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ABSTRACT

Many bacteria use flavinmononucleotide (FMN) riboswitches to control the expression of genes responsible for the biosyn-
thesis and transport of this enzyme cofactor or its precursor, riboflavin. Rare variants of FMN riboswitches found in strains
of Clostridium difficile and some other bacteria typically control the expression of proteins annotated as transporters,
includingmultidrug efflux pumps. These RNAs no longer recognize FMN, and differ from the original riboswitch consensus
sequence at nucleotide positions normally involved in binding of the ribityl and phosphate moieties of the cofactor.
Representatives of one of the two variant subtypes were found to bind the FMN precursor riboflavin and the FMN
degradation products lumiflavin and lumichrome. Although the biologically relevant ligand sensed by these variant
FMN riboswitches remains uncertain, our findings suggest that many strains of C. difficile might use rare riboswitches
to sense flavin degradation products and activate transporters for their detoxification.
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INTRODUCTION

Riboswitches are noncoding RNAs (ncRNAs) typically
found in the 5′ untranslated regions of bacterial mRNAs,
where they regulate gene expression in response to the
binding of specific small molecule or ion ligands (Henkin
2008; Breaker 2011, 2012; Serganov and Nudler 2013).
To date, more than 40 riboswitch classes have been dis-
covered (McCown et al. 2017), many of which control fun-
damental metabolic processes such as the biosynthesis
and transport of amino acids, enzyme cofactors, and nucle-
otides. In addition, several riboswitch classes have been
recently discovered that respond to ligands whose roles
in biology were poorly known until recently. These include
riboswitches for fluoride (Baker et al. 2012; Ren et al. 2012),
guanidine (Nelson et al. 2017; Sherlock and Breaker 2017;
Sherlock et al. 2017), c-di-AMP (Nelson et al. 2013), and c-
AMP-GMP (Kellenberger et al. 2015; Nelson et al. 2015a).
Thus, the continued identification of novel riboswitch clas-
ses provides opportunities to discover hidden or otherwise
underappreciated aspects of biology.
Current computational search methods based on com-

parative sequence analysis (Barrick et al. 2004; Weinberg
et al. 2007, 2010, 2017a) have been used to identify

numerous widespread riboswitch classes. Unfortunately,
the vast majority of the thousands of additional riboswitch
classes that likely remain undiscovered (McCown et al.
2017) are probably exceedingly rare, and therefore will
be difficult to uncover by using current bioinformatic
search techniques. Many of the rare riboswitch classes
remaining to be discovered could represent ancient
ncRNAs on the brink of evolutionary extinction or they
might be niche-specific riboswitches that have more re-
cently emerged within organisms. For example, a newly
found SAM-sensing riboswitch, called SAM-VI, was identi-
fied exclusively in Bifidobacterium species (Mirihana
Arachchilage et al. 2018). Discoveries such as this support
the hypothesis that numerous additional rare riboswitch
classes likely exist, and that some of these might have
emerged through evolution very recently. If the rarest
riboswitch classes are largely distinct in their conserved
sequence and architectural features, computational ap-
proaches that rely on comparative sequence and structure
analysis algorithms simply have too few representatives to
evaluate.
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However, some exceedingly rare riboswitch classes
might remain hidden due to their mistaken classification
as members of known riboswitch classes. These “variant”
riboswitches might exhibit RNA sequence and structural
features that are shared with previously validated ribo-
switch classes, but carry key mutations that have altered
their ligand specificities (Weinberg et al. 2017b). Examples
of rare riboswitch classes include variants of guanine ribo-
switches that sense 2′-deoxyguanosine (2′-dG). To date,
the 2′-dG-I riboswitch class (McCown et al. 2017) has only
been identified in Mesoplasma florum (Kim et al. 2007).
Similarly, the recently discovered 2′-dG-II riboswitch class
has only been found within metagenomic sequence
data sets (Weinberg et al. 2017b). Additional examples in-
clude riboswitches for the bacterial alarmone ppGpp
(Sherlock et al. 2018a) and the purine biosynthetic precur-
sor phosphoribosyl pyrophosphate (PRPP) (Sherlock et al.
2018b), which were both identified as rare variants of the
far more abundant guanidine-I riboswitch class (Nelson
et al. 2017).

Riboswitches that bind to flavin mononucleotide (FMN)
represent the seventh most abundant riboswitch class that
has been experimentally validated to date (McCown et al.
2017). Members of this common riboswitch class usually
control the expression of genes required for the biosynthe-
sis and transport of the coenzyme precursor riboflavin
(Gelfand et al. 1999; Mironov et al. 2002; Winkler et al.
2002). FMN and flavin adenine dinucleotide (FAD) are
ordinarily used as redox cofactors for flavoenzymes in-
volved in various aspects of cellular metabolism (Fischer
and Bacher 2005). However, due to the high photoreactiv-
ity of these compounds, they can degrade into various tox-
ic byproducts such as lumiflavin and lumichrome (Fall and
Petering 1956; West and Owen 1973; Choe et al. 2005).
Some bacterial and archaeal cells protect themselves
from these phototoxic products with riboflavin-binding
proteins called dodecins that act to both store riboflavin
and prevent its undesirable breakdown (Grininger et al.
2006, 2009). Presumably, some bacterial species also
have detection and remediation systems in the event
that substantial amounts of FMN breakdown products
accumulate.

Herein, we describe our analysis of two classes of variant
FMN riboswitches whose initial members were previously
discovered in various strains of Clostridium difficile
(Blount 2013; Blount et al. 2012; Weinberg et al. 2017b)
and originally called CD3299 RNA. Furthermore, bio-
informatic analysis has yielded additional representatives
of these variant FMN motif RNAs in strains of Atopobium
and in bacterial metagenomic DNA sequences. We
describe two highly similar variant subtypes, and demon-
strate that all representatives tested completely reject
FMN. Intriguingly, subtype 2 representatives strongly
bind riboflavin and certain light-mediated FMN degrada-
tion products. We hypothesize that some variant FMN

RNAs might have evolved to recognize flavin derivatives
to activate transporters involved in their disposal. These
findings reinforce the hypothesis that many riboswitch
classes remaining to be discovered will be exceptionally
rare and challenging to match with their corresponding
ligands.

RESULTS AND DISCUSSION

Variant RNAs have key characteristics that differ
from typical FMN riboswitches

Examples of FMN riboswitch variants were previously re-
ported (Blount 2013; Blount et al. 2012) to exist only in
several strains of C. difficile. Additional examples were
subsequently uncovered in a bioinformatics study that
purposefully examined known riboswitch classes for the
existence of variant riboswitch aptamers that have possibly
altered their ligand binding specificities (Weinberg et al.
2017b). Given the ongoing rapid expansion of bacterial
genomic sequence data sets, we searched (see Materials
and Methods) for additional representatives of the FMN
variants and identified a total of 57 unique-sequence
examples (Supplemental Data File) present in certain
Clostridium and Atopobium species, as well as in bacterial
metagenomic DNA sequence data (RefSeq version 76 and
additional environmental DNA sequence databases).

These findings allowed us to create revised consensus
sequence models for the variants, and to increase the
list of genes known to be associated with these RNAs.
Specifically, the variants have been organized into two
groups, called subtype 1 (25 examples) (Fig. 1A) and
subtype 2 (32 examples) (Fig. 1B). In addition, we updated
the collection of FMN riboswitch representatives from
the same genomic andmetagenomic sequence databases
to establish a current consensus model for this well-
established riboswitch class (Fig. 1C). The variants exhibit
many similarities, both with regard to their conserved
nucleotide sequences and their major secondary structure
elements, to the FMN riboswitch consensus model. Due
to these abundant similarities, it is not surprising that
the rare variants previously had been grouped with the
much larger collection of FMN riboswitch representatives
(11,603 examples), including in the Rfam Database
(Nawrocki et al. 2015). This lumping of multiple riboswitch
classes into a single collection can occur when variants
do not substantially differ from the established aptamer
consensus, or when too few representatives exist for their
discovery by careful comparison of nucleotide sequences.

Despite these commonalities, the differences between
authentic FMN riboswitches and the two variant subtypes
are striking. The distinct features of the variants can be best
appreciated by comparison with the gene associations,
conserved sequences, and structural features of FMN-
sensing riboswitches. FMN riboswitches usually reside
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upstream of genes involved in riboflavin biosynthesis (Fig.
1C, bottom; Gelfand et al. 1999; Mironov et al. 2002;
Winkler et al. 2002). Genes encoding COG3601,
COG0697, COG3201, and TauC family proteins are also
commonly associated with FMN riboswitches. These pro-
teins have been characterized as riboflavin transporters in
various organisms (Vogl et al. 2007; García Angulo et al.
2013; Gutiérrez-Preciado et al. 2015).
In stark contrast to FMN riboswitch regulation of genes

involved in the biosynthesis and import of riboflavin, sub-
type 1 variant FMN riboswitches are never associated
with FMN biosynthetic genes, but are currently exclusively
observed in association with genes for members of the
COG3601 transporter family (Fig. 1A, bottom). Curiously,
genes annotated as COG3601 are also commonly regu-
lated by true FMN riboswitches and, as noted above, in
those instances are predicted to be riboflavin transporters
(Gutiérrez-Preciado et al. 2015). However, there are
many examples ofCOG3601 genes that are linked to other
metabolic processes, and the specificities of those trans-
porters are proposed to be different (Gutiérrez-Preciado
et al. 2015). Thus, it seems possible that the COG3601
genes whose expression is regulated by subtype 1 RNAs

might have a distinct substrate compared to those regulat-
ed by true FMN riboswitches.
Likewise, the subtype 2 variant FMN riboswitches are

exclusively found upstream of genes encoding putative
multidrug efflux transporters (Fig. 1B, bottom). In various
strains of C. difficile, subtype 2 variant FMN riboswitches
are commonly associated with genes coding for pro-
teins annotated as putative EmrB and NorM multidrug
transporters from the major facilitator superfamily (MFS)
and multidrug and toxic compound extrusion (MATE)
superfamily, respectively (Fig. 1B, bottom). Certain mem-
bers of the MATE superfamily, such as the Vibrio parahae-
molyticus protein NorM, have been demonstrated to
transport a wide variety of cationic dyes, quaternary
ammonium compounds, and quinolones (Morita et al.
1998). Moreover, transporters associated with variant
FMN RNAs have been previously shown to contain MFS
1 domains (Gutiérrez-Preciado et al. 2015). Proteins
that contain these domains exhibit homology with the
Escherichia coli protein EmrB. Members of this protein
class are part of the EmrAB-TolC tripartite system, which
has been shown to confer resistance to hydrophobic toxins
(Lomovskaya and Lewis 1992; Lewis 2000).

A B C

FIGURE 1. Variant FMNmotif RNAs differ from the FMN riboswitch consensus and its typical genetic associations. (A) Consensus sequence and
secondary structure model of 25 unique examples of subtype 1 variant FMN RNAs. Asterisks identify key nucleotides that differ from FMN ribo-
switch consensus. The key (box) describes the annotations in the consensus models. (Bottom) Pie chart of the genes located immediately down-
stream from subtype 1 RNAs. (B) Consensus model and gene associations for 32 unique examples of subtype 2 RNAs. Additional annotations are
as described for A. (C ) Consensus model and gene associations for 11,603 unique examples of FMN riboswitch aptamers. Certain nucleotides
that aremost directly involved in forming the ligand binding pocket for FMN are numbered according to the crystal structure model (PDB ID code
3F2Q) published previously (Serganov et al. 2009).
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Not a single example of a norM or emrB gene is asso-
ciated with the many thousands of FMN riboswitches
that have been identified by using bioinformatics search
methods. Again, the patterns of gene associations be-
tween true FMN riboswitches and these rarer variants
strongly indicate that the ligand for the variant ribo-
switches has been changed from FMN to another, but
perhaps structurally related, compound. Presumably, the
natural substrate for these specific transporters will match
the ligand for the variant riboswitches. Unfortunately, the
precise ligands transported by the proteins whose genes
are regulated by the variant riboswitches are not yet
known. Indeed, as described in greater detail later in this
report, we used ligand-binding assays to demonstrate
that these variants do not recognize the cofactor FMN.
These findings are consistent with our hypothesis that
the variants do not function as FMN-responsive ribo-
switches, but carry nucleotide differences that have altered
their ligand specificities.

Most importantly, the nucleotide sequence differences
between true FMN riboswitches and the rare variants
almost exclusively reside in otherwise highly conserved
nucleotides that are known to form direct contacts with
the FMN ligand (Fig. 2). Previously, the FMN riboswitch
aptamer from the Bacillus subtilis ribD mRNA was found
to exhibit a dissociation constant (KD) for FMN of 5 nM
(Winkler et al. 2002). X-ray crystallography was subse-
quently performed with another member of the FMN ribo-
switch class from Fusobacterium nucleatum (Serganov
et al. 2009). FMN is recognized by the RNA predominantly

through interactions with the isoalloxazine ring and
through contacts with the phosphate on the ribityl moiety
(Fig. 2A). The isoalloxazine ring system intercalates be-
tween the bases of two adenosine nucleotides (A48
and A85) (Fig. 1C) of the aptamer, and also forms two hy-
drogen bonds with another highly conserved adenosine
(A99) (Fig. 2A). The ribityl and phosphate moieties are se-
lectively recognized by the formation of numerous hydro-
gen bonds with several conserved guanosine nucleotides
distributed throughout the riboswitch aptamer (G10,
G11, G32, G62, G84) (Fig. 2A). The absence of the phos-
phate moiety, such as with riboflavin, has been found to
reduce ligand affinity by almost three orders of magnitude
(Winkler et al. 2002), which demonstrates the importance
of this set of highly conserved guanosine nucleotides.

The two variant FMN RNA subtypes (Fig. 1A,B) have
many sequence and structural features resembling those
of the FMN riboswitch consensus (Fig. 1C), but importantly
they deviate from the consensus sequence at certain nu-
cleotide positions that are directly involved in recognizing
FMN. These changes to the ligand binding pocket typi-
cally convert the highly conserved (>97%) guanosine nu-
cleotides that are known to contact the phosphate and
ribityl moieties of FMN (Fig. 2A) to adenosine nucleotides
(Fig. 2B). Presumably, the variant RNAs no longer have the
ability to create productive binding interactions with the
phosphate moiety of FMN, which explains why the variant
RNAs examined for FMN ligand binding completely reject
this enzyme cofactor (see below). However, the conserva-
tion of nucleotide identities at positions equivalent to 48,
85, and 99, which contact the flavin moiety, suggest that
this part of the natural ligand for subtypes 1 and 2 RNAs
might remain unchanged.

There are some notable sequence and structural fea-
tures that also differ between the two subtypes. Most
obvious is the presence of an extended P3 stem (called
P3a and P3b) in the consensus model for subtype 1
RNAs (Fig. 1B) that is lacking in subtype 2 RNAs (Fig.
1B). However, nearly half of all true FMN riboswitches carry
an extended P3 stem, and so it is not certain that this dis-
tinction affects the ligand specificity of subtype 1 RNAs.
There are modest differences in the key nucleotides that
form the original FMN binding pocket between subtype
1 and 2 RNAs (Fig. 2B). Given the differences in gene asso-
ciations between these two RNAs, it seems possible that
these nucleotide changes also result in different ligand
specificities.

Subtype 2 variant FMN RNAs recognize photolytic
products of FMN and FAD

Frequently, the ligand that is sensed by a riboswitch class
is identified by examining the genes that reside immedi-
ately downstream. Unfortunately, as noted above, the se-
lectivities of the transporter proteins encoded by the

A B

FIGURE 2. Atomic-resolution structural model for the binding site of
an FMN riboswitch from F. nucleatum (PDB ID code 3F2Q) (Serganov
et al. 2009). Dashed lines represent hydrogen-bonding contacts
between aptamer nucleotides (numbered as depicted in Fig. 1C)
and the ligand, FMN. (B) Comparison of key equivalent nucleotide
positions among FMN aptamer, subtype 1, and subtype 2 RNAs.
Nucleotides are depicted according to their level of sequence conser-
vation as described in the key to Figure 1A. Circled nucleotides are
distinct from the consensus model for FMN riboswitches. Thick-lined
circles identify nucleotides in the consensus for subtype 2 RNAs that
differ from the consensus for subtype 1 RNAs. Nucleotide positions
are depicted in A, except for positions 12, 48, and 85, which were
omitted for image clarity.
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genes downstream from the variant FMN RNAs remain
unknown, and thus provide limited clues regarding the
identity of the cognate ligand. Because many C. difficile
strains already carry a gene for a putative riboflavin import-
er whose expression is controlled by an FMN riboswitch,
we hypothesized that some bacteria might use variant
FMN RNAs to control the expression of efflux pumps to al-
leviate the deleterious buildup of toxic FMN breakdown
products (Fall and Petering 1956; West and Owen 1973).
This would be analogous to the observed use of guanidine
riboswitches for controlling the production of multidrug
efflux pumps (Nelson et al. 2017; Kermani et al. 2018).

Both FMN and riboflavin are highly
photoreactive and have been shown
to generate various light-promoted
breakdown products such as lumi-
flavin, lumichrome, and carboxy-
methylflavin (Choe et al. 2005). Small
riboflavin-binding proteins called do-
decins are used by archaeal and
bacterial cells to prevent flavin deri-
vatives from damaging key molecules
in the cell by stabilizing riboflavin
against photochemical breakdown or
by sequestering toxic byproducts,
such as lumichrome (Grininger et al.
2006, 2009).

To assess the ability of variant FMN
RNAs to directly bind photochemical
breakdown products of FMN, in-line
probing assays were performed with
a 134 nt RNA, named 134 norM,
which is derived from the 5′-untrans-
lated region of the norM gene of
Clostridium sp. ASF356 (Fig. 3A). In-
line probing reveals ligand-mediated
shape changes in RNA structures by
monitoring the products of sponta-
neous RNA phosphodiester cleavage
(Soukup and Breaker 1999). We ob-
served that both UV-treated FMN
and UV-treated FAD cause decrea-
sed levels of spontaneous RNA strand
scission at various locations of the 134
norM RNA chain (Supplemental Fig.
S1A), suggesting that various break-
down products of FMN (Supplemen-
tal Fig. S1B) such as lumichrome and
lumiflavin (Supplemental Fig. S1C)
are bound by this putative aptamer.

Indeed, reproducible changes in
the banding pattern produced by
in-line probing incubations are also
exhibited by the 134 norM RNA in
the presence of riboflavin, lumiflavin,

and lumichrome, when each was individually tested at
100 µM (Fig. 3B). Similar ligand-induced structural modu-
lation of subtype 2 RNA constructs from other organisms
was also observed (Supplemental Figs. S2, S3). These
changes to the RNA structure as inferred from differences
in the banding patterns produced by the in-line probing
assays are occurring at nucleotide positions that are at
or immediately adjacent to those corresponding to the
binding site nucleotides for FMN riboswitches (Figs. 1,
2A). In contrast, FMN is rejected by the 134 norM con-
struct and the other subtype 2 RNAs examined, presum-
ably because most of the original nucleotides of the

A

C

B

FIGURE 3. A representative of the subtype 2 variant FMNmotif RNAs recognize FMN degra-
dation products. (A) Sequence and secondary structure model of the 134 norM RNA construct.
Lowercase letters on the 5′ terminus represent guanosine nucleotides added to the DNA tem-
plate to promote transcription by T7 RNA polymerase. Regions of constant and reduced spon-
taneous RNA cleavage upon addition of ligand are indicated by yellow and red circles,
respectively. These data are derived from the in-line probing analysis depicted in B.
(B) PAGE analysis of in-line probing assays with 5′ 32P-radiolabeled 134 norM RNA in the ab-
sence (−) or presence of FMN, riboflavin (Rib), lumiflavin (LF), or lumichrome (LC) at 100 µM.
NR, T1, and −OH designate RNAs that have undergone no reaction, that have been partially
digested with RNase T1, or that have been partially digested with alkali, respectively. Bands
corresponding to certain RNase T1 digestion products (scission after G residues) are labeled
according to the numbering system in A. Groups of bands denoted 1 through 4 identify re-
gions of the RNA that undergo substantial change in response to ligand addition. (C ) Plot of
the fraction of RNA bound to the ligand versus the logarithm of the molar concentration
(c) of the ligand. Fraction bound values were estimated based on the extent of band intensity
changes at region 1 from data presented in Supplemental Figure S4.
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ribityl-phosphate binding pocket are different in subtype 2
RNAs (Fig. 2B). Similarly, the 134 norM RNA binds lumi-
chrome and lumiflavin more tightly than it does riboflavin
(Fig. 3C; Supplemental Fig. S4), suggesting that the ribityl
moiety of riboflavin (which is lacking in lumichrome and
lumiflavin) also is discriminated against by the variant
binding pocket. This is consistent with our prediction
that the extensive changes in the identities of nucleotides
forming the original ribityl-phosphate binding pocket
that occur with subtypes 1 and 2 RNAs would affect recog-
nition of that portion of the ligand, but would not necessar-
ily affect binding of the flavin moiety.

The in-line probing data for 134 norM also indicate that
the various ligands bind with a 1:1 interaction (Fig. 3C;
Supplemental Fig. S4). Similar results are exhibited by
another subtype 2 RNA construct called 136 emrB RNA
derived from C. difficile CD196 (Supplemental Fig. S5).
These findings are consistent with the data observed
previously for FMN riboswitches (Winkler et al. 2002;
Serganov et al. 2009), suggesting that the nucleotide
differences in the binding pocket of FMN riboswitches
compared to subtype 2 RNAs cause a change in ligand
specificity, but not stoichiometry.

Unlike subtype 2 RNA constructs, we have not yet
observed ligand binding by subtype 1 RNA constructs.
In-line probing assays were used to examine the function
of a 186-nt construct associated with the COG3601 gene
from the bacterium Atopobium sp. BS2, called 186
COG3601 (Supplemental Fig. S6). The construct fails to
respond to the addition of 100 μM FMN, which suggests
that these RNAs have also altered their ligand specificity.
However, both UV-treated samples and known photo-
chemical breakdown products of FMN fail to induce any
substantial structural modulation. Also tested was the
FMN analog 10-(3-(4-fluorophenyl)propyl)-7,8-dimethyl-
benzo[g]pteridine-2,4(3H,10H)-dione (called 10FDPD)
(Blount 2013; Blount et al. 2012), which contains an aryl-
alkyl moiety in place of the ribityl phosphate moiety
(Supplemental Fig. S1B). Compounds like 10FDPD were
developed as FMN analogs that function as antibacterial
agents that target FMN riboswitches (Blount et al. 2015),
and 10FDPD modulates the structure of a subtype 2
RNA construct (Supplemental Fig. S1A). Again, unlike sub-
type 2 RNAs, the subtype 1 RNA construct 186 COG3601
fails to bind this FMN analog. It is not known whether sub-
type 1 RNAs recognize a natural ligand that is different
from that of the other variants, or whether the construct
tested in vitro fails to respond as they do within their native
biological context.

Subtype 2 RNAs from Clostridium species
are genetic “ON” riboswitches

The B. subtilis ribD FMN riboswitch controls the expres-
sion of the entire riboflavin biosynthesis operon through

transcription termination regulation (Winkler et al. 2002).
When FMN is bound by the riboswitch, an intrinsic tran-
scription terminator stem (Gusarov and Nudler 1999;
Yarnell and Roberts 1999) forms that halts extension of
the nascent mRNA transcript. In the absence of FMN, an
anti-terminator structure can form to prevent formation
of the terminator. Thus, the competing terminator and
anti-terminator structures constitute the “expression plat-
form” (Breaker 2012) of the riboswitch. A second FMN
riboswitch representative also found in B. subtilis controls
expression of the ribU gene (previously called ypaA),
which encodes a riboflavin transporter of the COG3601
protein family (Vogl et al. 2007). This riboswitch is pre-
dicted to regulate translation initiation by preventing ribo-
some access to the ribosome binding site (Shine-Dalgarno
sequence) upon binding to FMN (Winkler et al. 2002).
These examples provided by FMN riboswitches from the
same organism showcase two of the most common ex-
pression platform mechanisms by which riboswitches
control gene expression in response to the accumulation
of their target metabolites (Breaker 2012).

Regardless of the mechanism used, riboswitches almost
always incorporate an expression platform downstream
from the aptamer to regulate the level of gene expres-
sion upon ligand binding. Therefore, to assess how variant
FMN riboswitches control gene expression, we manually
inspected sequences downstream from several variant
FMN RNA aptamers for evidence of expression platform
structures. Subtype 2 RNAs, which associate with genes
annotated as multidrug transporters, typically precede
a putative intrinsic terminator stem. These subtype 2
aptamers therefore most probably regulate gene expres-
sion via transcription termination, and should activate
the expression of genes for efflux pumps if they indeed
recognize toxic FMN breakdown products.

To experimentally assess the mechanism of variant
2 RNAs most similar to those found in C. difficile, we
conducted single-round transcription termination assays
(Landick et al. 1996) using a DNA template derived
from the region upstream of the norM gene from C. sp.
ASF356. The RNA derived from this norM construct
has the potential to form a strong antiterminator stem
within the expression platform (orange shading, Fig. 4A).
Folding of the aptamer structure in the presence of ligand
should permit formation of this antiterminator stem and
thereby promote transcription of the full-length mRNA.
In the absence of ligand, alternative folding appears
possible because nucleotides in the right shoulder of P2
are complementary to nucleotides required to form the
antiterminator. Formation of this putative “anti-antiter-
minator” stem in the absence of ligand should halt
transcription by allowing the formation of the intrinsic ter-
minator stem.

The amounts of terminated and full-length RNA tran-
scripts generated in the presence of FMN and several
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analogs were measured with theC. sp. ASF356 norMDNA
template, and with a template carrying an FMN riboswitch
derived from the ribD gene from C. difficile 630 (Fig. 4B).
We observed modest changes in the fraction of full-length
transcripts when riboflavin, lumiflavin, and particularly
lumichrome are added to single-round in vitro transcrip-
tion reactions (Fig. 4B, left). Lumichrome also has the
best observed KD value determined by in-line probing
assays for these variant RNAs (Fig. 3C). In contrast, no
changes in the fraction of elongated transcripts are seen
for the ribD FMN riboswitch when these same compounds
are introduced (Fig. 4B, right). However, as expected,
FMN does alter the relative transcription yields for this
natural FMN riboswitch, whereas FMN has no effect on
the distribution of norM RNA transcripts.

Another subtype 2 riboswitch rep-
resentative, this one derived from
the emrB gene of C. difficile 630,
was also examined for in vivo gene
control activity by fusing the construct
or several mutant versions of this
construct to a lacZ β-galactosidase re-
porter gene (Fig. 5A). When B. subtilis
cells carrying the wild-type (WT) emrB
variant construct are cultured in rich
(lysogeny broth, LB) medium liquid,
reporter gene expression is negligible
(Fig. 5B). In contrast, when mutations
(construct M1) are introduced to dis-
rupt the predicted intrinsic terminator
stem, robust reporter gene expres-
sion occurs. Furthermore, disruption
of key conserved RNA sequence
or structural features that form the
aptamer, such as in mutant reporter
constructs M2, M3, and M4, fails to
change reporter gene expression.
These results suggest that, under
these culture conditions, the WT
riboswitch is in its “OFF” state and
that ligand is not present at concen-
trations sufficient to be bound to
the aptamer. Reporter construct M5
and M6 do exhibit modest gene ex-
pression increases relative to the WT
construct, which is not entirely consis-
tent with our hypothesis that subtype
2 RNAs function as “ON” switches.
However, we speculate that thesemu-
tations might cause folding problems
that interfere somewhat with termina-
tor stem formation, rather than serve
as evidence for “OFF” switch function
by this riboswitch representative.

Similarly, the C. difficile 630 sub-
type 2 riboswitch reporter construct in B. subtilis cells
grown on LB medium agar plates exhibits no apparent
signs of gene expression (Fig. 5C). Agar-diffusion assays
revealed that riboflavin, lumichrome, and alloxazine
(Supplemental Fig. S1D) also do not trigger expression
of the reporter construct in B. subtilis. However, all three
compounds lack zones of cell growth inhibition, meaning
that they do not accumulate to toxic levels inside B. subtilis
cells. Thus, we cannot be certain that concentrations
necessary to trigger riboswitch function can be achieved
by supplying these molecules in the culture medium.
Although reporter gene expression (blue color) is seen
with the addition of lumiflavin to a filter disk, reporter
constructs M2 through M4 failed to disrupt reporter
gene expression (data not shown). This result is most likely

A

B

FIGURE 4. Subtype 2 and FMN riboswitch RNAs regulate transcription termination in re-
sponse to different ligands. (A) Sequence and secondary structure model of the subtype 2 var-
iant FMN riboswitch construct derived from the norM gene of C. sp. ASF356 used for
transcription termination assays. Terminated transcripts endwithin the U-rich tract immediately
following the intrinsic terminator stem, whereas full-length transcripts from the DNA template
used for this assay include the 30 nt following the U-rich tract. (B, top) PAGE analysis of single-
round transcription termination assays conducted in the absence of ligand (−), or in the pres-
ence of 1 mM FMN, riboflavin (Rib), lumiflavin (LF), or lumichrome (LC). FL and T denote full-
length and terminated RNA transcripts, respectively. (Bottom) Values for the fraction of FL RNA
generated are derived from the PAGE data presented.
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caused by nonspecific activation of our reporter gene, as
lumiflavin was also seen to modestly activate reporter
gene expression when fused to FMN riboswitches (data
not shown). This false positive signal might occur when
toxic compounds affect overall mRNA transcription or
translation levels.

We did not conduct parallel studies on a representative
of subtype 1 variant riboswitches, in part due to the fact
that we have not observed binding for any of the candidate
ligands tested in vitro. In contrast to subtype 2 RNAs, all
subtype 1 riboswitches located upstream of genes encod-
ing COG3601 family proteins in Atopobium species are
predicted to translationally control gene expression via
sequestration of the ribosome binding site. Formation of
the P1 stem of the variant aptamer in the presence of li-
gand would preclude access of the ribosome binding
site and repress gene expression. These RNAs thus appear
to repress the expression of their associated transporters in
response to binding by their natural ligand, which is oppo-

site of that predicted for subtype 2
variants. Either subtype 1 RNAs have
yet another ligand specificity, or cells
that carry these RNAs benefit by re-
pressing the expression of their
associated transporters, whereas sub-
type 2 variants activate the expression
of their associated transporters.

Variant subtype 2 FMN
riboswitches hint at an unknown
flavin-like detoxification pathway

Toxic compounds often build up from
the spontaneous chemical break-
down of coenzymes and cofactors,
or from enzymatic reactions that yield
unwanted side products (Linster et al.
2013). Flavins, such as FMN and
FAD, which are commonly utilized
by flavoproteins to catalyze a wide
range of redox reactions, are no ex-
ception from this problem particu-
larly due to their high photoreactivity
(Fischer and Bacher 2005). Various
types of damage control systems
are utilized by bacteria and other
species to prevent the harmful
buildup of toxic agents. For example,
many bacteria utilize riboswitches
to sense toxic ligands, such as S-ade-
nosylhomocysteine (Wang et al.
2008), fluoride (Baker et al. 2012),
or guanidine (Nelson et al. 2017),
and to activate genes important for
toxicity resistance.

It also seems possible that subtype 2 FMN RNAs acti-
vate the production of efflux proteins to alleviate the harm-
ful buildup of their cognate ligand. Consistent with this
hypothesis is the observation that the subtype 2 norM
riboswitch includes an expression platform with termi-
nator, antiterminator, and possible anti-antiterminator
base-pairing potential (Fig. 4A). Indeed, lumichrome,
which was found to bind most tightly to representative
subtype 2 RNAs (Fig. 3C), promotes elongation of the
norM riboswitch construct in single-round transcription
termination assays (Fig. 4B, left).

Unfortunately, due to the limited genetic contexts and
limited analysis of ligand analogs, we cannot yet conclude
that any of these molecules are the natural ligand for the
subtype 2 riboswitch class. As noted above, many of
the genes predicted to be controlled by subtype 2 RNAs
are annotated as putative multidrug transporters. How-
ever, one of these genes from C. difficile has been
recently proposed to code for a riboflavin import protein

A

B C

FIGURE 5. In vivo assessment of gene control by a subtype 2 variant RNA from C. difficile. (A)
Sequence and secondary structure of the regulatory regionof the riboswitch-reporter construct
madeby joining the variant FMN riboswitch RNA from the emrBgeneofC. difficile630 to a lacZ
gene. Rednucleotides are>97%conserved. Constructs carryingmutations to conserved nucle-
otides and secondary structures are designatedM1 throughM6. (B) Plot of the normalized β-ga-
lactosidase reporter geneexpression levels ofB. subtilis cells containingWTandvariousmutant
reporter constructs in rich medium. Error bars indicate the standard deviation from three inde-
pendent experiments. (C ) Agar diffusion assays were conducted with LB agar plates supple-
mented with 100 µg mL−1 X-gal and inoculated with B. subtilis cells carrying the WT reporter
construct as described inA. Filter disks were infusedwith 10 µL of alloxazine (50mM), riboflavin
(35 mM), lumichrome (10 mM), or lumiflavin (80 mM). Note that the yellow-orange color sur-
rounding the riboflavin-applied disk is due to the color of this compound, which is diffusing
outward.
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(Gutiérrez-Preciado et al. 2015). It is important to note
that multidrug resistance transporters have also been ob-
served to function inefficiently in the opposite direction
by bringing molecules into the cell (Robinson et al. 2017),
and many of the C. difficile strains that carry variant FMN
RNAs often already carry another gene regulated by an
FMN riboswitch that codes for a riboflavin importer. There-
fore, the natural function of the transporters associated
with the variant riboswitches might involve the efflux of
toxic flavin compounds, rather than the import of riboflavin.
Consistent with this hypothesis is the observation that

ligand binding activates production of the full-length
RNA transcript, which is opposite of what cells would
need if riboflavin were the ligand, and the associated trans-
porter were riboflavin importers. Transporters for fluoride
(Baker et al. 2012; Stockbridge et al. 2013) and guanidine
(Nelson et al. 2017; Kermani et al. 2018) are two examples
of proteins whose annotations have been changed in re-
cent years as orphan riboswitch classes have been solved.
Thus, the identification of the true natural ligand for the
FMN riboswitch variants described herein would also
help establish the substrates targeted by the transporters.
Due to the lack of compound availability, we were

unable to generate sufficient data to formulate a struc-
tural model for the cognate ligand for variant FMN RNAs
using structure–activity relationship (SAR) assays. Many
of the predicted photochemical breakdown products
of FMN and FAD contain a variation of the ribityl tail
(Supplemental Fig. S1C). Although subtype 2 variant ribo-
switch RNAs bind lumichrome with the tightest binding
affinity measured in this study (Fig. 3C), drug-like FMN
analogs similar to 10FDPD have been previously identified
to bind FMN riboswitches just as tightly as the cognate
ligand (Blount et al. 2015). Thus, we cannot be certain
that tight-binding ligand analogs are perfect guides to
the chemical structure of the true ligand. Also, lumichrome
reduces the amount of terminated product during in vitro
transcription assays, but fails to inhibit B. subtilis cell
growth or trigger reporter gene expression. Perhaps
the cognate ligand for variant FMN RNAs is a distinct
compound endogenous to C. difficile. Or, perhaps the
B. subtilis surrogate organism used in our study to evaluate
reporter gene regulation already carries an efficient
detoxification pathway to deal with lumichrome toxicity,
which prevents our in vivo gene regulation assays from re-
vealing gene regulation by this compound.

Conclusions

In the current study, we provide data on variant ribo-
switches that carry mutations in the ligand-binding aptamer
domain of the FMNclass.Most notably, these variant RNAs
carry mutations of nucleotide positions that directly recog-
nize the ribityl and phosphate moieties, and so the mecha-
nism for the loss of FMN recognition is readily apparent.

We demonstrate that degradation products of FMN, such
as riboflavin, lumiflavin, and lumichrome, are recognized
by certain variant FMN RNAs of the subtype 2 group (Fig.
3). However, due to obscure gene associations, it is not im-
mediately evident what cognate ligand this variant ribo-
switch class senses. Previous work has determined that it
is possible to design synthetic analogs that trick riboswitch
classes into altering gene expression (Kim et al. 2009;
Blount et al. 2015; Howe et al. 2015). Thus, the isoalloxa-
zine derivatives might only be close mimics of the cognate
ligand, and the true cognate ligand might await discovery.
The expression platform for subtype 2 variant RNAs is

predicted to activate gene expression in the presence of li-
gand (Fig. 4). This logic is similar to other riboswitch classes
that sense toxic ligands and activate the expression of
transporter proteins (Baker et al. 2012; Nelson et al.
2017; Sherlock and Breaker 2017; Sherlock et al. 2017).
Consistent with this hypothesis is the fact that these variant
RNAs are commonly found upstream of genes annotated
as multidrug transporters. These transporters have similar-
ity to members of the EmrB/QacA family of MFS exporters
whose typical substrates are polyaromatic cations. In other
Gram-positive bacteria, QacA transporters are regulated
by theQacRprotein, which functions as a transcriptional re-
pressor of the qacA gene (Grkovic et al. 1998). When sub-
strates for QacA accumulate in cells, they bind to QacR
and prevent it from binding DNA, thereby increasing ex-
pression levels of QacA transporters. If the sensory and
regulatory functions of subtype 2 variant FMN RNAs are
analogous to those of QacR, then these RNAs most likely
function to turn on gene expression in response to toxic
flavin metabolites.
Many flavin compounds, such as riboflavin, are highly

photoreactive, and can becomeharmful for cells when they
accumulate or degrade into various phototoxic byprod-
ucts (Choe et al. 2005). However, in the riboflavin overpro-
ducing strain, Ashbya gossypii, riboflavin overproduction
during sporulation has been shown to protect spores from
ultraviolet (UV) light (Stahmann et al. 2001). Therefore, an-
aerobic spore-forming bacteria, such as C. difficile, might
utilize variant FMN riboswitches to activate detoxification
pathways necessary to efflux toxic flavin compounds that
accumulated as a spore. Since C. difficile is a major cause
of nosocomial infections, understanding the mechanism
by which C. difficile spores are highly resistant to environ-
mental stresses such as UV could aid in the development
of new therapeutic or decontamination methods.

MATERIALS AND METHODS

Chemicals, DNA oligonucleotides, and bacterial
strains

Chemical compounds were purchased from Sigma-Aldrich with
the exception of 10FDPD, which was acquired from the former

Rare variants exhibit altered ligand specificity

www.rnajournal.org 31

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067975.118/-/DC1


assets of BioRelix. [γ-32P]-ATP and [α-32P]-ATP were purchased
from PerkinElmer. DNA oligonucleotides (Supplemental Table
S1) were purchased from Sigma-Aldrich or Integrated DNA Tech-
nologies. All enzymes were purchased fromNew England BioLabs
unless otherwise specified. Plasmid pDG1661 and B. subtilis strain
168 (BGSC 1A747) cells were obtained from the Bacillus Genetic
Stock Center (BGSC) at The Ohio State University.

Bioinformatic analyses

Additional homologs of the variant FMNmotif RNAs were identi-
fied using Infernal 1.1 (Nawrocki and Eddy 2013). Searches were
conducted with RefSeq (O’Leary et al. 2016) version 76 and vari-
ous metagenomic databases as previously described (Weinberg
et al. 2017b). Sequence and secondary structure consensus
model of the variant FMN motif RNAs (57 sequences) were con-
structed using R2R (Weinberg and Breaker 2011).

Preparation of RNA oligonucleotides

RNAs were prepared by in vitro transcription using DNA oligonu-
cleotides containing a T7 RNA polymerase promoter sequence
upstream of the desired template sequence (Supplemental
Table S1). Specifically, in vitro transcription reactions were per-
formed using laboratory-prepared bacteriophage T7 RNA poly-
merase (2 units µL−1) in 80 mM HEPES (pH 7.5 at 23°C), 40 mM
DTT, 24 mM MgCl2, 2 mM spermidine, and 2 mM of each NTP.
RNA was purified using denaturing (8 M urea) 10% polyacryl-
amide gel electrophoresis (PAGE). RNA bands were visualized
by UV shadowing, excised, and then eluted from the gel slice
by the crush-soak method overnight in 10 mM Tris-HCl (pH 7.5
at 23°C), 200 mM NaCl, and 1 mM EDTA. The RNA was precipi-
tated by adding two volumes of 100% ethanol and incubating
at −20°C for 30 min, and then pelleted by centrifugation.

To generate RNAs 32P-radiolabeled at the 5′-terminus, RNA
was subjected to dephosphorylation using rAPid Alkaline
Phosphatase (Roche Diagnostics), and then radiolabeled with
[γ-32P]-ATP at the 5′-terminus using T4 polynucleotide kinase.
Radiolabeled RNAs were purified by denaturing 10% PAGE and
recovered as described above.

In-line probing of RNAs

In-line probing assays were performed as previously described
(Soukup and Breaker 1999; Regulski and Breaker 2008). Briefly,
5′ 32P-labeled RNAs were incubated in the presence or absence
of different concentrations of desired ligand at 23°C for 42–48 h
in the presence of 20 mM MgCl2, 100 mM KCl, and 50 mM
Tris-HCl (pH 8.3 at 23°C). The spontaneous RNA cleavage
products were separated by denaturing 10% PAGE. The gels
were dried and imaged with a Typhoon phosphorImager (GE
Healthcare). Dissociation constants were established by varying
the concentration of ligand added and quantifying the changes
in band intensities via ImageQuaNT at nucleotide positions that
exhibited ligand-induced structural modulation. Values for band
intensities were normalized to a nonmodulating band, scaled
between 0 and 1, and then plotted as a function of the logarithm
of the ligand concentration. Values for apparent dissociation
constants were determined using a sigmoidal dose-response

equation and GraphPad Prism 7 as described previously
(Sherlock and Breaker 2017).

In vitro transcription termination assays

The protocol for single-round in vitro transcription was adapted
from one previous description (Landick et al. 1996). DNA con-
structs were designed to include the promoter sequence of the
lysC gene from B. subtilis, the riboswitch aptamer, and the ex-
pression platform of the ribD gene or emrB gene from C. difficile
to 57 or 42 nt, respectively, following the terminator stem.
Approximately 2 pmol of the purified, PCR-amplified DNA tem-
plate was added to a transcription initiation mixture (20 mM
HEPES [pH 8.0 at 23°C], 5 mM magnesium acetate, 4 mM DTT,
1 mM EDTA, 10 µg mL−1 bovine serum albumin [BSA], 130 µM
ApA dinucleotide, 1% glycerol, 0.04 U µL−1 E. coli RNA polymer-
ase holoenzyme, 2.5 µM GTP, 2.5 µM UTP, and 1.5 µM ATP).
Approximately 8 µCi [α-32P]-ATP was added to the 90 µL tran-
scription reaction and transcription was allowed to proceed at
37°C for 10 min, leading to formation of a stalled polymerase
complex at the first cytidine nucleotide of each transcript. The re-
action mixture was then distributed in 8 µL aliquots into separate
tubes, which contained 1 µL of a 10× solution of the ligand of
interest and 1 µL of 10× elongation buffer (20 mM HEPES
[pH 8.0 at 23°C], 5 mM magnesium acetate, 4 mM DTT, 1 mM
EDTA, 1 mg mL−1 heparin, 75 µM each of ATP, GTP, and CTP,
and 25 µM UTP). Products were separated by denaturing
10% PAGE then imaged and quantified using a Typhoon
phosphorImager and ImageQuaNT software. The band intensi-
ties for both the full-length (FL) and terminated (T) RNA transcripts
were measured, and the fraction FL values were calculated by
using the equation Fraction FL= (FL intensity)/(FL intensity +
T intensity). This simple equation can be used because the differ-
ences in specific activities between the FL and T products due to
[α-32P]-ATP incorporation are negligible.

Design of reporter gene constructs

The nucleotide region −299 to +1 relative to the emrB translation
start site of the downstream gene was amplified by PCR from
C. difficile 630 genomic DNA. Subsequently, the B. subtilis lysC
promoter was introduced via PCR amplification. This fragment
was cloned into the vector pDG1661 as a transcriptional fusion
with a lacZ reporter gene. The resulting plasmid was transformed
and integrated into the amyE locus of B. subtilis 1A1.

Agar diffusion assays

B. subtilis strains carrying riboswitch reporter constructs were
grown on LB agar plates containing X-gal (100 µg mL−1) and
appropriate antibiotic. Autoclaved 6 mm diameter paper discs
prepared from 0.35 mm thick pure cellulose chromatography
paper (Fisher Scientific) were soaked with 10 µL of compound at
specific concentrations and transferred to prepared agar plates.
The plates were incubated overnight at 37°C prior to analysis.

Liquid-based β-galactosidase assays

Liquid-based β-galactosidase assays were performed as previous-
ly described (Vidal-Aroca et al. 2006; Nelson et al. 2015b).
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Bacterial cell cultures were grown overnight in 3mL of LBmedium
with appropriate antibiotics at 37°C with shaking. The next day,
cells were diluted 1:10 in LB and 80 µL of the resulting cultures
were transferred to Costar black 96-well clear-bottom plates.
The resulting samples were incubated for 4 h at 37°C with shak-
ing. The absorbance at 595 nm was measured using a Tecan
Infinite M200 PRO microplate reader. Subsequently, 80 µL of Z
buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM
MgSO4) and 40 µL of 1 mg mL−1 4-methylumbelliferyl-β-D-galac-
topyranoside (4-MUG) were added to each well. The mixture was
allowed to incubate at room temperature for 15 min, and 40 µL
of 1 M Na2CO3 was used to quench the reaction. Excitation
and emission values were measured at 360 nm and 460 nm, re-
spectively, using a Tecan Infinite M200 PRO microplate reader.
Fluorescence units were calculated as previously described
(Vidal-Aroca et al. 2006).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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