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SUMMARY

Comparative sequence analyses of bacterial
genomes are revealing many structured RNA motifs
that function as metabolite-binding riboswitches.
We have identified an RNA motif frequently posi-
tioned in the 50 UTRs of folate transport and biosyn-
thesis genes in Firmicute genomes. Biochemical
experiments confirm that representatives of this
new-found RNA class selectively bind derivatives of
the vitamin folate, including di- and tetrahydrofolate
coenzymes. In addition, representatives of this ap-
tamer class occasionally reside upstream of RNA
structures that are predicted to control translation
initiation in response to ligand binding. These find-
ings expand the number of coenzymes that are
directly sensed by RNA and reveal possible ribo-
switch-controlled regulons that respond to changes
in single-carbon metabolism.

INTRODUCTION

Metabolite-binding riboswitches are gene control elements con-

structed entirely of RNA (Roth and Breaker, 2009). Each usually

is composed of an aptamer domain that binds a specific metab-

olite and an expression platform that transforms an aptamer

binding event into an adjustment in the level of expression of

target genes. Riboswitches are most commonly found in the 50

untranslated regions (UTRs) of bacterial mRNAs, where they

usually control gene expression by influencing transcription

termination or translation initiation (Barrick and Breaker, 2007;

Dambach and Winkler, 2009). Riboswitches also have been

shown to act in trans by base pairing with mRNAs transcribed

elsewhere in the genome (Loh et al., 2009). Additionally, there

are experimentally validated examples of eukaryotic ribo-

switches in both fungi (Cheah et al., 2007) and plants (Bocobza

et al., 2007; Croft et al., 2007;Wachter et al., 2007) that modulate

protein levels by controlling mRNA splicing.

Currently, the most productive methods for finding novel

riboswitch classes make use of computer-aided searches to

identify intergenic regions that are highly conserved in primary

and secondary structure among several bacterial genomes or
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in metagenomic DNA sequences (Rodionov et al., 2003; Barrick

et al., 2004; Weinberg et al., 2007; Yao et al., 2007; Rodionov,

2007). In the current study, we describe the discovery and

characterization of a novel riboswitch candidate that is

frequently associated with genes whose protein products

transport folate or catalyze reactions related to single-carbon

metabolism.

RESULTS AND DISCUSSION

Our bioinformatics pipeline identified 57 distinct representatives

(see Figure S1 available online) of a novel RNA motif (Figure 1A)

consisting of four base-paired regions (P1 through P4) and an

additional base-paired pseudoknot structure. The motif is

frequently located immediately upstream of bacterial folate (Fig-

ure 1B) uptake transporter folT genes (Figure 1C; Figure S2), and

in some cases upstream of the folate biosynthesis genes folE,

folC, and folQPBK (Table S1). The RNA motif was found both

in complete genomes (Clostridiales and Lactobacillales orders)

and in metagenome (human gut) data. We hypothesized that

the RNA may be a riboswitch that binds to a compound related

to folate.

Folates are composed of three moieties: pterin, p-aminoben-

zoate, and glutamate (Figure 1B). An active form of folate, tetra-

hydrofolate (THF), is an essential cofactor in one-carbon transfer

reactions of central metabolism. De novo THF biosynthesis

starts from GTP and proceeds in seven consecutive steps (de

Crécy-Lagard et al., 2007) (Figure 1C). Alternatively, Gram-posi-

tive bacteria salvage folate from the environment utilizing

a unique energy-coupling factor (ECF) transport system com-

posed of a folate-binding protein (FolT) and a common ECF

module (Rodionov et al., 2009). The identified riboswitch candi-

date is predicted to control expression of folT in many Firmi-

cutes, including Lactobacillus species which are auxotrophic

for folate. There is a single example, occurring in Ruminococcus

obeum, in which the RNA motif is associated with the folate

biosynthesis folEQPBK operon.

A 106 nucleotide RNA construct termed 106 folT (Figure 2A)

that encompasses a representative motif located in the 50 UTR
of the folT gene from Alkaliphilus metalliredigens was prepared

for analysis. This RNA was subjected to in-line probing (Soukup

and Breaker, 1999; Regulski and Breaker, 2008) to assess ligand

binding and structural modulation characteristics. In-line prob-

ing assays take advantage of the inherent instability of RNA
681–685, July 30, 2010 ª2010 Elsevier Ltd All rights reserved 681
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Figure 1. Conserved RNA Motif Associated

with Genes for Folate Metabolism

(A) Consensus sequence and secondary structure

model for the candidate riboswitch aptamer. See

Supplemental Information for the alignment and

methods used to establish nucleotide conserva-

tion and covariation.

(B) Chemical structures of folate, DHF, THF, and

other folate derivatives used in this study.

(C) Folate biosynthesis and uptake pathway.

Genes under control of a THF riboswitch are high-

lighted with relative frequency of regulatory inter-

action reflected by the heights of the blue bars.

GTP is guanosine-50-triphosphate; PABA is p-ami-

nobenzoic acid; Glu is L-glutamine.
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phosphoester bonds located in unstructured regions to reveal

folding changes caused by ligand binding. The 106 folT RNA

undergoes extensive changes in RNA structure (Figure 2B) as

it binds THF with an apparent dissociation constant (KD) of

�70 nM (Figure 2C). Two other folate derivatives, dihydrofolate

(DHF) and tetrahydrobiopterin, also bind with KD values of

�300 nM (Figure S3). However, no structural modulation was

observed when the RNA was incubated with folate, pterin,

p-aminobenzoate, glutamate, or p-aminobenzoyl glutamate at

concentrations as high as 1 mM.

Similar in-line probing results with THF and DHF were

observed using several other representatives from this RNA

class (data not shown). Additional assays revealed that these

RNAs also bind to various N5- and N10-modified THF deriva-

tives, including 5-formyl THF, 5-methyl THF, 10-formyl THF,

5,10-methenyl THF, and 5,10-methylene THF. These results indi-

cate that the new-found RNAs function as selective aptamers for

specific reduced forms of the vitamin folate. The ability of the

aptamers to discriminate between folate and the reduced deriv-

atives THF and DHF could be achieved simply by positioning

a hydrogen bond acceptor to recognize the hydrogen at the

N8 position of the pterin moiety pyrazine ring (Figure 1B). Furthe-

more, the reduced forms of folate are no longer aromatic and
682 Chemistry & Biology 17, 681–685, July 30, 2010 ª2010 Elsevier L
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take on a puckered configuration (Poe

and Hoogsteen, 1978) that may also

serve as a molecular recognition feature.

Since these aptamers tolerate modifica-

tions at the N5 and N10 positions of the

ligand, they are unlikely to be important

molecular recognition contacts to these

positions. Given the preferential affinity

for the coenzyme forms of folate, we

speculate that THF, or perhaps one or

more of its single-carbon derivatives, is

the biologically relevant ligand for these

aptamers.

Regions of the RNA that are particularly

susceptible to spontaneous cleavage

during in-line probing reactions (Fig-

ure 2B) largely correspond to nucleotides

predicted to reside in single-stranded

regions (Figure 2C). Furthermore, sites

that undergo ligand-dependent reduction
spontaneous cleavage carry highly conserved nucleotides.

hese results are consistent with our secondary structure model

r the aptamer and suggest that ligand binding stabilizes

tertiary structure formed in part by the nucleotides whose

ase identities are well conserved.

To further test the validity of our model, RNA constructs con-

ining three consecutive mutations that disrupt the P2 (con-

truct M1) or P3 (M2) stems of the 106 folT RNA (Figure 2A)

ere examined for THF binding using in-line probing assays.

oth M1 and M2 constructs are less structured than the wild-

pe (WT) construct, as indicated for M1 by an increase in spon-

neous cleavage at phosphodiester linkages of the nucleotides

at comprise the stems (Figure S4). Furthermore, the KD of M1

r THF is �1000-fold poorer compared with WT, whereas the

2 mutant does not bind to THF at concentrations as high as

.16 mM. In contrast, RNA constructs carrying an additional

ree mutations that restore base pairing to the P2 (M3) or P3

4) stems (Figure 2A) exhibit KD values comparable to that

bserved for WT.

Riboswitch aptamer binding pockets are often composed of

ighly conserved residues residing in regions predicted to be

ingle stranded. These nucleotides participate in forming the

tructure necessary to bind the ligand, and some participate in
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Figure 2. Evidence for THF Riboswitch Function

(A) Sequence and predicted secondary structure of the 106 folT RNA from A. metalliredigens. Nucleotides shaded yellow, red, or green identify internucleotide

linkages that undergo constant, decreasing, or increasing scission when THF is added to an in-line probing assay (see gel image in B). Asterisks identify the 50 and
30 boundaries of the in-line probing annotations, which are restricted due to limitations of product separation by polyacrylamide gel electrophoresis. Shaded

boxes designate sequence changes present in mutants M1 through M4 as indicated. M5 construct is truncated at the bracket. Lowercase letters identify nucle-

otides added to the construct to facilitate efficient in vitro transcription.

(B) In-line probing analysis of theA.metalliredigens 106 folTRNA. NR, T1, and �OHdesignate precursor (Pre) RNAs subjected to no reaction, partial digestionwith

RNase T1 (cleaves after G residues), and partial digest under alkaline conditions (cleaves at every position). Other lanes include Pre RNAs subjected to in-line

probing reactions without THF (–) or with increasing concentrations of THF (1 nM to 10 mM). Vertical lines identify cleavage products whose yields are altered

by THF addition, and numbered regions were quantified and used to estimate KD values.

(C) Plot of the fraction of RNAs bound to ligand versus the logarithm of the concentration of THF. The solid line represents a theoretical binding curve for a one-to-

one interaction with a KD of 70 nM. Fraction bound values were generated by quantifying band intensities from the regions identified in (B).

(D) A possible THF riboswitch expression platform is evident in the L. casei folT mRNA. The nucleotides shaded in orange can form an alternative base pairing

interaction in the absence of THF that may interfere with the formation of the putative anti-RBS hairpin.
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forming direct contacts with the ligand. There are two sizable

groups of single-stranded nucleotides evident from the con-

sensus secondary structure model (Figure 1A). These include

the junction between P1 and P2 (J1/2, nucleotides 15–18), and

the central bulge area connecting the P2, P3, and P4 stems

(J2/3, nucleotides 29–33; J3/4, nucleotides 64–66; J4/2, nucleo-

tides 78–80). Note that nucleotides 91–96 that form J2/1 have the

potential to form a pseudoknot structure with nucleotides 47–52,

and therefore may be base paired in the ligand-bound state.

In the ligand-bound structure, it is unlikely that the nucleotides

in the central single-stranded region contact nucleotides from

the single-stranded region near P1 because they reside on

opposite ends of the �10 base-pair P2 stem.

Although this structural arrangement may prevent the aptamer

from forming a ligand binding pocket by simultaneously using

residues from both of these single-stranded regions, ligand

binding induces structural changes in both single-stranded

regions. Thus, we cannot identify the nucleotides that most likely

form the binding pocket using only these observations. To fur-

ther address this issue, we designed a truncated construct

M5 wherein P1 and the nucleotides forming J1/2 and J2/1
Chemistry & Biology 17,
were deleted. Specifically, this construct spans nucleotides 19

through 90 of the 106 folTRNA (Figure 2A) and carries three addi-

tional G residues at the 50 terminus to facilitate preparation by

in vitro transcription. The RNA retains THF binding function,

albeit with a substantially reduced affinity (KD �10 mM) (data

not shown).

The fact that THF is still bound by the M5 construct indicates

that nucleotides forming P1 and the junction linking this stem to

P2 are not likely to be involved in forming molecular recognition

contacts with the ligand. Furthermore, the contribution of the

J2/1 nucleotides in forming the putative pseudoknot structure

with nucleotides in the loop of P3 is also not essential for ligand

binding. Rather, these nucleotides are more likely to support

folding of the ligand binding pocket, which is probably formed,

at least in part, using nucleotides from the three-stem junction.

Interestingly, the central bulge is not conserved as well as other

previously characterized riboswitch binding pockets. How-

ever, most individual THF aptamer sequences match the

consensus well with a small number of representatives that

deviate substantially. These outliers each may form a distinct

ligand binding pocket that still recognizes THF or that selectively
681–685, July 30, 2010 ª2010 Elsevier Ltd All rights reserved 683
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binds one of the several natural derivatives of this coenzyme

(Figure 1B).

If these natural THF aptamers are components of cofactor-

responsive riboswitches, then at least some aptamers should

be associated with expression platforms whose structures are

indicative of their gene control mechanism. Evidence of expres-

sion platform structures was sought by manually examining the

nucleotides located immediately downstream from several

aptamers. For example, in the organism Lactobacillus casei,

there is the potential for formation of a strong hairpin involving

nucleotides predicted to serve as the ribosome binding site

(RBS) (Figure 2D). Formation of the consensus THF aptamer

structure in the presence of ligand should permit formation of

this anti-RBS stem and thereby preclude ribosome binding and

translation initiation. However, in the absence of THF, alternative

folding is possible because the J2/1 nucleotides and the right

shoulder of P1 are complementary to nucleotides residing

upstream and partially overlapping those required to form the

anti-RBS structure. Formation of this putative anti-anti-RBS

stem in the absence of THF should permit translation. Numerous

examples of genetic ‘‘OFF’’ riboswitches that use this mecha-

nism for translation control have been identified previously

(Barrick and Breaker, 2007).

While the most common riboswitch architectures involve the

integration of a single aptamer with a single expression platform,

there are a number of examples wherein multiple aptamers are

juxtaposed to achievemore sophisticated gene regulation (Stod-

dard and Batey, 2006; Breaker, 2008). The most common

tandem arrangements involve two aptamers of the same class

that use ligand-binding cooperativity (Mandal et al., 2004) or

dual transcription termination (Welz and Breaker, 2007) to yield

more digital gene control. In rare instances, riboswitches from

two different ligand classes are present in the samemRNAwhere

they function as a two-input Boolean logic gate (Sudarsan et al.,

2006). Alternatively, two riboswitches that bind identical ligands

can act to control both transcription and translation (Poiata et al.,

2009). Interestingly, we observe a THF aptamer in Clostridium

kluyveri located immediately downstream of a pfl RNA represen-

tative, which is a new-found riboswitch candidate whose puta-

tive ligand remains unknown (Weinberg et al., 2010). Thus, the

pfl motif and THF aptamer may colocalize to produce another

tandem riboswitch arrangement that yields genetic responses

to two different ligands. However, since representatives of the

pfl motif commonly are associated with genes for formyl-THF

biosynthesis, the candidate riboswitch also may respond to

THF or one of its natural derivatives.

The THF riboswitch represents the ninth verified riboswitch

architecture that senses a coenzyme or a coenzyme derivative.

The fact that nearly half of the validated riboswitch classes sense

essential coenzymes highlights important sensory and regula-

tory roles entrusted to structured RNAs bymodern cells. Further-

more, some of the coenzyme-sensing aptamer classes are very

common and widespread in bacteria, suggesting an early evolu-

tionary origin. Most coenzymes, including THF, are believed to

have emerged in an RNA World (White, 1976). Therefore some

coenzyme-sensing aptamers, including the class of THF-binding

RNAs described herein, may reflect ancient structures used by

the earliest life forms to sense or use coenzymes as signaling

compounds or as chemical catalysts.
684 Chemistry & Biology 17, 681–685, July 30, 2010 ª2010 Elsevier L
Two previously described coenzyme-sensing riboswitch

classes selective for thiamin pyrophosphate (Sudarsan et al.,

2005) and flavin mononucleotide (Lee et al., 2009; Ott et al.,

2009) have been shown to be targeted by coenzyme analogs

that exhibit antimicrobial activity. Considering the importance

of folate metabolism to bacterial pathogens, THF riboswitches

might represent a novel drug target wherein folate analogs could

be used to deceive bacteria into misregulating the import and

production of the vitamin and its derivatives.
SIGNIFICANCE

Efforts to discover structured noncoding RNAs in bacteria

are revealing the existence of numerous riboswitch candi-

dates. Since the first reports of metabolite-binding ribo-

switches, we and others have speculated that all the major

nucleotide-derived coenzymes could have corresponding

riboswitches in bacteria. Justification for this speculation

is based on the likelihood that many bacteria will need to

sense changes in coenzyme concentrations and regulate

certain metabolic pathways in response to coenzyme

abundance or deficiency. Also, the existence of so many

coenzyme-sensing riboswitches would be consistent with

an RNA World origin for some riboswitch classes (Breaker,

2009).

Regardless of the origin of riboswitches, THF and its

derivatives serve as key coenzymes for single-carbon

chemistry in all forms of life, and the discovery of a ribo-

switch class for folate derivatives helps reveal how cells

sense and respond to changing concentrations of these

compounds. Folate metabolism enzymes currently serve

as major antibacterial drug targets, and the colocalization

of THF riboswitches with coding regions of unknown func-

tion may allow researchers to identify additional genes

whose protein products are involved in folate metabolism.

Furthermore, THF riboswitches could directly serve as

a new series of drug targets for the manipulation of this

coenzyme in bacteria.
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