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ABSTRACT

Riboswitches are commonly used by bacteria to detect a variety of metabolites and ions to regulate gene expression. To date,
nearly 40 different classes of riboswitches have been discovered, experimentally validated, and modeled at atomic resolution
in complex with their cognate ligands. The research findings produced since the first riboswitch validation reports in 2002
reveal that these noncoding RNA domains exploit many different structural features to create binding pockets that are
extremely selective for their target ligands. Some riboswitch classes are very common and are present in bacteria from nearly
all lineages, whereas others are exceedingly rare and appear in only a few species whose DNA has been sequenced. Presented
herein are the consensus sequences, structural models, and phylogenetic distributions for all validated riboswitch classes.
Based on our findings, we predict that there are potentially many thousands of distinct bacterial riboswitch classes remaining
to be discovered, but that the rarity of individual undiscovered classes will make it increasingly difficult to find additional

examples of this RNA-based sensory and gene control mechanism.
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INTRODUCTION

Many bacteria use riboswitches to sense fundamental me-
tabolites or ions and control the expression of genes whose
protein products manage the cellular homeostasis of these
ligands (Henkin 2008; Breaker 2012; Serganov and Nudler
2013). Much has been learned about the structures, func-
tions, and distributions of riboswitches since the first exper-
imental validation studies were reported in 2002 (Mironov
et al. 2002; Nahvi et al. 2002; Winkler et al. 2002a,b). For
example, many distinct RNA aptamer structures are exploit-
ed by riboswitches to selectively sense a surprising variety of
ligands (Roth and Breaker 2009; Garst et al. 2011; Serganov
and Patel 2012). These aptamers regulate gene expression
by interacting with adjoining expression platforms that reg-
ulate gene expression primarily by controlling transcription
termination or translation initiation (Barrick and Breaker
2007; Breaker 2012), although other mechanisms are also
used by bacteria (e.g., Winkler et al. 2004; André et al.
2008; Lee et al. 2010; Hollands et al. 2012; Mellin et al.
2013).

Among the most widespread riboswitch classes are those
that sense and respond to RNA-based coenzymes and second
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messengers. These observations strongly suggest that ribo-
switches might have emerged during the RNA World
(Breaker 2009, 2012; Garst et al. 2011), when biological sys-
tems lacked proteins that otherwise would serve as biochem-
ical sensors and switches. However, because no riboswitch
can be unambiguously traced to the last common universal
ancestor, these RNAs cannot be directly linked to the RNA
World. For example, representatives of only two classes are of-
ten found in species outside the bacterial domain of life.
Specifically, fluoride riboswitches (Baker et al. 2012) and thi-
amin pyrophosphate (TPP) riboswitches (Mironov et al.
2002; Winkler et al. 2002b) are sometimes present in species
of archaea, whereas TPP riboswitches are very common
among fungi (Sudarsan et al. 2003a; Cheah et al. 2007), algae
(Croftetal. 2007), and plants (Kubodera et al. 2003; Sudarsan
et al. 2003a; Wachter et al. 2007; Bocobza and Aharoni 2014).

In contrast, several riboswitch classes are exceedingly rare,
and therefore could represent recent evolutionary inventions
or perhaps ancient riboswitches that are being driven to the
brink of extinction. One such rare riboswitch class is called
preQ;-III, which, as the name implies, is the third validated
riboswitch class for the modified nucleobase called
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prequeuosine; (McCown et al. 2014). Only 86 examples of
this riboswitch class were identified from metagenomic se-
quence data or from members of a single bacterial lineage.
Even rarer are the variants of guanine riboswitches that sense
2’-deoxyguanosine (2'-dG). Only four examples of the 2’-
dG-I riboswitch class have been found, all of which occur
in a single organism, Mesoplasma florum (Kim et al. 2007).
Similarly, only 12 members of the distinct 2’-dG-II class
have been identified to date (Weinberg et al. 2017), and all
of these are present only in metagenomic sequence data.

Not surprisingly, the order of riboswitch class discovery
roughly corresponds to the number of representatives in
each class, such that the most common riboswitches were dis-
covered first. This has occurred because there is a higher prob-
ability of encountering a member of a common riboswitch
class versus a member of a rare class, regardless of whether
the search strategy involved a genetics-based or a bioinfor-
matics-based search. Some very rare riboswitch classes were
discovered only because their representatives are very close
derivatives of a more common riboswitch class, such as ade-
nine (Mandal and Breaker 2004) or the 2'-dG-I and -II ribo-
switches (Kim et al. 2007; Weinberg et al. 2017), all of which
are variants of the vastly more common guanine riboswitch
class initially discovered. Unfortunately, these close variants
will remain hidden among the bioinformatics hits for a
more prominent riboswitch class unless there are key distinc-
tions, such as mutations to the ligand-binding core of the
aptamer or gene associations that indicate a change in ligand
specificity (Kellenberger et al. 2015; Nelson et al. 2015;
Weinberg et al. 2017).

In recent years, the most productive strategy for the discov-
ery of riboswitches has involved the use of computer algo-
rithms to carry out comparative sequence analysis of the
noncoding DNA portions of bacterial genomes (Ames and
Breaker 2010). As noted above, these searches can uncover
the existence of variants of a known riboswitch class by iden-
tifying RNAs that closely correspond to the consensus se-
quence and secondary structure model of the predominant
class (e.g., Mandal and Breaker 2004; Kim et al. 2007;
McCown et al. 2014). Moreover, bioinformatics algorithms
can be used to find numerous new candidate riboswitches
(e.g., Barrick et al. 2004; Weinberg et al. 2007, 2010) that
must be subsequently validated by genetic, biochemical,
and biophysical studies.

In the current study, we have comprehensively examined
the known riboswitch classes using computational algo-
rithms to create refined consensus sequence and structural
models, identify rare variants, and establish the phylogenetic
distributions of each class. Our results suggest that the most
common riboswitch classes have largely been found, but that
a strikingly large number of rarer classes remain to be discov-
ered. Given their rarity and the inherent difficulties in search-
ing for small noncoding RNA motifs, the vast majority of
these undiscovered riboswitch classes will likely remain
hidden.
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RESULTS AND DISCUSSION

Strategy for the bioinformatics analysis of known
riboswitch classes

Riboswitch aptamers are among the most highly conserved
cellular components in biology, which reflects their need to
form highly selective binding pockets for target ligands using
only the four common nucleotides (Breaker 2011). In con-
trast, expression platforms can regulate gene expression via
a variety of mechanisms and structures (Breaker 2012), and
therefore are far less well conserved. Conserved aptamer fea-
tures include nucleotide sequences (particularly at or near the
ligand-binding core), secondary structures such as base-
paired stems and pseudoknots, and motifs such as k-turns,
E-loops, special tetraloops, and other common substructures
(Serganov 2009; Garst et al. 2011). Distinctive patterns of con-
servation can be readily established by examining only a few
representatives of a riboswitch aptamer class (e.g., Grundy
and Henkin 1998; Gelfand et al. 1999; Barrick et al. 2004).

Once established, consensus sequence and structural mod-
els help to define each riboswitch class (Ames and Breaker
2010; Breaker 2011). The consensus model also can be used
to direct bioinformatics algorithms to search for additional
RNAs that closely correspond to the consensus. These algo-
rithms can be made to rank candidate representative “hits”
based on how well their sequences and predicted substruc-
tures conform to the existing consensus model. Outliers
that are proven (or presumed) to function as riboswitches
can then help inform how the consensus model for the
aptamer should be updated to more accurately reflect the se-
quence and structural constraints on the riboswitch class.
This bioinformatics strategy has been used previously to re-
veal the existence of structural variants of preQ,-I, preQ,-II,
and preQ;-III riboswitches (McCown et al. 2014) and to
uncover variants of guanine riboswitches that exhibit altered
ligand specificities (Mandal and Breaker 2004; Mandal et al.
2003; Kim et al. 2007). Most recently, we have used a bioinfor-
matics search pipeline, guided by the known atomic-resolu-
tion structures of riboswitches, to identify additional rare
variants whose ligand-binding specificities have been altered
(Weinberg et al. 2017).

In the current study, we conducted a comprehensive anal-
ysis of the validated riboswitch classes to identify rare vari-
ants, to create a collection of updated consensus models,
and to establish phylogenetic distributions. To identify addi-
tional riboswitch representatives, homology searches were
performed using Infernal (Nawrocki and Eddy 2013) and
RNAMotif (Macke et al. 2001). Alignment of riboswitch se-
quences was achieved by using RALEE (Griffiths-Jones
2005), and the creation of updated consensus models was
achieved by using R2R (Weinberg and Breaker 2011).

Infernal is a program that searches sequence databases
for new members of an RNA class by comparative sequence
analysis (Nawrocki and Eddy 2013). Specifically, Infernal
searches make use of a covariance model (or consensus
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model), which exploits the sequence of a putative RNA and
its relationship to a given RNA secondary structure predic-
tion model that is based on either existing bioinformatics
or biochemical data. Infernal was designed to allow for the
rapid annotation of structured RNAs in newly curated ge-
nomes. By adjusting the E-value threshold, the user can in-
crease the number of false negatives or false positives. For
example, an E-value threshold of one could be expected by
random chance to yield a single false positive in the data
set examined. By increasing the E-value threshold and per-
mitting a higher number of false positives, careful examina-
tion of the results may yield new functional members of a
riboswitch class that were missed initially due to variation
of a putative conserved sequence or substructure represented
in the previous consensus model (McCown et al. 2011). By
iteratively searching for new representatives and adjusting
the consensus model accordingly, distinct variants that
were previously missed in searches based on an earlier model
can be identified. We used this approach to expand the num-
ber of representatives for all validated riboswitch classes.
Similarly, we sought to identify more representatives by
using RNAMotif (Macke et al. 2001), which makes use of a
covariance model in a format like that used by Infernal.
However, RNAMotif can include pseudoknots in the covari-
ation model, which facilitated the preliminary analysis of se-
quence databases to find additional representatives of a

riboswitch class. Revised consensus models were then devel-
oped for use by Infernal. Ultimately, Infernal generated ex-
tremely large sequence alignment files that were subjected
to further computational and manual analyses. For example,
RALEE was particularly useful for aligning large RNA regions
with numerous representatives, which allowed the identifica-
tion of conserved nucleotide sequences. R2R was used to
compute values of conservation and covariation among
nucleotides in each motif (Weinberg and Breaker 2011). In
addition, R2R was used to create a preliminary graphic depic-
tion of each motif, which was subsequently adjusted to pre-
pare representations of consensus models.

Our computer-assisted searches recorded more than
100,000 representatives of 38 validated riboswitch classes
(Fig. 1). In most instances, the functions of newly found var-
iants can be inferred because their genomic locations suggest
they are regulating genes that are routinely associated with
members of the parent riboswitch class. However, given
that there are sometimes many hundreds or even thousands
of members of a riboswitch class, experimental validation of
one or more representatives is usually conducted only if the
gene associations are very different or if the sequence or
structural variation is substantial. Precedents exist for the dis-
covery of rare riboswitch variants with novel ligand specific-
ities that were difficult to distinguish from the predominant
members of a larger riboswitch class. This problem was
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FIGURE 1. Rank order of riboswitch classes based on their abundance in genomic databases. Black and gray bars represent validated riboswitches
with known and unknown natural ligands, respectively. Blue text identifies riboswitch classes whose ligands are derived from RNA nucleotides or their
precursors. Each riboswitch class is named according to its ligand, wherein multiple structural classes for the same ligand are identified by Roman
numerals. Inset plots include data for rarer riboswitch classes. (TPP) Thiamin pyrophosphate, (AdoCbl) adenosylcobalamin or coenzyme B,,,
(SAM) S-adenosylmethionine, (C-di-GMP) cyclic-di-GMP, (FMN) flavin mononucleotide, (Mn**) divalent manganese, (C-di-AMP) cyclic-di-
AMP, (PreQ;) prequeuosine;, (ZTP) 5-aminoimidazole-4-carboxamide ribonucleoside-5'-triphosphate, (GlcN6P) glucosamine-6-phosphate,
(THF) tetrahydrofolate, (Moco) molybdenum cofactor, (Mg”) divalent magnesium, (SAH) S-adenosylhomocysteine, (Wco) tungsten cofactor,
(AqCbl) aquacobalamin, (NiCo) divalent nickel and divalent cobalt, (c-AMP-GMP) cyclic AMP-GMP, (2'-dG) 2’-deoxyguanosine, (FMN-Var.)

FMN riboswitch variant.
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encountered for riboswitches such as adenine (Mandal and
Breaker 2004) and 2'-dG-I (Kim et al. 2007) that are very sim-
ilar in sequence and structure to guanine riboswitches.
Similarly, riboswitches such as the c-AMP-GMP (Kellen-
berger et al. 2015; Nelson et al. 2015) and 2'-dG-II (Weinberg
etal. 2017) classes remained hidden for many years after their
parent classes had been discovered. Therefore, it is important
to note that some bioinformatics hits assigned to a particular
riboswitch class might actually represent unrecognized vari-
ants that have altered ligand specificity.

Graphical representations of riboswitch classes
and their characteristics

On the completion of our bioinformatics analyses, we pre-
pared a graphical representation of the distinguishing charac-
teristics for each riboswitch class (see Supplemental File 1 for
a complete collection). Each visual summary includes the fol-
lowing five characteristics for a given riboswitch class: (i) the
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name and chemical structure of the natural ligand, which also
serves as the source for the name of each riboswitch class; (ii)
the consensus sequence and secondary structure model for
the aptamer; (iii) when available, an atomic-resolution model
for the ligand-bound aptamer; (iv) the total number of ribo-
switch representatives currently predicted; (v) a depiction of
the phylogenetic distribution of the riboswitch representa-
tives among 36 bacterial divisions. A composite file including
all riboswitch classes also can be printed as a 3’ X 4’ poster for
display (Supplemental File 2).

An example of this graphical representation is provided for
TPP riboswitches (Fig. 2), whose members are the most com-
mon among all known classes (Fig. 1). Several TPP ribo-
switch variants from species of bacteria and from eukaryotes
have been demonstrated to selectively bind the coenzyme thi-
amin pyrophosphate (TPP) (e.g., see Mironov et al. 2002;
Winkler et al. 2002b; Sudarsan et al. 2003a; Thore et al.
2006). However, members of this dominant riboswitch class
can bind more weakly to thiamin monophosphate (TMP),

TPP

[i] PDB Ref: 2GDI [ii]
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20 25 30 35

[i] Winkler WC, et al. Nature, 419: 952-6 (2002) [ii] Serganov A, et al. Nature, 441: 1167-71 (2006)

FIGURE 2. Distinguishing characteristics of TPP riboswitches. (Left) Chemical structure of thiamin pyrophosphate, the natural ligand for TPP ribo-
switches. (Center) Consensus sequence and secondary structure model for TPP riboswitch aptamers. Note that the model is based on all types, in-
cluding those that carry mutations in the P4-P5 region and that cannot substantially discriminate against thiamin, thiamin monophosphate, and
TPP. Red, black, and gray letters represent nucleotides conserved in 97%, 90%, and 75% of the representatives, respectively, wherein R is a purine
and Y is a pyrimidine. Similarly, circles represent any nucleotide, wherein its presence is reflected by the same color-coding, with open circles rep-
resenting a nucleotide that is present in at least 50% of the representatives. Green, blue, and red shading of base pairs reflects strong evidence for
covariation, compatible mutations, or no covarying mutations, respectively. P1 through P5 represent base-paired substructures. Number highlighted
in black is the total collection of representatives for this riboswitch class in all three domains of life. (Right) Ribbon diagram representing an atomic-
resolution structure of a representative TPP riboswitch aptamer bound to its ligand (space-filling model). (Bottormn) The distribution of riboswitches
among 36 divisions (phyla or orders) of bacteria. Circle size represents the relative number of riboswitch representatives per nucleotide of sequenced
DNA as annotated elsewhere (Fig. 5). See Supplemental File 1 for a complete collection of similar data and imagery for all riboswitch classes.
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thiamin, and the TPP analogs amprolium, benfotiamine, and
pyrithiamine (Winkler et al. 2002b; Sudarsan et al. 2005;
Edwards and Ferré-D’Amaré 2006; Serganov et al. 2006).
This highlights the challenges faced by biochemists seeking
to validate the identity of the natural ligand for some
riboswitches.

In some instances, cells contain substantial amounts of
close metabolite derivatives, which can confound efforts to
identify the precise ligand that triggers gene regulation.
Indeed, in a separate study (A Roth, PJ McCown, K Zhang, ]
Lee, RR Breaker, in prep.), we identified a large collection of
TPP riboswitch variants that carry mutations in the pyrophos-
phate-binding core of the typical TPP aptamer. These variants
appear to have adapted to sense thiamin (vitamin B,) with an
affinity similar to that of its natural phosphorylated derivatives
(TMP and TPP). These findings, and similar observations
with other riboswitch classes (Mandal and Breaker 2004;
Kim et al. 2007; Johnson et al. 2012; Kellenberger et al.
2015; Nelson etal. 2015; Weinbergetal. 2017), reveal that evo-
lutionary forces can blur the lines between riboswitch classes
through the acquisition of mutations within a ligand-binding
pocket that can alter binding specificity.

Several atomic-resolution structure models have been
published that depict how the various conserved nucleotides
and secondary structure features collaborate to form a ligand-
binding pocket for TPP (Edwards and Ferré-D’Amaré 2006;
Serganov et al. 2006; Thore et al. 2006). Comparisons be-
tween the consensus model and the atomic-resolution model
are mutually supportive, such that regions of the RNA struc-
ture that are not important for ligand recognition or for
forming the binding pocket are highly variable in sequence
and structure, whereas regions that are critical for forming
the riboswitch aptamer are highly conserved.

Our bioinformatics analysis has revealed the presence of
nearly 16,700 TPP riboswitch representatives in DNA se-
quence databases (RefSeq version 56 and additional environ-
mental DNA sequence databases; see Materials and Methods).
These RNAs are distributed among spe-
cies from nearly all bacterial lineages. In
eukaryotes, the ligand-binding domain
conforms to the previously established
consensus model for TPP aptamers
(Sudarsan etal. 2003a), whereas represen-
tatives that carry mutations in the P4-P5
region that reduce molecular discrimina-
tion are present in many bacteria (A Roth,
PJ McCown, K Zhang, J Lee, RR Breaker,
in prep.). There are several possible expla- lons

Coenzymes

Aquacobalamin

Tetrahydrofolate

A RNA-derived Compounds B

Adenosylcobalamin

Thiamin pyrophosphate
Flavin mononucleotide
S-Adenosylmethionine
Molybdenum cofactor
Tungsten cofactor

S-Adenosylhomocysteine

Amino Acids Other Metabolites

(Kim etal. 2015). Another possibility is that the concentration
of TPP within an organism is substantially higher than those
of the other natural analogs, and therefore the ability to dis-
criminate against all possible ligands is not necessary. This
is also presumed to be the case for some 2'-dG-I (Kim et al.
2007), SAM-SAH (Weinberg et al. 2010), and c-di-GMP
(Nelson et al. 2015) riboswitches. However, sometimes the
TPP riboswitch variants occur in the same genome, which
suggests that riboswitches gain in regulatory sophistication
by exploiting ligand specificity changes.

RNA-derived compounds are the most prevalent ligands
for the common riboswitch classes

We have previously speculated that there perhaps are many
thousands of riboswitch classes that remain to be discovered
(Ames and Breaker 2010; Breaker 2012) (see also the
Discussion below). However, because common riboswitches
are more likely to be discovered than the very rare, we likely
already have in hand a near-complete collection of the 25
most abundant classes. Thus, even with this small sampling,
we can begin to speculate with a reasonable expectation for
accuracy about the nature and origin of riboswitches and
the ligands they sense.

Most noteworthy is that an unusually large number of
riboswitches sense ligands that are derived from RNA nucle-
otides or their precursors (Fig. 3). For example, five of the
seven most common riboswitch classes selectively respond
to the RNA-based coenzymes TPP (see above), B}, (adeno-
sylcobalamin or AdoCbl) (Nahvi et al. 2002), SAM (sensed
by two distinct classes in the top seven) (Epshtein et al.
2003; McDaniel et al. 2003; Winkler et al. 2003), and FMN
(Fig. 1; Mironov et al. 2002; Winkler et al. 2002a). In total,
more than a dozen classes or subclasses of riboswitches re-
spond to nine nucleotide-like coenzymes. Intriguingly, these
coenzymes are proposed to have been present during an evo-
lutionary phase before proteins had emerged (Woese 1967;

RNA
Derivatives

Nucleotide Derivatives
Guanine
Adenine
Prequeuosine-1
2"-Deoxyguanosine

Signaling Molecules
Cyclic di-GMP
Cyclic di-AMP
Cyclic AMP-GMP
ZTP

nations for the presence of these aptamer
variants. Perhaps these organisms do not
selectively bind TPP, but rather read out
the total pool of thiamin, thiamine mono-
phosphate, and TPP, similarly to the
manner in which ZTP riboswitches rec-
ognize differently phosphorylated forms

Mg 2+ Lysine Glucosamine-6-phosphate Nl.lcileotide
Mn2+ Glycine Azaaromatics Der v;tives
F- Glutamine Guanidine )
Ni2+/Co2+

FIGURE 3. The ligands for known riboswitch classes. (A) List of the known riboswitch ligands
grouped by ligand type. (B) Pie chart presenting the number of distinct riboswitch classes for the
various ligand groups as presented in A. Note that the majority of riboswitches sense ligands de-
rived from RNA monomers or their precursors.
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White 1976; Benner et al. 1989). Perhaps riboswitch recep-
tors for these coenzymes also have persisted through evolu-
tion, and represent modern versions of ancient RNA World
regulatory RNAs (Nahvi et al. 2002; Breaker 2006, 2009). It
has also been noted previously (Vitreschak et al. 2004) that
the widespread nature and relative simplicity of riboswitches
are consistent with their ancient origin.

Another striking trend is the abundance of RNA-based sig-
naling molecules that are recognized by riboswitches. Five
riboswitch classes are known that respond to c-di-GMP
(two classes) (Sudarsan et al. 2008; Lee et al. 2010), c-di-
AMP (Nelson et al. 2013), c-AMP-GMP (Kellenberger et
al. 2015; Nelson et al. 2015), and ZTP (Kim et al. 2015).
These observations again suggest that modern cells still carry
traces of ancient RNA World signaling partnerships between
riboswitches and small-molecule signals formed from ribo-
nucleotide components (Breaker 2010; Nelson and Breaker
2017).

Perhaps in the future, additional molecular signals will be
discovered by searching for the ligands of “orphan” ribo-
switches. Orphans exhibit characteristics typical of ribo-
switches, but their cognate ligands are not so readily
elucidated. Notably, riboswitches for the signaling com-
pounds c-di-AMP and c-AMP-GMP were discovered before
these molecules were known to exist. Specifically, the ydaO
orphan riboswitch class (Barrick et al. 2004) was reported
several years before c-di-AMP was first discovered (Witte et
al. 2008), followed thereafter by confirmation of c-di-AMP
as the riboswitch ligand (Nelson et al. 2013). Similarly, c-
di-GMP riboswitch variants (Sudarsan et al. 2008) were in
hand, but remained unlinked to their natural ligand until af-
ter their ligand, c-AMP-GMP, had been discovered by other
means (Davies et al. 2012). It seems very plausible that addi-
tional signaling molecules will be discovered by pairing cer-
tain orphan riboswitches to their natural ligands.

Five distinct riboswitch classes sense atomic ions

The vast majority of known riboswitch classes sense small-
molecule metabolites. However, four different riboswitch
classes have been discovered that sense divalent cations and
another senses a monoanion. Moreover, given the impor-
tance of inorganic ions in biology, and given the inherent
ability for polyanionic RNA polymers to interact with cation-
ic ligands, we expect that the collection of riboswitch classes
for metal ions will grow substantially.

Ion-binding riboswitches, particularly those that sense
divalent metals, can pose challenges for those seeking to val-
idate their functions. Most likely, all riboswitch classes will ei-
ther form binding pockets for metal ions such as Mg**, or at
least be influenced by nonspecific interactions with these cat-
ions via ionic interactions with the negative charges of the
RNA phosphodiester backbone. To provide a convincing
proof for inorganic-ion-responsive riboswitches, evidence
for cation binding must be augmented with additional evi-
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dence for riboswitch function such as demonstrations of li-
gand-dependent gene control. Such strong lines of evidence
have been reported for the five riboswitch classes described
below.

Two classes of well-conserved aptamers bind Mg”" and
control genes involved in magnesium homeostasis. The
most common of these is the Mg**-I riboswitch class (for-
merly called the ykoK motif), which uses an unusually large
and elaborate aptamer domain (Barrick et al. 2004; Dann
et al. 2007). Our current bioinformatics analyses revealed
971 representatives of Mg”*-I riboswitches distributed among
species from 12 disparate bacterial divisions (Supplemental
File 1). Both the elaborate structure and the distribution of
Mg*"-I riboswitches are surprising, given that much simpler
RNA structures that change their shape in response to Mg>"
binding should be common in sequence-space.

An important clue regarding the possible special utility of
this riboswitch class is revealed by functional and biophysical
studies. It has been demonstrated that Mg**-I riboswitches
bind multiple Mg*" ions in a highly cooperative fashion
(Dann et al. 2007). Therefore, cells that carry this riboswitch
class should be able to regulate gene expression more “digi-
tally” (all on or all off) in response to very small changes in
ligand concentration. Metabolite-binding riboswitches that
exhibit similar cooperative ligand-binding characteristics
have been reported for the ligands glycine (Mandal et al.
2004; Butler et al. 2011), THF (Trausch et al. 2011), c-di-
AMP (Gao and Serganov 2014; Jones and Ferré-D’Amaré
2014; Ren and Patel 2014), and guanidine (Sherlock et al.
2017). For cells that carry Mg**-I riboswitches, a more digital
genetic switch might be worth the extra cost of conserving
and producing a more complex RNA architecture.

In contrast, a different Mg2+-resp0nsive riboswitch class
(Cromie et al. 2006), herein called Mg“—II, is far simpler
in architecture and requires far fewer conserved nucleotides.
Surprisingly, our computational searches revealed only 101
representatives that are narrowly distributed in Proteobacte-
ria. The vast majority of these riboswitches are associated
with mgtA and mgtE genes, which code for Mg*" transport-
ers. It is not yet known whether members of this riboswitch
class respond to the tight binding of only one Mg*" ligand,
or whether they can exhibit more complex functions.
However, the structural characteristics suggest that members
of this class might be functionally simpler than Mg”*-I
riboswitches.

The selectivity of metal cation binding becomes important
for riboswitches that respond to divalent metals that are far
less abundant in cells compared to Mg**. At least one natural
riboswitch class forms a highly specific and highly coopera-
tive aptamer that responds fully only to Ni** and Co®*
ions. Members of the NiCo riboswitch class form an intricate
binding pocket that selectively and cooperatively binds four
Ni*" or Co”" ions, although Mn*" also can be weakly bound
noncooperatively (Furukawa et al. 2015). Ligand-binding
selectivity is derived by the formation of both inner- and
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outer-sphere interactions largely involving N7 groups of gua-
nine residues and 2’ oxygen atoms of ribose moieties. There is
extensive sharing of nucleotides to form adjacent ligand-
binding sites, which likely explains the source of cooperativ-
ity. Cooperative binding of Ni** or Co*" might be important
for cells to detect and respond to even small increases in the
concentration of these ions, which can be toxic at even mod-
est concentrations. Many of the genes associated with this
riboswitch class are predicted to be heavy metal ion channels,
and therefore this riboswitch class likely serves as a sensor of
toxic concentrations of Ni** and/or Co*".

One of the longest-unresolved orphan riboswitch candi-
dates was the yybP motif RNA (Barrick et al. 2004). After
many years of uncertainty (Meyer et al. 2011), both genetic
(Dambach et al. 2015) and structural (Price et al. 2015)
data eventually confirmed the hypothesis (Waters et al.
2011) that members of this orphan riboswitch candidate nat-
urally respond to Mn*" ions. A total of 4383 representatives
of this riboswitch class have been identified in species from
18 divisions of bacteria, indicating that this riboswitch and
its natural ligand are broadly important for bacteria.
Indeed, Mn>" is very common in the environment and cells
have had to evolve mechanisms to sense and respond to high
concentrations of this divalent cation. The validation of yybP
motif RNAs as Mn>" riboswitches reveals a common sensor
for this divalent cation and possible mechanisms by which
cells overcome Mn*" toxicity. However, it seems possible
that rare variants of yybP motif RNAs could exist that have
altered metal-binding specificities. If true, then members of
this exceedingly widespread motif might help cells detect a
greater diversity of ions on the periodic table.
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Finally, one of the most remarkable riboswitch classes dis-
covered to date selectively responds to fluoride. Initially,
members of this class were reported as crcB orphan ribo-
switch candidates (Weinberg et al. 2010), but later were for-
tuitously found to function as fluoride-dependent gene
control elements (Baker et al. 2012). Over 2500 fluoride
riboswitches (Fig. 4A) were identified in 24 of the 36 divi-
sions of bacteria. Moreover, members of this riboswitch class
are also frequently present in species of archaea, suggesting
that organisms have long exploited fluoride riboswitches to
detect and respond to toxic levels of this anion. The most
striking characteristic of members of this riboswitch class is
that they can form a highly selective binding pocket for a
negative point charge, despite carrying a negative phosphate
group at every nucleotide in the RNA chain. An X-ray struc-
ture model of the binding site (Fig. 4B) wonderfully reveals
how an RNA polyanion can form a tight binding pocket for
fluoride (Ren et al. 2012). Notably, the RNA only makes
use of aptamer phosphate groups to form a triangular
Mg*" cage, which selectively docks a single fluoride ion at
its center. Perhaps other inorganic ions could be recognized
by riboswitches that use similar strategies to form binding
pockets for such unlikely ligands.

Riboswitches for amino acids and other metabolites

Despite the strong bias in favor of RNA World ligands, a few
riboswitch classes sense and respond to metabolites that are
not directly derived from RNA components. Lysine (Grundy
et al. 2003; Sudarsan et al. 2003b), glycine (Mandal et al.
2004), and glutamine (Ames and Breaker 2011) are
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FIGURE 4. Fluoride riboswitches use their polyanionic RNA backbone to form a structure that selectively binds a fluoride anion. (A) Characteristics
of fluoride riboswitches. Annotations are as described for Figure 2. (B) The atomic-resolution model for the ligand-binding site of a fluoride ribo-
switch. Fluoride (red) resides at the center of a Mg®" triangle (blue), which is created by five negatively charged phosphates of the RNA aptamer

backbone.
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recognized by elaborate and relatively abundant riboswitch
aptamers. Perhaps most puzzling is the fact that only three
of the 20 common amino acids are directly sensed by ribo-
switches. Where are the riboswitch classes for the remaining
17 common amino acids?

One possible answer to this question is that, in Gram-pos-
itive bacteria, most amino acids are indirectly sensed by T box
regulatory RNA elements (Green et al. 2010). T box RNA do-
mains are present in the 5° UTRs of many genes involved in
amino acid synthesis and transport, as well as genes encoding
aminoacyl-tRNA synthetases. Each T box RNA selectively
base pairs with the anticodon loop of its cognate tRNA.
The T box uses steric constraints to bind only tRNAs that
lack an amino acid at the 3’ terminus. Binding of non-amino-
acylated tRNAs activates gene expression, and thereby T box
domains indirectly report on the amount of a specific amino
acid present in the cell without ever directly binding the ami-
no acid. Another possible answer is that attenuator systems
that also indirectly sense amino acid deficiency are more
common than had previously been known (S Stav, R
Atilho, G Nguyen, G Mirihana-Arachichilage, RR Breaker,
in prep.) Although T box regulatory elements and attenuator
systems are widely used to sense amino acids in certain bac-
terial lineages, it seems very likely that novel riboswitch clas-
ses will be discovered that directly sense a greater variety of
the common amino acids.

To date, only three other metabolites that are not directly
derived from RNA components are known to be sensed by
riboswitches. However, the riboswitch classes that sense these
compounds all have noteworthy characteristics. The first
such riboswitch detects the modified sugar compound glu-
cosamine-6-phosphate (GIcN6P), which is selectively bound
by RNA to regulate the expression of the glmS gene in many
Gram-positive bacteria (Barrick et al. 2004; McCown et al.
2011). Importantly, members of this riboswitch class are
called glmS ribozymes because they also function as self-
cleaving RNAs (Winkler et al. 2004) that use the sugar ligand
as a cofactor to promote RNA strand scission (Klein and
Ferré-D’Amaré 2006; Cochrane et al. 2007; Ferré-D’Amaré
2010; Bingaman et al. 2017). GIcN6P-triggered RNA strand
scission causes the associated mRNA to be rapidly degraded
(Collins et al. 2007), thus repressing gene expression. This
is the only metabolite-cofactor-dependent ribozyme discov-
ered to date, although other riboswitch-triggered ribozymes
have been reported (Lee et al. 2010).

Members of the second riboswitch class respond to a diverse
collection of multi-ring molecules that can best be called
“azaaromatic” ligands, and thus these RNAs are called azaar-
omatic riboswitches (Li et al. 2016). Within the genomic
DNA database used for our study, 743 representatives of azaar-
omatic riboswitches were identified, which suggests that
members of this class sense a natural compound that is of
wide importance to bacteria. However, the riboswitch associ-
ates with only a single gene, called yjdF, whose protein product
has an unknown function and therefore provides no clues re-
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garding the riboswitch ligand. Moreover, the diversity of com-
pounds that are bound by the RNA suggests that the RNA does
not selectively bind a single natural ligand, but rather has
adapted to sense a large diversity of azaaromatic or similar
compounds. Indeed, when the yjdF gene is not associated
with an azaaromatic riboswitch, it is commonly located im-
mediately downstream from a gene for PadR proteins, whose
functions are notable for their ability to broadly recognize pla-
nar multi-ring structures (Madoori et al. 2009). Perhaps
azaaromatic riboswitches sense a broad range of such com-
pounds as part of a toxic compound recognition and disposal
system. If true, then azaaromatic riboswitches might be an ear-
ly form of generalist ligand sensor, whereas PadR proteins
might be more recent mimics of this versatile regulatory RNA.

The remaining non-RNA-derived ligand sensed by ribo-
switches is guanidine. Indeed, there are three distinct classes
called guanidine-I, -II, and —III that selectively bind guani-
dine and regulate genes whose protein products overcome
guanidine toxicity (Nelson et al. 2017; Sherlock and
Breaker 2017; Sherlock et al. 2017). Each of these classes,
originally called ykkC (Barrick et al. 2004), mini-ykkC
(Weinberg et al. 2007), and ykkC-III (Weinberg et al. 2010)
was considered an orphan riboswitch candidate, with the
ykkC class resisting experimental validation for over a decade
(Meyer et al. 2011). Guanidine-I riboswitches, for example,
use a sophisticated RNA structure to form a guanidine-selec-
tive binding pocket that exploits all possible hydrogen-bind-
ing contacts and cation—n interactions with the ligand
(Battaglia et al. 2017; Reiss et al. 2017). Guanidine-II ribo-
switches have perhaps the most striking functional character-
istics given their exceedingly simple architecture. The two
small and near-identical hairpins appear to form two guani-
dine binding pockets that function cooperatively (Sherlock
etal. 2017). These subdomains represent the smallest natural
ligand-binding domains known to date, suggesting that other
tiny riboswitch aptamers might remain to be discovered.

Although the guanidyl moiety is present in fundamental
metabolites such as guanine and arginine, free guanidine
was not known to be a broadly important compound in bac-
teria until these riboswitches were experimentally validated.
If riboswitch abundance and diversity are reasonable metrics
for ligand relevance early in evolution, then free guanidine
might have been a very important compound in the RNA
World.

Orphan and other riboswitch candidates

In addition to the orphan riboswitches noted above whose
ligands have been solved, other widespread orphan ribo-
switch candidates also have been experimentally validated.
For example, representatives of the GEMM (Weinberg et al.
2007) and pfl (Weinberg et al. 2010) orphans have since been
proven to respond, respectively, to c-di-GMP (Sudarsan et al.
2008; Kulshina et al. 2009; Smith et al. 2009) and ZTP (Jones
and Ferré-D’Amaré 2015; Kim et al. 2015; Ren et al. 2015;
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Trausch et al. 2015). A general theme is that the natural
ligands for these long-standing riboswitch candidates re-
mained mysterious because either the ligands, the biological
processes regulated by the ligands, or both, were obscure or
even entirely unknown. Given these outcomes, it is likely
that other long-standing orphan riboswitch classes will be
demonstrated to bind ligands that are broadly important
for bacteria, but where the biochemical processes they regu-
late are generally underappreciated.

The ligands for nearly all of the first collection of orphan
riboswitch classes (Barrick et al. 2004) have now been iden-
tified, although there are rarer variants of some of these
RNAs that likely sense additional ligands and thus remain or-
phans (Nelson et al. 2017; Weinberg et al. 2017). We are un-
likely to run out of challenging orphan riboswitch candidates
anytime soon. Approximately 20 additional RNA motifs
published six or more years ago exhibit characteristics
strongly indicative of riboswitch function (E Greenlee,
S Stav, K Perkins, ME Sherlock, KI Brewer, RR Breaker, in
prep.). Furthermore, many additional orphan riboswitch
candidates are present in a collection of over 200 novel
ncRNA motifs (Z Weinberg, RR Breaker, in prep.).

For our current analysis, we have not included the charac-
teristics of these orphan candidates because some might not
prove to be riboswitches. Also, we chose not to further analyze
four putative riboswitch classes previously proposed by others
because their functions as novel riboswitches have not been
convincingly validated. Specifically, a proposed riboswitch
for aminoglycoside antibiotics (Jia et al. 2013) is most likely
a previously studied DNA element exclusively associated
with integrons (Roth and Breaker 2013). A proposed arginine
riboswitch in the fungal species Aspergillus nidulans lacks
demonstration of a saturable binding site or evidence for se-
quence and structural conservation (Borsuk et al. 2007).
Similarly, a putative Mn*" riboswitch lacks sufficient genetic
or biochemical evidence of ligand-induced function (Shi
et al. 2014). Finally, recently proposed novel riboswitches as-
sociated with homocysteine and homoserine metabolic genes
(Leyn et al. 2014) are actually canonical members of the SAM-
II riboswitch class (S Stav and RR Breaker, unpubl.).

For some variant riboswitches included here, analyses have
not been detailed, or have provided only modest new infor-
mation. For example, there are only a few different represen-
tatives of an FMN riboswitch variant originally called
CD3299 RNA (Blount et al. 2012; Blount 2013), which are
primarily present in various strains of Clostridium difficile
(Weinberg et al. 2017) and in select gut metagenomic sam-
ples that are nearly identical to C. difficile (RM Atilho,
K Perkins, RR Breaker, in prep.). The CD3299 mRNA has
been proposed to code for a riboflavin import protein
(Gutiérrez-Preciado et al. 2015), although it is annotated as
a putative multidrug transporter. The variant riboswitch
RNAs are not associated with other known FMN metabolism
genes, and they differ from the FMN riboswitch consensus
sequence primarily at nucleotide positions involved in ligand

binding. Although members of this FMN variant are rare, it is
unlikely that the variants are simply defective FMN ribo-
switches that are being lost to evolution since many strains
of C. difficile carry them. Recently, we have determined that
these variants completely reject FMN or its most common
natural derivatives riboflavin and FAD (RM Atilho, K
Perkins, RR Breaker, in prep.). Rather, a representative was
found to bind certain FMN degradation products or more
distant chemical analogs that also trigger gene expression.

Indeed, it seems likely that many exceedingly rare ribo-
switch classes exist that have been derived recently through
evolution, either by alterations to existing riboswitch repre-
sentatives or by the emergence of novel motifs through nat-
ural structural exploration by mRNAs. In addition to the
FMN riboswitch variant in C. difficile, other FMN riboswitch
variants have been identified in a previous study (Pedrolli
et al. 2012). One such representative appears to have evolved
to functionally discriminate against the natural FMN analog
called roseoflavin phosphate, a compound that exhibits anti-
bacterial properties. Roseoflavin phosphate and its unphos-
phorylated precursor roseoflavin are known to bind tightly
to several examples of FMN riboswitches (Lee et al. 2009;
Ott et al. 2009; Serganov et al. 2009). This binding and sub-
sequent suppression of genes coding for FMN biosynthesis
might at least partly explain the source of the antibacterial ac-
tivity of roseoflavin. However, organisms that produce rose-
oflavin as an antibacterial natural product must guard against
self-poisoning. Variant FMN riboswitches that are not ad-
versely affected even if roseoflavin binds could be one strategy
whereby natural producers of roseoflavin avoid poisoning
their own cells.

Despite the functional differences among some variant
FMN riboswitches in recognizing FMN versus roseoflavin
phosphate, in the current study we did not create distinct
classes for these variants. Moreover, it is not yet clear how
the variations in sequence and structure lead to differences
in functional responses to the two ligands. Therefore, we
could not computationally define and track the precise nucle-
otide changes that would enable the clear separation of FMN-
like riboswitches into these two functional categories.

Phylogenetic distributions of riboswitches

Interesting patterns for riboswitch distribution and preva-
lence emerged on examination of the 38 general riboswitch
classes investigated in this study (Fig. 5). Whereas some ribo-
switch classes are broadly distributed among the various
bacterial divisions, others are only narrowly distributed.
Moreover, some phyla are particularly enriched for the known
riboswitch classes. In particular, the phylum Firmicutes (in-
cluding the classes Bacilli and Clostridia) have the most ribo-
switch representatives with 13,577 (Table 1). The phylum
Proteobacteria ranks second with 10,751 riboswitch represen-
tatives. However, it is important to note that there is a poten-
tial for some bias in these distributions because sequenced
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FIGURE 5. Grid depicting the presence and abundance of experimentally validated riboswitch classes. Abbreviations are as described for Figure 1 and
data point sizes are as described for Figure 2. There are 38 general riboswitch classes, which are those that either bind a distinct ligand or use a distinct
architecture to bind a ligand that is already known to be bound by another class. For example, guanine and adenine riboswitches are distinct or “gen-
eral” classes because they bind distinct ligands, even though they exploit near-identical aptamer architectures. The type 1, 2, and 3 RNAs of the preQ;-I
riboswitch class use only modestly different aptamer sequences and structures to bind the ligand preQ;, and thus constitute members of a single ge-
neral class. Likewise, the RNAs called SAM-I (or S box), -IV, and -I/-IV are all close structural types of the general SAM-I class, and the RNAs originally
called SAM-II and -V are types of the general SAM-II class. Notes: All known representatives of the 2’'-dG-II riboswitch class are derived from meta-
genomic data, and there is insufficient DNA sequence information in these sequencing reads to confidently assign the hits to bacterial divisions.
Caution should be used in interpreting rare instances of a riboswitch class in certain bacterial lineages, because some bioinformatics hits could be
false positives.

genomes in the databases analyzed include an overrepresen- Riboswitches are rarely identified by computationally
tation of species from Firmicutes and Proteobacteria  searching through bacteriophage genomes, and therefore
(Sentausa and Fournier 2013). Regardless, organisms from  we do not include phages in our graphical depictions.
these two bacterial divisions have a higher density (riboswitch ~ Previously, only two examples of c-di-GMP-I riboswitches
representatives per nucleotide sequenced), suggesting that  were found in prophages of C. difficile (Sudarsan et al.
they indeed are enriched in known riboswitches (Fig. 5). 2008). Through our current bioinformatics search efforts,
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TABLE 1. Distribution of all riboswitches per phylum

Lineage Hits Lineage (cont.) Hits
Environmental 69345  Euryarchaeota 79
Firmicutes 13577  Planctomycetes 66
Bacilli (7598)  Acidobacteria 58
Clostridia (5221)  Verrucomicrobia 45
Negativicutes (557) Deferribacteres 30
Erysipelotrichi (201)  Ascomycota 23
Proteobacteria 10,751  Chrysiogenetes 15
y-proteobacteria (4869)  Nitrospirae 14
a-proteobacteria (2765)  Aquificae 14
B-proteobacteria (2096)  Dictyoglomi 11
3-proteobacteria (914)  Chlamydiae 8
e-proteobacteria (105)  Fibrobacteres 7
C-proteobacteria (2) Gemmatimonadetes 7
Actinobacteria 4572  Crenarchaeota 6
Bacteroidetes 1256  Caldiserica 4
Fusobacteria 435  Thermodesulfobacteria 4
Cyanobacteria 357 Lentisphaerae 3
Deinococcus-Thermus 248  Elusimicrobia 2
Chloroflexi 229  Basidiomycota 2
Spirochaetes 197  Viridiplantae 2
Synergistetes 162  Class | Virus Family 2
Tenericutes 111 Korarchaeota 1
Chlorobi 92  Thaumarchaeota 1
Thermotogae 87

Bacilli, Clostridia, Erysipelotrichi, and Negativicutes are members
of the phylum Firmicutes. All the phylum names that have a Greek
letter followed by the suffix -proteobacteria (e.g., A-proteobacteria)
are members of the phylum Proteobacteria. Numbers of hits in
parentheses are included in the totals for the relevant phyla.

we only identified two glutamine riboswitch aptamers en-
coded by two different cyanophage genomes. These findings
strongly suggest that bacteriophages rarely use metabolite- or
inorganic ion-binding riboswitches to control gene expres-
sion. However, we cannot rule out the possibility that bacte-
riophages exploit riboswitches more extensively. Perhaps
they favor using classes that have yet to be discovered, or
sense ligands that are far rarer than those that trigger the
common riboswitch classes.

Similarly, our findings also reveal that species in the
Archaeal domain of life sparingly use very few of the known
riboswitch classes. The Archaeal phylum Euryarchaeota
possess the most riboswitches with 79, while the phylum
Crenarchaeota possesses six, and the phyla Korarchaeota
and Thaumarchaeota each possess only one. Members of
two riboswitch classes, TPP (Rodionov et al. 2002) and fluo-
ride (Weinberg et al. 2010; Baker et al. 2012), are most com-
mon and were the only riboswitch classes previously known to
be present in this domain of life (Sun et al. 2013). However,
our study revealed that examples of FMN, Mg”*-1, guani-
dine-II riboswitch classes are also occasionally present.

TPP riboswitches are also present in some eukaryotic spe-
cies, primarily among fungi (72 examples), plants (23), and
algae (four). Curiously, there are seven TPP riboswitches in
a single protist species, Perkinsus marinus. Also, only one ex-

ample was found in the metazoan Hydra magnipapillata, but
the animal kingdom otherwise appears to be devoid of TPP
riboswitches. Almost without exception, eukaryotes were
found to be devoid of other riboswitch classes. A single rep-
resentative of a SAM-I riboswitch has been identified in the
protozoan Trichomonas vaginalis (RR Breaker, unpubl.).
However, DNA sequences flanking this riboswitch appear
to be of bacterial origin, which suggests that its presence is
due to a more recent horizontal transfer of genetic informa-
tion or possibly contamination during the DNA sequencing
process. We found one example of a fluoride riboswitch in
HSR1 RNA, which had been proposed to be a human
ncRNA (Shamovsky et al. 2006). However, this RNA has
proven to be a bacterial sequence that likely contaminated
RNA samples isolated from human cells (Kim et al. 2010;
Choi et al. 2015). We did not detect representatives of the
other validated riboswitch classes from bacteria in any eu-
karyotic species, suggesting that these riboswitch classes
might be only rarely (if at all) used by this domain of life.

It has been proposed that riboswitches might serve as tar-
gets for the development of novel antibacterial agents
(Blount and Breaker 2006; Deigan and Ferré-D’Amaré
2011). Indeed, efforts to create novel compounds that bind
riboswitches have yielded antibacterial efficacy (Kim et al.
2009; Mulhbacher et al. 2010; Blount et al. 2015; Howe
et al. 2015), although some of these compounds might use
broader mechanisms to inhibit bacterial growth (Kim et al.
2009; Kofoed et al. 2016). The distribution of riboswitches
among various divisions of bacteria (Fig. 5) can be used to
identify classes that might be most amenable to the develop-
ment of broad-spectrum antibiotics. For example, TPP,
AdoCbl, SAM-I, and FMN riboswitch classes might yield an-
tibacterial compounds that target the widest number of path-
ogens. Presumably, drug binding to these riboswitches would
be detrimental to bacteria because this should suppress the
production and import of these essential coenzymes.

In contrast, most other classes are more narrowly distrib-
uted, and some of these classes would not serve as good drug
targets for other reasons. However, some of the rarer ribo-
switch classes that regulate critical genes might be useful tar-
gets for compounds that serve as more focused or narrow-
spectrum antibiotics. Given the importance of diverse micro-
biomes for human health, it might be best in some cases to
use precision inhibitors of specific pathogenic species, rather
than using a broad-spectrum antibiotic.

How many riboswitches remain to be discovered?

The rank order of riboswitch classes based on prevalence
(Fig. 1) reveals that riboswitch classes with relatively few rep-
resentatives predominate over classes with large numbers of
representatives. These data, like many other natural phenom-
ena, appear to follow a power law (Newman 2004) distribu-
tion, wherein one number is related to the fixed power of
another. Specifically, the numbers Y and X are related by
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class is abundant or rare, include such
things as the date of evolutionary emer-
gence of a riboswitch class, its utility to
the host cell, its size and information con-
tent, its evolutionary malleability, and a
variety of other characteristics. Through
evolution, some riboswitches will become
unusually abundant, particularly if they
emerged very early in evolution and serve a fundamental sen-
sory and regulatory role that persists in nearly all modern spe-
cies. In contrast, some riboswitch classes will be exceptionally
rare, primarily due to their more recent evolutionary appear-
ance, the lack of need for their functions in most modern spe-
cies, and/or their displacement by competing genetic factors
such as proteins. These forces will likely have been present
throughout the eons of evolution, yielding many riboswitch
classes with abundances spanning many orders of magnitude.

Data that conform to a simple power law relationship
should yield a straight line on a log—log plot. At first glance,
a log-log plot of the riboswitch class rank order versus the
number of representatives for each class identified in the
DNA sequence databases used in this study appears to be a
poor fit to a power law equation (Fig. 6A). However, there
are two simple effects that can explain the data points varying
from the expected distribution. First, the most abundant
riboswitch classes encounter a unique limitation that the
vast majority of riboswitch classes do not encounter. The
power law simulation used to establish the line indicates
that the most common riboswitch class should have
~100,000 representatives, and the second-most common
class should have ~33,000. However, the most common
riboswitch class in bacteria, which senses TPP, has only
16,701 members, and the second-most common class, which
senses AdoCbl, has only 14,336. To attain the predicted val-
ues, there would need to be nearly sixfold and 2.3-fold more
TPP and AdoCbl riboswitches, respectively, in each average
host cell than are observed. These numbers are entirely un-
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Riboswitch Class Rank

Riboswitch Order of Discovery

FIGURE 6. Evidence that riboswitch classes conform to a power law distribution. (A) A log—log
plot depicting the validated riboswitch classes ranked (x-axis, X) in order of their abundance (y-
axis, Y). The dashed line represents an ideal power law distribution from the equation Y = mX”
where m and b were set to 100,000 and —1.6, respectively, to yield a line that best tracks the data.
(B) Plot of the abundance of each riboswitch class on a log scale versus the order of discovery. Red
points represent classes discovered as rare variants of more common classes.

necessary for cells to manage the metabolic processes needed
to maintain the availability of these coenzymes. As a result,
the abundances of the most common riboswitch classes are
expected to fall short of those predicted by the power law.
Such deviations are sometimes observed for the distributions
of other natural phenomena as well (Newman 2004).

Second, the abundances of the rarer riboswitch classes fall
precipitously below those predicted by the simulated power
law distribution. However, this effect is easily explained by
the certainty that we have not discovered all riboswitch clas-
ses in the data set analyzed in this study. Specifically, rarer
riboswitches are more difficult to discover by whatever meth-
od has been used to discover riboswitch classes to date. For
example, rare riboswitches are less likely to be uncovered
by comparative sequence analysis approaches because multi-
ple representatives are necessary to make convincing consen-
sus models and establish genome contexts—two important
requirements for defining strong riboswitch candidates.
Rarity also reduces the probability that a geneticist will en-
counter a riboswitch-mediated gene control process through
mutational screens or other genetic analyses. Thus, we have a
more complete collection of the common riboswitch classes,
and a progressively incomplete collection of the ever-rarer
classes. We expect that, as rarer riboswitch classes are discov-
ered, the new data points on riboswitch class abundance will
more closely follow the power law projection.

A plot of the order of discovery for novel riboswitch classes
versus abundance reveals that this expected correlation in-
deed exists (Fig. 6B). Therefore, we do not expect to see the
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discovery of additional riboswitches discovered that rank
among the top 25 classes, at least within the current DNA se-
quence data sets examined. More importantly, if the power
law distribution as depicted roughly holds, then there are
likely to be hundreds of riboswitch classes that remain undis-
covered among the sequence databases we have analyzed, and
many thousands of classes among the many bacterial species
on the planet that have yet to be studied (Stewart 2012). Of
course, the vast majority of these undiscovered riboswitch
classes will be exceedingly rare, but their discovery will be
progressively aided by searching through the increasing
amounts of novel DNA sequences being made available.
Each new riboswitch find has the potential to teach us
more about how RNA folds to selectively bind its target li-
gand, and much more about how cells regulate the diverse bi-
ological processes they use.

Also, by using the power law relationship, we can estimate
the total number of individual riboswitch representatives re-
maining to be discovered. Surprisingly, ~85% of all the inter-
genic regions (IGRs) predicted by the power law relationship
to carry riboswitches have already been discovered (left por-
tion of Fig. 6A), and they mostly carry riboswitches from the
common classes (Fig. 7). This means that only 15% of the to-
tal number of IGRs predicted to carry riboswitches includes
several hundred novel riboswitch classes remaining to be dis-
covered (right portion of Fig. 6A). Given the trends seen with
past discoveries and the diminishing numbers of IGRs carry-
ing novel riboswitch classes, novel riboswitch classes should
become progressively more difficult to discover.

Concluding remarks

The current collection of riboswitch classes represents a
structurally and functionally rich array of ligand-binding
gene control elements built entirely of RNA. However, the
diversity of riboswitch classes that exist in modern cells is

*

NiCo
guanidine-ll undiscovered FMN-like
AqCbl 2’-dG-l
WCo 2’-dG-ll
azaaromatic preQq-lll
guanidine-l AdoCbl adenine
SAH MgZ*-1I
Mg?*I SAM-SAH
MoCo SAM-III
c-di-GMP-II guanidine-lll
glutamine preQ-li
THF
GIcN6P
zTP SAM-II
guanine 24 _di-GMP-I
preQq-l FMN glycine oG

FIGURE 7. Distribution of IGRs carrying riboswitches. Abbreviations
are as described for Figure 1, wherein the boxed riboswitch names are
listed from fop to bottom as the least common to most common, respec-
tively. The size of the plot segment labeled “undiscovered” was estab-
lished by summing the numbers of riboswitch classes remaining to be
discovered as presented in Figure 6A and as predicted by the power
law distribution wherein m = 100,000 and b = —1.6.

likely to be far greater. If the current distribution trend
(Fig. 6A) holds, there could be more than 1000 riboswitch
classes remaining undiscovered in the current genomic se-
quence databases. Unfortunately, since most of these project-
ed classes are expected to be exceedingly rare, they will likely
remain undiscovered for many years to come. Fortunately, a
variety of methods exist that could be used to identify addi-
tional classes, particularly those that are more numerously
represented. For example, targeted analysis of IGRs for genes
whose regulation is of interest can yield evidence for novel
riboswitch classes (Cromie et al. 2006; Fuchs et al. 2006).
Also, bioinformatics approaches that are designed to identify
structured noncoding RNAs will likely remain a productive
route to discovering even quite rare riboswitches (e.g.,
Meyer et al. 2009; Weinberg et al. 2010; Z Weinberg, RR
Breaker, in prep.; S Stav, R Atilho, G Nguyen, G Mirihana-
Arachichilage, RR Breaker, in prep.).

This brings up an important question—is it worth the nec-
essarily increasing effort to find rare riboswitch classes? So
far, almost every new riboswitch class has revealed interesting
structural and/or functional features that expand our under-
standing of the capabilities of RNA as a medium for forming
molecular sensors and switches. Furthermore, the physical
association between each riboswitch and the protein coding
region whose expression it regulates exposes a link between
its ligand and the likely functions of various transporters
and enzymes. This effect has been made abundantly clear
with the reports of riboswitches for fluoride (Baker et al.
2012) and guanidine (Nelson et al. 2017), which revealed
the existence of widespread mitigation systems for these toxic
ligands, including specialized transporters. Given that there
are likely a large number of riboswitches yet to be discovered,
there are also many more opportunities to explore the func-
tional diversity of RNA and gain insight into biological path-
ways and processes that are currently underappreciated or are
entirely unknown.

MATERIALS AND METHODS

RNA bioinformatics analyses

Bioinformatics updates of the consensus models and phylogenetic
distributions for all riboswitch classes began with homology search-
es as previously described (McCown et al. 2011, 2014; Ruff et al.
2016). Homology searches were conducted with INFERNAL 1.1 us-
ing the National Center for Biotechnology Information (NCBI)
Reference Sequence (RefSeq) Database release 56 (Pruitt et al.
2009; O’Leary et al. 2016) augmented with multiple environmental
DNA sequence data sets (Nawrocki and Eddy 2013; Nelson et al.
2013; McCown et al. 2014).

To aggressively search for distal variants belonging to the known
riboswitch classes, an E-value for possible representatives of as high
as 10,000 were considered. However, the total number of represen-
tatives reported for each class was derived by filtering out likely false
positives as described below. To eliminate false positives from the
candidate list, we removed hits that (i) were found within protein
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coding regions, (ii) were found within previously defined ncRNA
motifs, (iii) were not able to adopt the major secondary-structure
features of the class, (iv) contained regions of predominantly homo-
polymer character, or (v) were low-ranking hits that lacked a reason-
able genomic context (e.g., wrong orientation for riboswitch
function or unreasonable gene association).

Candidates that included only a portion of the riboswitch se-
quence, but consisting of at least 50% sequence or structure identity
with the consensus model, were accepted for the following ribo-
switch classes: TPP, AdoCbl/AqCbl, SAM-I, SAM-III, SAM-IV,
SAM-I/IV, SAH, c¢-di-GMP-I, ¢-di-GMP-II, c¢-di-AMP, c-AMP-
GMP, preQ;-1I, preQ;-III, guanine, adenine, 2’-dG-1, 2'-dG-II, ly-
sine, glycine, glutamine, Mg®*-I, Mg**-II, ZMP, F~, gmS, FMN,
THEF, NiCo, Moco/Wco, azaaromatic, Mn>", guanidine-I, and gua-
nidine-III. Truncated sequences were not included as representa-
tives of the following riboswitch classes due to their small sizes
and simple structures: SAM-II, SAM-V, SAM-SAH, preQ;-I, and
guanidine-II. All consensus sequence and structure diagrams were
generated with the R2R program (Weinberg and Breaker 2011).

Phylogenetic distributions

The representatives for each riboswitch class were mapped onto a
phylogenetic tree using phyla based on the Interactive Tree of Life
(Letunic and Bork 2011) and on the NIH Taxonomy website
(http://www.ncbi.nlm.nih.gov/taxonomy).

Structural models

Atomic-resolution structure models were generated with PyMOL
(Schrodinger, LLC) using PDB files from the RCSB protein data-
bank (www.rcsb.org/pdb) (Berman et al. 2000). PNG graphic files
were exported and slightly modified for appearance before inserting
into the graphics program Adobe Illustrator.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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