protein. Bottom: fluoride riboswitch-associated genes from 

archaea. A detailed listing of fluoride riboswitches and their associated genes within RefSeq 

version 32 is available from a previous report (8). 
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fig. S2. Initial in-line probing assay of a crcB motif RNA incubated with either a synthetic 

dinucleotide or sodium fluoride. Depicted is a PAGE image of in-line probing reactions with WT 

78 Psy RNA incubated in the presence of 14 µM pApA (AA) or 1 mM NaF (F). Other 

annotations are as described in the legend to Fig. 1C. The identical pattern of spontaneous 

cleavage products in the AA and F lanes is consistent with fluoride as the ligand. 
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fig. S3. Sequences, structures and in-line probing assays of crcB motif RNAs from the bacterium 

Thermotoga petrophila and the archaeon Thermoplasma volcanium incubated with sodium 

fluoride. (A) Sequence and secondary structure model for the Thermotoga petrophila crcB motif 

RNA. Annotated sites of spontaneous cleavage are derived from B. (B) PAGE image of in-line 

probing reactions with WT 62 Tpe RNA incubated with various concentrations of fluoride 

ranging from 1 µM to 8 mM (KD ~50 µM). (C) Sequence and secondary structure model for the 

Thermoplasma volcanium crcB motif RNA. Annotated sites of spontaneous cleavage are derived 

from D. (D) PAGE image of in-line probing reactions with WT 74 Tvo RNA incubated with 

various concentrations of fluoride ranging from 1 µM to 8 mM (KD ~50 µM). Other annotations 

are as described in the legend to Fig. 1B and Fig. 1C. 
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fig. S4. In-line probing assays with 78 Psy RNA and fluoride in the presence or absence of 

divalent calcium ions. (A) PAGE image of in-line probing reactions conducted without added 

ions (�), with 100 µM fluoride (F), or with 1 mM CaCl2 and 100 µM fluoride (Ca/F). Zero and 

two days refer to preincubation times (see Methods). Other annotations are as described in the 

legend to Fig. 1C. (B) Plot of the band intensities for regions 1 and 2 denoted in A. Intensities in 

the (�) and (F) lanes were normalized to 1 and 0, respectively.  
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fig. S5. Compounds tested for binding by fluoride riboswitches. No evidence of binding was 

observed for any chemical species tested, except fluoride ions. 
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fig. S6. Analysis of the role of the P1 stem for fluoride binding by mutation/compensation 

mutation and in-line probing. (A) Sequence and secondary structure of the 78 Psy RNA construct 

and mutations used to evaluate the importance of P1. For each mutant, the boxed nucleotides on 

the RNA structure are mutated as depicted in the connected boxes. M1 is expected to disrupt 

formation of the P1 stem, and thus reduce affinity for fluoride, while M2 is expected to restore 

P1 formation and fluoride binding. (B) PAGE images of in-line probing reactions with WT 78 

Psy RNA and mutants M1 and M2. RNAs were incubated in the presence or absence of fluoride 

delivered by the use of a pApA solution as described in the legend to fig. S1. Intervening lanes 

(carrying other assay conditions) between the three marker lanes and the two in-line probing 

assay lanes for each RNA were deleted for clarity. Other annotations are as described in the 

legend to Fig. 1. 
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fig. S7. Analysis of various fluoride RNA mutants by in-line probing. (A) Sequence and 

secondary structure of the 78 Psy RNA construct and various mutations used to evaluate the 

importance of certain nucleotides. Eleven of the most conserved nucleotides are depicted in red, 

while other nucleotides are black. Since conserved nucleotides are generally required to form 

binding pockets (see Supplementary text), alteration of these conserved nucleotides should 

disrupt binding, if fluoride is the natural ligand. However, if fluoride is merely a mimic of the 

natural ligand, then mutations to some parts of the binding pocket would not disrupt fluoride 

binding. For each mutant, the boxed nucleotides on the RNA structure are mutated as depicted in 

the connected boxes. (B) PAGE images of in-line probing reactions with two representative 

mutants that either do (M11) or do not (M14) disrupt function when incubated with 1 mM 

fluoride. In nearly all instances, those mutations (M3-M11) that alter the base identities of 

highly-conserved nucleotides result in a complete loss of fluoride binding. Exceptions are M7, 

which exhibits normal affinity, and M8, which exhibits only a 10-fold loss of affinity (data not 

shown). Mutation M7 preserves Watson-Crick base pairing potential, which might explain why 

this change is tolerated under our experimental conditions. Mutations to nonconserved 

nucleotides (M12-M15) do not disrupt fluoride binding. These results are consistent with the 

hypothesis that fluoride is the natural ligand of these riboswitches. Annotations are as described 

in the legend to Fig. 1. The extra band in the M11 RNase T1 lane (position 34) does not reflect 

the presence of a G, but rather appears to be a hot-spot for spontaneous cleavage in most 

constructs.  
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fig. S8. Fluoride-induced reporter gene activity controlled by the riboswitch associated with B. 

cereus crcB. (A) Liquid cultures of B. subtilis cells transformed with a plasmid carrying the 

fluoride riboswitch from the B. cereus crcB gene fused to lacZ. Expression levels of lacZ are 

indicated by the blue color due to β-galactosidase activity on X-gal (5-bromo-4-chloro-3-indolyl-

beta-D-galactopyranoside). (B) Plot  of  the  β-galactosidase reporter activity versus fluoride 

concentration in liquid medium supporting growth of transformed B. subtilis cells as quantified 

using Miller assays.  
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fig. S9. Mutants of the Bce riboswitch (also see fig. S10) used to assess the expression platform 

mechanism. (A) Mutations M18 through M23 sequentially disrupt and compensate base pairing 

in the aptamer P1 stem and/or terminator stem. Mutated positions are depicted in the context of 

the secondary structure models for the fluoride-bound (left) and the fluoride-free (right) states. 

(B) Plot of the levels of β-galactosidase activity in cells containing the DNA of WT or M18 

through M23 Bce constructs fused to a lacZ reporter in the presence of 40 mM NaCl or NaF in 

minimal medium. Note that constructs with mutations favoring constitutive terminator formation 

(M18 and M22) lack fluoride responsiveness and fail to express the reporter gene. Constructs 

with mtations that disrupt terminator formation (M19, M20, M21) substantially reduce fluoride 

responsiveness and yield constitutively high reporter gene expression. Finally, construct M23 

combines three mutations that individually disrupt normal fluoride responsiveness, yet yields 

near wild-type performance by restoring aptamer, antiterminator, and terminator base pairing 

despite using a nucleotide sequence different than that of the WT RNA. Miller unit values are the 

mean of three replicates +/- the standard deviation.  
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fig. S10. Evidence for a transcription termination mechanism to activate gene expression upon 

fluoride binding. (A) In-line probing analysis of the full-length fluoride riboswitch (ligand-

binding aptamer and expression platform) from the B. cereus crcB gene (see C). Details are as 

described for Fig. 1C. The pattern of spontaneous cleavage products reveals no changes in 

structure upon fluoride addition, and is consistent with an RNA that cannot bind fluoride because 

it is thermodynamically trapped in a structure that includes formation of a strong terminator stem 

(see C). (B) In-line probing analysis of a truncated fluoride riboswitch (aptamer and partial 

expression platform) from the B. cereus crcB gene (see D). Details are as described for Fig. 1C. 

Deletion of a portion of the terminator stem creates a weaker stem that allows interchange 

between aptamer-ligand formation and terminator stem formation (see D). The pattern of 

spontaneous cleavage products reveals changes in both the aptamer structure and a portion of the 

terminator stem upon fluoride addition. The inset depicts a region of the gel at greater contrast, 

and shows modulations around nucleotides 47 and 48, within the terminator stem. The 

nucleotides involved in the 3′ side of the stem are too close to the 3′ end of the molecule to 

resolve clearly. (C) Sequence and secondary structure model for the full riboswitch construct 

examined in A. The run of U residues typically located after a rho-independent terminator stem 

was not included in the construct. (D) Sequence and secondary structure models for the truncated 

riboswitch construct examined in B. 
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fig. S11. Assessment of gene control by WT and mutated variants of a Pseudomonas syringae 

fluoride-responsive riboswitch in E. coli. (A) Sequences and secondary structures of the wild-

type fluoride riboswitch aptamer from the eriC gene of P. syringae and various mutants fused to 

the β-galactosidase reporter gene (lacZ). Eleven of the most conserved nucleotides are colored 

red. Diagonal line reflects the fusion of the first eight codons of eriC to the ninth codon of the 

lacZ gene. For each mutant, the boxed nucleotides on the RNA structure are mutated as depicted 

in the connected boxes. (B) Plot of the level of β-galactosidase activity in cells containing the 

reporter constructs depicted in A in the presence of 40 mM fluoride. Miller unit values are the 

mean of three replicates +/- the standard deviation. The Miller unit values determined for all six 

constructs in the presence of chloride were approximately zero (data not shown). As expected, 

only the WT riboswitch and the M17 mutant with restored ability to form the conserved 

secondary structure show an ability to increase gene expression in response to fluoride. 
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fig. S12. Comparison of the growth of E. coli WT and crcB KO cells in the presence of various 

concentrations of fluoride. (A) Comparison of O.D.600 for WT and crcB KO E. coli cells after 16 

hr incubation. (B) Comparison of O.D.600 for WT and crcB KO E. coli cells after 5 hr incubation 

in media at pH 7.5 or 5.5. Experimental details are as described for the data in Fig. 3. 
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fig. S13. Clustering of EriC proteins, including variant proteins (termed EriCF) associated with 

fluoride riboswitches. Plot of the sequence similarity of EriC proteins in bacteria and archaea 

reveals that many examples of an evolutionarily distinct collection of representatives (dark and 

light blue) are associated with fluoride riboswitches. A single riboswitch-associated protein in 

Hydrogenobaculum sp. Y04AAS1 (marked with an asterisk) does not fit the normal 

characteristics. In Streptococcus species whose genomes have been sequenced, crcB or eriCF 

genes are always located adjacent to pheA (chorismate mutase) (fig. S18). The reason for this 

correlation remains unclear. This phylogenetic tree suggests that other eriC genes with sequences 

similar to those associated with fluoride riboswitches may also transport fluoride. The branch 

marked "100%" has an estimated confidence of 100% in correctly splitting EriC and EriCF 

proteins according to their evolutionary history. 
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fig. S14. Amino acid alignments of the conserved channel-forming residues of several EriC 

proteins reveal unique sequences among representatives associated with fluoride riboswitches 

(boxed) compared to those known to transport chloride. Experimentally confirmed (Cl-, NO3
-) or 

hypothesized (F-) substrates are indicated. Note that other alignments of residues are possible, 

but they imply at least as many changes have occurred in the selectivity filter (see explanation in 

Materials and Methods). 
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fig. S15. Rescue of E. coli crcB KO cells from extreme fluoride toxicity in liquid (A) or on solid 

(B) media by transformation with the eriCF gene from P. syringae.  
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fig. S16. Distribution of fluoride riboswitches and putative fluoride transporters among 

organisms from the three domains of life. Selected taxa are depicted based on a previous tree of 

life (78).  
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fig. S17. CrcB proteins are broadly associated with fluoride riboswitches. Plot of the sequence 

similarity of CrcB proteins in bacteria and archaea reveals that many distantly-related examples 

are associated with fluoride riboswitches. 
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fig. S18. Locations of crcB and eriCF genes in Streptococcus. (A) Distinct gene arrangements 

surrounding all crcB and eriCF genes in sequenced Streptococcus species. "#": number of 

organisms with this arrangement, "Example strain": one of the organisms. Genes are colored by 

class (see B). Corresponding regions harboring transposases and one partial sequence fragment 

are ignored. Lengths of genes and gaps are not to scale, as exact distances vary per organism. 

However, the first eriCF gene in S. agalactiae is unusually small, as shown. A tRNA(Arg) gene 

is located roughly 3,000 base pairs downstream of the depicted region in S. mutans. As the 

diagram shows, all sequenced Streptococcus species have either a crcB or an eriCF gene (but 

never both) flanked by highly similar gene arrangements. (B) Color codes of gene families used 

in A. 
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