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ABSTRACT

Comparative sequence analyses have been used to discover numerous classes of structured noncoding RNAs, some of
which are riboswitches that specifically recognize small-molecule or elemental ion ligands and influence expression of ad-
jacent downstream genes. Determining the correct identity of the ligand for a riboswitch candidate typically is aided by an
understanding of the genes under its regulatory control. Riboswitches whose ligands were straightforward to identify have
largely been associated with well-characterized metabolic pathways, such as coenzyme or amino acid biosynthesis.
Riboswitch candidates whose ligands resist identification, collectively known as orphan riboswitches, are often associated
with genes coding for proteins of unknown function, or genes for various proteins with no established link to one another.
The cognate ligands for 16 former orphan riboswitch motifs have been identified to date. The successful pursuit of the li-
gands for these classes has provided insight into areas of biology that are not yet fully explored, such as ion homeostasis,
signaling networks, and other previously underappreciated biochemical or physiological processes. Herein we discuss the
strategies and methods used to match ligands with orphan riboswitch classes, and overview the lessons learned to inform
and motivate ongoing efforts to identify ligands for the many remaining candidates.
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INTRODUCTION ers, and T box RNAs (Grundy and Henkin 2006; Waters and
Storz 2009; Green et al. 2010; Gottesman and Storz 2011),
in that riboswitches directly bind a small molecule orion li-
gand to control gene expression. The relative abundance
of the target ligand is responsible for determining whether
the downstream genes are transcribed and/or translated
(Fig. 1). Therefore, the identity of the cognate ligand for
each riboswitch class is intrinsically linked to the functions
of the genes it regulates (Winkler and Breaker 2005).
Ligands for known riboswitch classes include coen-
zymes, nucleotide derivatives, amino acids, sugars, and el-
emental ions (McCown et al. 2017). Riboswitches can
function as “ON" or “OFF" switches in a manner dictated
by the ligand they sense, and by the nature of the down-
stream gene or operon (Roth and Breaker 2009). For exam-
ple, a high concentration of S-adenosylmethionine (SAM)
is sensed by several riboswitch classes to repress SAM bio-
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Riboswitches reside in the noncoding portion of MRNAs
and bind their corresponding ligands to control gene ex-
pression (Roth and Breaker 2009; Breaker 2011;
Serganov and Nudler 2013). These noncoding RNA do-
mains are abundant in the eubacterial domain of life,
where they usually reside in the 5 untranslated region
(UTR) of mRNAs directly preceding the open reading
frame (ORF) whose expression they regulate (Roth and
Breaker 2009; Sherwood and Henkin 2016). To accomplish
their cis-regulatory role, each riboswitch sequence is al-
most always located on the same strand and oriented in
the same direction as the coding region(s) under its con-
trol. They are unique compared to other regulatory
RNAs, such as small RNAs (sRNAs), ribosomal protein lead-
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FIGURE 1. Riboswitch-regulated gene expression is most commonly mediated through transcription termination and translation initiation control
mechanisms. (A) A model for a transcriptional “OFF" riboswitch, wherein ligand binding promotes formation of an intrinsic terminator stem to
cease transcription elongation. An alternative “anti-terminator” stem forms in the absence of ligand binding that precludes terminator stem for-
mation. (B) A model for a translational “OFF” riboswitch, wherein ligand binding sequesters the ribosome binding site (RBS) to prevent translation
initiation. Presumably, the portion of the mRNA that lacks the protection of ribosomes permits Rho termination binding and subsequent transcrip-
tion termination. An alternative “anti-anti-RBS" stem forms in the absence of ligand binding that prevents anti-RBS stem formation. Figure adapt-

ed from a previous publication (Breaker 2012).

Alternatively, high concentrations of Ni?* or Co?* trigger
the NiCo riboswitch class to turn on genes encoding ex-
porters for these ions, which are toxic at high concentra-
tions (Furukawa et al. 2015). To regulate gene expression
in a ligand-dependent manner, the riboswitch RNA must
be able to both specifically recognize its target ligand
and communicate this binding event to the cellular ma-
chinery responsible for gene expression.

Most riboswitches use two overlapping domains to
accomplish its tasks: a selective ligand-binding aptamer
region and an expression platform that commonly influ-
ences the function of the cell’s transcription, translation,
or RNA processing machinery (Fig. 1; Breaker 2012).
Aptamer domains usually appear first in the RNA transcript
(5-proximal), and carry conserved nucleotides and struc-
tural features that are characteristic of each riboswitch class
(Barrick and Breaker 2007; McCown et al. 2017). Typically,
the most highly conserved nucleotides reside in and
around the ligand binding pocket, and play roles ranging
from hydrogen bonding with the ligand to coordinating
metal ions for charge neutralization (Barrick and Breaker
2007; Serganov and Patel 2012). In some cases, as noted
above for SAM riboswitches, several entirely distinct
aptamer architectures are used to sense the same ligand,
and each of these architectures is considered a different
class. In other cases, a slight alteration in nucleotide se-
quence to an aptamer class yields a similar architecture,
but the resulting aptamer has switched its ligand specific-
ity and regulates genes for a different biological process.
These also are considered separate riboswitch classes
due to the change in ligand specificity.

In contrast to the aptamer domain, the sequence of the
trailing expression platform is usually poorly conserved.
The expression platform dictates gene expression based
on aptamer occupancy (Roth and Breaker 2009), usually
by forming alternative base-pairing interactions in a li-
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gand-dependent fashion. Thus, almost without exception,
expression platforms exhibit considerable sequence diver-
sity because the base-pair identities can drift over evolu-
tionary time. One prominent exception is the riboswitch
class for hydroxymethyl-pyrimidine pyrophosphate (HMP-
PP), athiamin pyrophosphate (TPP) biosynthetic intermedi-
ate (Atilho et al. 2019; Stav et al. 2019). As discussed in
more detail later, the aptamer of this unusual riboswitch
class almost entirely overlaps the expression platform,
which requires most of the riboswitch to remain highly
conserved.

Riboswitch regulation typically occurs either during tran-
scription by influencing the stability of an intrinsic termina-
tor stem, or during translation initiation by exposing or
sequestering the ribosome binding site and/or start codon
(Fig. 1; Barrick and Breaker 2007; Roth and Breaker 2009;
Sherwood and Henkin 2016; Breaker 2018). The expres-
sion platforms for these common mechanisms are relative-
ly easy to recognize by using standard sequence and
structural analysis methods. However, other mechanisms
including ribozyme and RNA processing regulation are
also used (Breaker 2012), which can be more difficult to
recognize or predict.

Characteristics of a strong riboswitch candidate can be
readily observed by examining representatives from a vari-
ety of species. Comparative sequence analysis algorithms
(e.g., Corbino et al. 2005; Fuchs et al. 2006; Weinberg
et al. 2007, 2010, 2017a; Meyer et al. 2009; Ames et al.
2010) can be used to identify conserved nucleotide se-
quences and secondary structure features among the rep-
resentatives of a specific class. This is achieved by first
aligning the sequences of the representatives to maximize
nucleotide sequence identity. In addition, any differences
in the sequences can be examined for nucleotide covaria-
tion, which serves as evidence for the presence of impor-
tant base-paired substructures (Fig. 2A). The presence of
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FIGURE 2. Identifying strong riboswitch candidates based on characteristics of structured nucleic acid motifs. (A) Consensus model and repre-
sentative genomic contexts of the serC motif, a long-standing orphan riboswitch candidate (Corbino et al. 2005; Greenlee et al. 2018). (Left) RNA
motifs with a high probability of functioning as riboswitches, such as serC, have conserved nucleotides located within a complex secondary struc-
ture supported by covariation of base-pairing. In addition, riboswitches frequently carry sequences or structures consistent with expression plat-
form function, such as a ribosome binding site (RBS) located within or near to the aptamer. (Right) Representative genetic contexts for the serC
motif. Strong riboswitch candidates are consistently located upstream and oriented in the same direction as the ORFs whose expression they
regulate. The genes under riboswitch regulation typically have a metabolic theme, such as serine metabolism in this example (SerC, phospho-
serine aminotransferase; SerA, 3-phosphoglycerate dehydrogenase). (B) Consensus model and representative genomic contexts of the sRNA-
1 motif. (Left) RNA motifs with a low probability of functioning as metabolite-binding riboswitches, such as sRNA-1, commonly have simpler
or weakly supported secondary structure models with few conserved nucleotides. The SRNA-1 motif does carry a large number of conserved nu-
cleotides, and the predominant structural feature, the P2 stem, could be an intrinsic terminator (strong stem followed by a run of U nucleotides)
that functions as an expression platform. (Right) Although sRNA-1 exhibits some promising sequence and structural features, its genomic context
is not consistent with a cis-regulatory element. Therefore, this motif appears to be a stronger candidate for function as a bacterial small RNA reg-
ulator (Stav et al. 2019).

conserved nucleotidesin the loops, linkers, and bulges that
connect the base-paired substructures are evidence for
complex tertiary structure formation. Often, more complex
structural features such as multistem junctions and pseudo-
knots are present. However, these features are also consis-
tent with some other types of noncoding RNAs (ncRNAs),
including ribozymes and sRNAs (Fig. 2B).

The key characteristic distinguishing riboswitches from
most other ncRNAs is genetic context. Riboswitches are
cis-regulatory and, therefore, consistently appear in the
properorientation upstream ofthe same gene type orgenes
involved in the same biological process in multiple species.
However, not all cis-regulatory RNA structures are ribo-
switches. These othertypes usually rely on interactions with
a protein or RNA factor to regulate gene expression, and
often do not display the structural complexity thatis typical
of RNA receptors for small-molecule orion ligands (Fig. 2).

Given the subtleties of the characteristics of various
ncRNA classes, and occasionally structured DNA classes
(e.g., Roth and Breaker 2013; Cury et al. 2016), it is not al-
ways straightforward to distinguish a promising riboswitch
candidate from other types of structured nucleic acid mo-

tifs. Even when taking care to focus validation experiments
on the strongest candidates, other factors can intervene to
complicate matchmaking between a riboswitch and its li-
gand. Herein, we review the outcomes of experimental ef-
forts that have established the ligands for orphan
riboswitch candidates. Also, given that many additional
classes of orphan riboswitches remain to be matched
with their natural ligands, we particularly note the experi-
mental challenges encountered in these validation efforts.
The strategies used to overcome these roadblocks are not-
ed with the expectation that they may be applicable to fu-
ture orphan riboswitch validation studies.

RIBOSWITCH DISCOVERY

The first natural riboswitches to be experimentally validat-
ed were pursued based on some unexplained genetic and
bioinformatic data. We (Nahvi et al. 2002; Winkler et al.
2002a,b) and others (Mironov et al. 2002) initially focused
on analyzing the regulation of genes for which metabolite-
dependent regulation involving the 5’ leader sequence
had been proposed, but evidence for the involvement of
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a protein factor was suspiciously absent. Evidence that we
now understand to be consistent with riboswitch function
was published in some instances many years before a
riboswitch class was convincingly validated. Such early
findings were relevant for riboswitches that respond to
coenzyme B, (AdoCbl) (Nou and Kadner 2000), TPP
(Miranda-Rios et al. 2001), flavin mononucleotide (FMN)
(Gelfand et al. 1999), guanine (Ebbole and Zalkin 1987),
SAM (Grundy and Henkin 1998), lysine (Hirshfield and
Zamecnik 1972; Kochhar and Paulus 1996), and molybde-
num cofactor (MoCo) (Anderson et al. 2000). These initial
publications hinted at the existence of unusual regulatory
systems and helped expose many of the initial riboswitch
candidates.

In rapid succession, each of the storylines noted above
were converted into proven riboswitch classes wherein
the ligands and gene control mechanisms were reported.
Relying on genetic experiments to identify riboswitch can-
didates had the immediate benefit of linking a riboswitch
to its ligand. Unfortunately, simply searching the literature
for possible new riboswitch candidates has long ago run its
course. Also, there are severe limits to the utility of genetic
searches for additional riboswitch classes. Most obvious is
the fact that there are probably very few classes that remain
undiscovered in well-studied and genetically tractable
bacterial species.

To overcome these limitations, bioinformatic search
strategies were developed to identify novel RNA motifs
that might represent additional riboswitch classes
(Barrick et al. 2004; Corbino et al. 2005; Fuchs et al.
2006; Weinberg et al. 2007, 2010, 2017a; Meyer et al.
2009; Ames et al. 2010). Such bioinformatic searches yield
an alignment of individual sequence representatives of a
particular class from different organisms, and reveal its
most important sequence and structural features. Highly
conserved nucleotide positions and base-pair interactions
form a characteristic sequence and secondary structure
consensus model, which can then be used to search geno-
mic databases for additional representatives in diverse
types of bacteria. By increasing the number of representa-
tives for a given class, the consensus model can be refined
and the data regarding genetic context can be increased,
which together are useful for formulating hypotheses re-
garding the possible function of the motif (Fig. 2).

As comparative sequence analysis algorithms improved,
this search strategy was used by several groups to identify
entirely new riboswitch classes. For example, numerous
representatives of eight novel RNA motifs were identified
by comparing all intergenic regions from Bacillus subtilis
with those from 90 additional bacterial species (Barrick
etal. 2004). Seven of these eight motifs have since proven
to represent distinct riboswitch classes (McCown et al.
2017; Nelson et al. 2017; Sherlock et al. 2018a,b, 2019).
Since 2004, nearly all riboswitch class discoveries have re-
lied on some form of comparative sequence analysis ap-
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proach (e.g., Corbino et al. 2005; Fuchs et al. 2006;
Weinberg et al. 2007, 2010, 2017a; Meyer et al. 2009;
Ames et al. 2010). Some variant riboswitch classes have
also been identified through bioinformatic analyses,
wherein specific nucleotides near the binding pocket
have been observed to mutate, thereby altering their li-
gand specificity compared to the original parent ribo-
switch class (Mandal and Breaker 2004; Kim et al. 2007;
Nelson et al. 2017; Weinberg et al. 2017b).

For the first reported riboswitch classes (Mironov et al.
2002; Nahvi et al. 2002; Winkler et al. 2002a,b; Grundy
et al. 2003; Sudarsan et al. 2003a), it was already known
from published experiments that the associated genes
were regulated by certain metabolites. An interesting out-
come from the initial bioinformatics efforts to identify nov-
el examples of riboswitch candidates was the discovery of
multiple riboswitch candidates for which the identity of
their cognate ligand was not immediately clear (Barrick
et al. 2004). Furthermore, for some riboswitch candidates
such as the gcvT RNA, the ligand was immediately predict-
ed based on the involvement of the downstream genes in
metabolic pathways related to glycine (Barrick et al. 2004;
Mandal et al. 2004). However, the complex architecture of
most members of this riboswitch class interfered with initial
attempts to prove that glycine was being directly sensed
(see additional discussion below). Similarly, efforts to con-
firm the identity of the cognate ligand for other motifs from
this early collection of riboswitch candidates proved to be
even more difficult (Block et al. 2010; Meyer et al. 2011),
with some candidates resisting experimental validation
for many years.

Protein receptors for which the ligand identity is unde-
termined are known as orphan receptors (Howard et al.
2001; Yoshida et al. 2012). Therefore, RNA motifs with a
high likelihood to function as riboswitches but whose cog-
nate ligands have not yet been identified were analogous-
ly termed orphan riboswitch candidates (Barrick et al.
2004; Dambach and Winkler 2009; Breaker 2011; Meyer
et al. 2011; Greenlee et al. 2018). Although nearly all of
the orphan riboswitch candidates from the initial large-
scale bioinformatics discovery effort (Barrick et al. 2004)
have now been experimentally validated, a considerable
backlog of unresolved candidates remains to be explored.
This list will undoubtedly grow as bioinformatics searches
continue to reveal additional riboswitch candidates whose
ligands are obscured to researchers for various reasons. In
the sections below, we present details regarding success-
ful orphan riboswitch studies and highlight some of the
strategies that will likely be useful for those interested in re-
solving such mysteries in the future.

ORPHAN RIBOSWITCHES

There are numerous reasons why a novel structured RNA
motif might languish on the orphan riboswitch candidate
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list, but these usually become fully apparent only after the
target has been identified. For example, information re-
garding the function of the protein products of ribo-
switch-regulated genes might be sparse, or the functions
could be incorrectly assigned. Thus, gene annotations
sometimes provide too few clues regarding the identity
of the riboswitch ligand, or worse, they can be entirely mis-
leading. Also, experimental problems, including the use of
incomplete or misfolded RNA constructs, unstable or un-
available ligand candidates, or difficulties with genetic
studies in certain bacteria have all plagued previous ligand
validation studies.

Occasionally, luck or serendipity is involved or even nec-
essary in achieving an experimental breakthrough.
Experimental methods can even be intentionally chosen
to favor chance encounters with the natural ligand for a
riboswitch candidate, and such combinatorial approaches
have been proven useful for identifying the natural ligand
for riboswitches (Fig. 3). These include the use of biochem-
ical assays with many ligand candidates to evaluate RNA-
ligand complex formation, such as screening cell extracts
as a source of biologically relevant metabolites, or using
riboswitch-reporter fusion constructs to examine various
growth conditions. Because biochemical and genetic as-
say constructs could have flaws, several similar constructs,
which either vary in length or are derived from different
species are usually tested in parallel.

For the long-standing orphan riboswitch classes that
have been validated to date, no single strategy worked

riboswitch-reporter fusion assays
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FIGURE 3. Schematic representation of major experimental strategies for riboswitch ligand
discovery and validation. Candidate riboswitch aptamer motifs are typically discovered
through comparative genomics analyses. Putative ligand compounds are evaluated with rep-
resentatives of the riboswitch candidate using either an in vivo reporter gene fusion or an in
vitro RNA structure probing assay. Other approaches, such as screening compound libraries
and cellular extracts, have also been implemented when the riboswitch candidate fails to
bind predicted ligand candidates. Once the ligand has been identified, additional experi-
ments are performed to fully explore the riboswitch ligand interactions, such as measuring
the affinity of the riboswitch RNA for its ligand and performing mutational analyses.

Gene Expression

Fraction Bound

(or could have worked) to discover the ligand for every can-
didate. In some cases, the functions of genes under the
regulon of the orphan riboswitch class were reported sub-
sequent to the discovery of the RNA motif, whereupon the
ligand identity could finally be easily validated. For other
classes, the ligands were fortuitously discovered through
various experimental analyses, and key insights into previ-
ously unknown pathways and processes regulated by
these riboswitch classes were gained only after the ligands
were identified. Despite such difficulties, the biological in-
sights gleaned through the validation of each of 16 former
orphan riboswitch classes (Table 1) described in detail be-
low, provides ample motivation to continue pursuing the
functions of these other orphan riboswitch candidates.

gevT motif RNAs: glycine riboswitches

The gevT riboswitch candidate was published among the
first wave of orphan riboswitch candidates discovered by
using comparative sequence analysis (Barrick et al. 2004).
It was readily apparent that gcvT motif RNAs had charac-
teristics indicative of riboswitch function. Most informative
was the fact that representatives were commonly found
upstream of genes associated with glycine degradation,
suggesting that this amino acid or another associated me-
tabolites might serve as the natural ligand. Despite these
strong clues, initial experimental validation efforts were
confounded by the sophisticated structural and functional
characteristics of most representatives. Specifically, exper-
iments using a minimal gecvT motif
construct failed to bind any ligand
candidate tested.

A hint that gcvT motif RNAs were
unusually complex was provided by
the discovery of two highly similar ver-
sions of putative aptamer domains,
called type | and type Il (Barrick et al.
2004). Eventually, it was recognized
that these two types frequently reside
in tandem with each other and, when
naturally present, this arrangement is

+ligand -ligand

necessary for their proper function
(Mandal et al. 2004; Babina et al.
2017). By using extended RNA con-
structs that permit aptamer function,

liigand] it was quickly determined that gcvT

motif RNAs are highly selective
aptamers for glycine (Barrick et al.
2004; Mandal et al. 2004), and that
the two aptamers can work coopera-
tively to bind glycine and regulate
gene expression in cells (Mandal
et al. 2004; Kwon and Strobel 2008;
Butler et al. 2011; Erion and Strobel
2011). Although the importance of
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TABLE 1. Discovery and validation of former orphan riboswitch classes

RNA motif RNA motif discovery Ligand(s) Ligand validation
gevT Barrick et al. 2004 Glycine Mandal et al. 2004

ykoK Barrick et al. 2004 Mg?* Dann et al. 2007

ykvJ Barrick et al. 2004 preQ, Roth et al. 2007

GEMM Weinberg et al. 2007 c-di-GMP Sudarsan et al. 2008

crcB Weinberg et al. 2010 F Baker et al. 2012

ydaO Barrick et al. 2004 c-di-AMP Nelson et al. 2013

pfl Weinberg et al. 2010 ZMP/ZTP Kim et al. 2015

yybP Barrick et al. 2004 Mn?* Dambach et al. 2015; Price et al. 2015
yjdF Weinberg et al. 2010 Azaaromatic compounds Li et al. 2016

ykkC subtype 1 Barrick et al. 2004 Guanidine Nelson et al. 2017
mini-ykkC Weinberg et al. 2007 Guanidine Sherlock et al. 2017
ykkC-Ill Weinberg et al. 2010 Guanidine Sherlock and Breaker 2017
ykkC subtype 2a Barrick et al. 2004; Nelson et al. 2017 ppGpp Sherlock et al. 2018a

ykkC subtype 2b Barrick et al. 2004; Nelson et al. 2017 PRPP Sherlock et al. 2018b

ykkC subtype 2c Barrick et al. 2004; Nelson et al. 2017 (d)ADP/(d)CDP Sherlock et al. 2019

thiS Stav et al. 2019 HMP-PP Atilho et al. 2019

cooperativity with this riboswitch class has since been
questioned (Kladwang et al. 2012; Sherman et al. 2012),
the recognition of cooperative function of certain con-
structs was a critical step along the path to experimental
validation of glycine as the natural ligand.

The initial dissociation constant (Kp) value measure for
glycine binding in its tandem configuration was ~10 uM
(Mandal et al. 2004), but the disruption of one aptamer
in a cooperative pair could degrade affinity. Presumably,
this was the cause of the early binding assay failures
when testing glycine. Also, some riboswitch aptamers
that function independently exhibit relatively poor binding
affinities because they are tuned to respond only to very
high concentrations of ligands in cells. For example, ribo-
switches for glutamine have Kp values measured in the
low mM range (Ames and Breaker 2011). Evidence for li-
gand binding will be missed by some assays if the concen-
trations tested fall substantially below these Kp values.
Unfortunately, adding too much of a ligand candidate
can cause experimental artifacts, and so researchers
should take great care when designing such experiments
and when passing judgment on the resulting data.

ykoK motif RNAs: Mg?*-I riboswitches

Representatives of the ykoK riboswitch candidate (Barrick
et al. 2004) were known to associate with cation transport-
ers, especially those for Mg?*. The structure of this RNA
motif is elaborate and often spans nearly 200 nt. In part,
the unusual size and structural complexity of this candidate
hindered its validation as a Mg®* riboswitch class because
it initially seemed unlikely for an RNA to require so many
nucleotides to orchestrate a structural reconfiguration in
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response to changing Mg®* concentrations. Essentially
all RNAs are expected to at least subtly change their
shapes when Mg®* concentrations vary. This means that
a Mg?*-dependent change in the shape of an RNA alone
is insufficient to conclusively confirm the existence of a
Mg?*-sensing riboswitch.

In vitro experiments typically used for riboswitch valida-
tion (Soukup and Breaker 1999; Wickiser et al. 2005;
Regulski and Breaker 2008) use high levels of Mg®* due
to its well-established role in RNA structure stabilization
(Misra and Draper 1998). With this added burden of proof,
the validation of the ykoK motif as the Mg®*-I riboswitch
class involved a combination of many techniques including
in vitro transcription termination, multiple in vitro structure
probing methods, in vivo riboswitch-lacZ reporter fusions,
analytical ultracentrifugation, and a high-resolution crystal
structure (Dann et al. 2007). These extensive studies re-
vealed that this aptamer binds several Mg®* ions in a high-
ly cooperative fashion, which helps explain the necessity
for such a complex aptamer structure. Notably, the valida-
tion of Mg?" as the ligand for the ykoK orphan riboswitch
class, and similarly the later discovery and validation of the
I\/Igz+—ll riboswitch class (Cromie et al. 2006; Groisman
et al. 2009), provided the first evidence for an elemental
ion to be the primary target for riboswitch RNAs. All previ-
ously validated ligands for riboswitches had been small-
molecule metabolites.

ykvJ motif RNAs: preQ, riboswitches

Due to the relatively small size and simple structure of the
yvkJ RNA motif, it was originally considered to be only a
weak riboswitch candidate (Barrick et al. 2004). At the
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time, most known riboswitch aptamers consisted of multi-
ple stems and were at least 100 ntin length. In comparison,
ykvJ RNA motif representatives can be just 34 nt long and
comprise a single stem loop followed by a tail of conserved
nucleotides (Roth et al. 2007), some of which were later re-
vealed to form a pseudoknot (Klein et al. 2009).

Despite its simple structure, the motif still possessed
many qualities that implicated it as a cis-regulatory ele-
ment. The genes most commonly associated with the mo-
tif include homologs of the B. subtilis ykvJKLM operon,
which code for proteins whose functions had not yet
been established. Initially, this prevented the formulation
of well-founded hypotheses regarding possible ligands.
Fortunately, the role of the ykvJKLM operon in the biosyn-
thesis of queuosine from GTP was subsequently reported
(Reader et al. 2004). It was then demonstrated that ykvJ
RNAs specifically recognize prequeuosine-1 (preQy),
which is an intermediate in the queuosine biosynthesis
pathway (Roth et al. 2007).

Because preQ; had been established as the ligand for
ykvJ RNAs, now termed the preQq-| riboswitch class, it
was also possible to validate the same molecule as the li-
gand for two additional candidate riboswitch classes dis-
covered later. These distinct riboswitch classes, now
termed preQq-ll and preQq-lll, are associated with the
same biosynthetic operon but in different species (Meyer
et al. 2008; McCown et al. 2014). The preQ;-I riboswitch
class is an additional example of the frequent partnerships
between riboswitches and ligands that are nucleotide-de-
rived compounds (McCown et al. 2017). The discovery of
preQ;- riboswitches also provided evidence that exceed-
ingly simple natural RNA structures can selectively and in-
dependently bind a small-molecule ligand to regulate
gene expression.

GEMM motif RNAs: c-di-GMP-I riboswitches

The GEMM (genes for the environment, for membranes,
and for motility) RNA motif (Weinberg et al. 2007) was the
first riboswitch candidate encountered that was associated
with a large and disparate collection of genes. Genetic con-
text of a riboswitch candidate can supply valuable clues re-
garding ligand identity because the gene located directly
downstream from each class representative nearly always
is relevant to the natural ligand. Additionally, each organ-
ism with an example of a certain riboswitch class must syn-
thesize, import, or otherwise encounter the riboswitch
ligand for gene expression to be modulated.
Unfortunately, the diversity of genes associated with
GEMM motif RNAs initially confounded efforts to identify
ligand candidates for testing because it was unclear how
to choose from among the long list of possible ligands rel-
evant to many dozens of different genes. It was soon rec-
ognized (Sudarsan et al. 2008) that many associated
genes were related to the production, degradation, or sig-

naling networks of cyclic di-guanosine monophosphate
(c-di-GMP). Indeed, most members of the GEMM RNA col-
lection appear to be highly selective sensors for c-di-GMP,
and control a diversity of genes related to various physio-
logical states of bacteria, including cell motility and biofilm
formation (Sudarsan et al. 2008).

It was later discovered that rare variants of what are now
called c-di-GMP-| riboswitches have altered their specific-
ity to sense another type of circular nucleotide signaling
molecule called c-AMP-GMP (Kellenberger et al. 2015;
Nelson et al. 2015). Thus, the original collection of
GEMM RNAs represented RNA aptamers for at least two
closely related signaling molecules. Although the majority
of the original GEMM RNA representatives respond to c-
di-GMP, the variant c-AMP-GMP riboswitches regulate dif-
ferent types of genes. Therefore, the comingling of geno-
mic contexts further complicated the formation of initial
hypotheses regarding ligand identity. Casually, we use
the term “snugglers” to describe the rarer member of a co-
mingled riboswitch collection, because they closely con-
form to the consensus model for the predominant
riboswitch class and carry only subtle nucleotide differenc-
es that alter their ligand specificity. We now predict that
such riboswitch variations are a widespread phenomenon
(e.g., see Weinberg et al. 2017b), and several additional
validated examples will be described below.

Although c-di-GMP had been discovered to function as
a signaling molecule over three decades earlier (Ross et al.
1987), and some of its regulatory targets had already been
identified (Simm et al. 2004; Ryjenkov et al. 2006), the c-di-
GMP regulon was not well understood when the GEMM
RNA motif was first reported (Weinberg et al. 2007).
Thus, uncovering the c-di-GMP-I riboswitch class provided
insight into the numerous genes involved c-di-GMP signal-
ing as well as the wide variety of bacterial species that use
this signaling molecule. Likewise, identifying the ligands
for other riboswitch classes that sense signaling molecules
or sense ligands whose biological impacts are only partly
understood can immediately provide information on the
functions of genes regulated by the riboswitch.
Establishing the function of c-di-GMP-I and c-AMP-GMP
riboswitches therefore highlights a key motivation for pur-
suing the functions of orphan riboswitches.

crcB motif RNAs: F~ riboswitches

When first reported, the crcB motif appeared to be a
great candidate for a riboswitch aptamer (Weinberg
et al. 2010). Before this, only examples of the TPP ribo-
switch class had been convincingly observed to occur out-
side of the bacterial domain of life (Sudarsan et al. 2003b).
Also, searches for conserved RNA elements in plants
(Hammond et al. 2009) and fungi (Li and Breaker 2017)
also failed to reveal additional strong riboswitch candi-
dates, suggesting riboswitches might be rare outside of

www.rnajournal.org 681



Sherlock and Breaker

the eubacterial domain of life. Interestingly, creB motif
RNAs are widespread in bacterial and archaeal species
(Weinberg et al. 2010). At first, it appeared that the major
obstacle to identify the ligand for crcB RNAs would again
be the wide variety of genes found downstream from this
riboswitch candidate. However, the larger hurdle was
that the functions of certain genes in the regulatory net-
work of this orphan riboswitch class were misannotated.
Very frequently, genome annotations are made based on
sequence similarity between the protein encoded by the
gene of interest and a protein whose function has been ex-
perimentally established. Unfortunately, these predictions
can be wrong, but might be taken as fact by researchers.
This issue has interfered with efforts to study several other
former orphan riboswitch classes, and likely will continue
to impede experimental progress for many of the current
candidates.

The crcB motif was predicted to control the expression
of genes encoding K" and CI™ transporters, as well as
DNA repair proteins (Weinberg et al. 2010). After the iden-
tification of the ¢-di-GMP riboswitch class, which also reg-
ulates a wide variety of processes, it seemed plausible that
the crcB motif might also be involved in a signaling net-
work mediated by a second messenger. To test the hy-
pothesis that this signaling molecule might be another
nucleotide derivative, several synthetic dinucleotides (ana-
logs of their commercially unavailable cyclic dinucleotide
isomers) were evaluated for binding by the crcB aptamer
(Baker et al. 2012) using an in vitro assay called in-line
probing (Soukup and Breaker 1999; Regulski and Breaker
2008). Curiously, many of these samples triggered struc-
tural changes in the RNA aptamer, but only when the mol-
ecules were obtained from one commercial source and not
another (Baker et al. 2012). Eventually, it was determined
that the dinucleotide compounds themselves had no ef-
fect on the RNA. Rather, a contaminant produced during
their chemical synthesis, tetra-n-butylammonium fluoride,
was responsible for this signal. When fluoride-containing
compounds were tested in other forms, such as potassium
fluoride and sodium fluoride, it was confirmed that F~ was
the cognate ligand for the crcB orphan riboswitch (Baker
et al. 2012).

The serendipitous discovery that fluoride is the ligand
for this RNA motif revealed the large “super-regulon” for
this toxic ion. The eriC gene, which is commonly associat-
ed with the creB RNA motif, encodes a protein homolo-
gous to known CI™ transporters (Dutzler et al. 2002;
Matulef and Maduke 2007). However, the EriC transport-
ers whose expression is regulated by F~ riboswitches
have differences in the identities of certain amino acids
that permit selective F~ ion export (Baker et al. 2012;
Stockbridge et al. 2012). The misannotation of these EriC
transporters as canonical Cl™ transporters, as well as a ge-
neral lack of awareness of the fluoride toxicity mitigation
mechanisms used by cells, complicated the initial efforts
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to experimentally validate crcB motif RNAs as ribo-
switches. The discovery of F™ as the ligand for this orphan
riboswitch class contributed to our understanding of fluo-
ride resistance mechanisms in a number of organisms (Li
et al. 2013; Smith et al. 2015; Stockbridge et al. 2015)
and provided evidence that, surprisingly, RNA can selec-
tively bind a small, negatively charged ion (Ren et al. 2012).

ydaO motif RNAs: c-di-AMP riboswitches

The ydaO motif RNA was another member of the original
orphan riboswitch candidates list (Barrick et al. 2004). This
RNA motif exhibited all of the hallmarks of a riboswitch
class, and it was again associated with a large and diverse
collection of genes. Predicted roles for the protein prod-
ucts of these genes included K" transporters, amino acid
transporters, and other proteins involved in cell wall re-
modeling or osmotic shock response. The major obstacle
was that the cognate ligand eventually paired with this
riboswitch class had not been discovered to exist in any
natural system at the time the RNA motif was discovered.

A multitude of specific hypotheses regarding the func-
tion of ydaO motif RNAs were pursued over the years
(e.g., Watson and Fedor 2012). In addition, unbiased ap-
proaches were also used in attempts to identify the mys-
tery ligand, including genetic selection (Block et al.
2010) and testing of cellular extracts as a rich source of
small-molecule metabolites and ions (Nelson et al. 2013).
A key advance was made when yeast extract was found
to contain a compound that consistently caused structural
modulation of the RNA when examined by in-line probing.
Fractionation of the extract followed by mass spectrometry
analysis revealed that the compound responsible for these
effects contains an AMP moiety. Although AMP is not
directly recognized by members of this RNA class (Block
et al. 2010), cyclic di-adenosine monophosphate (c-di-
AMP), a signaling molecule first reported in 2008 (Witte
et al. 2008), is bound by the RNA with picomolar affinity
(Nelson et al. 2013).

The outcomes of this study closely parallel the results of
the studies on c-di-GMP-I and ¢c-AMP-GMP riboswitches
described above. The validation of the c-di-AMP ribo-
switch class as a widespread receptor for this signaling
molecule helped strengthen the connection between
c-di-AMP and osmotic shock responses (Nelson et al.
2013). In addition, the collection of c-di-AMP riboswitches
provided clues regarding the functions of a large variety of
proteins associated with the c-di-AMP regulon and dem-
onstrated the widespread use of this signaling molecule
by many diverse bacterial species.

pfl motif RNAs: ZTP riboswitches

Unlike many other orphan riboswitch candidates, the pfl
RNA motif had gene associations that were relevant to
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well-established metabolic pathways (Weinberg et al.
2010; Meyer et al. 2011). The genes most commonly asso-
ciated with this riboswitch candidate were known to en-
code enzymes at the intersection of de novo purine
biosynthesis and the production of 10-formyl-tetrahydrofo-
late (10f-THF). Positioned at this metabolic intersection is
the molecule 5-aminoimidazole-4-carboxamide ribonucle-
otide (AICAR, also known as ZMP) (Bochner and Ames
1982). Immediately after the pfl motif was first identified,
ZMP was examined by in-line probing to evaluate whether
it could be directly recognized by a representative pfl RNA
(Weinberg et al. 2010). These initial experiments, along
with the examination of additional ligand candidates (Mey-
eretal. 2011), did not yield any evidence of ligand-mediat-
ed RNA structural changes. Thus, the pfl RNA motif was
considered an orphan riboswitch candidate for several
years.

Unfortunately, these early experiments used a pfl motif
RNA representative that was partly misfolded in vitro and
failed to adopt the correct aptamer structure necessary
for ligand recognition. This technical issue was eventually
recognized and was resolved by redesigning the RNA con-
struct. Once a properly folding RNA was identified, bio-
chemical and genetic evidence for riboswitch function
triggered by ZMP and its triphosphate derivative ZTP
was quickly collected (Kim et al. 2015). The experimental
validation of the ZTP riboswitch class, and its association
with numerous folate and purine metabolic genes, also
confirmed a disputed hypothesis from decades earlier
that ZTP functions as an “alarmone” to signal 10f-THF defi-
ciency (Bochner and Ames 1982; Rohlman and Matthews
1990). This uncertainty was thus dispelled by the discovery
of riboswitches that sense this unusual bacterial signaling
molecule.

yybP motif RNAs: Mn?* riboswitches

The yybP RNA motif is one of several well-conserved,
widespread, and extremely abundant RNA elements that
spent many years classified as an orphan riboswitch candi-
date (Barrick et al. 2004; Meyer et al. 2011). This motif is
found upstream of various genes encoding putative cation
transporters that are ambiguously annotated. Similar to
the circumstances encountered when pursuing the exper-
imental validation of F~ riboswitches (Baker et al. 2012),
the limiting factor in identifying the ligand for members
of this orphan riboswitch class was the undetermined spe-
cificity of transporter proteins encoded by its associated
genes.

Akey advance was made when one of the genes predict-
ed to be regulated by this RNA motif in E. coli was deter-
mined to code for a Mn?* exporter (Waters et al. 2011).
Support for riboswitch function was derived from various
genetic, biochemical and biophysical experiments, which
confirmed directand selective interactions between certain

yybP orphan riboswitch RNAs and Mn?* (Dambach et al.
2015; Price et al. 2015). These Mn2+-sensing aptamers
showcase the ability of RNA to exhibit high specificity for
a particular ion over other ions of similar size and charge,
some of which are at higher concentrations in the cell.

The validation of Mn?* as the ligand for this riboswitch
class also suggests that genes encoding other putative
transporters in its regulatory network may also be specific
for Mn?*. However, it also seems likely that there are some
common yybP motif RNA variants currently grouped with
Mn?" riboswitches that have altered their ligand specificity
and respond to other divalent metal ions of biological im-
portance (KR Perkins, RR Breaker, in prep.). The existence
of aptamers that have altered their binding pockets to
sense different divalent metal ions would help explain
some of the diverse genes associated with yybP motif
RNAs that are not consistent with Mn?* sensing.
Furthermore, the collection of yybP motif RNAs constitutes
one of the most abundant bacterial riboswitches. Perhaps
its widespread distribution reflects the utility of this archi-
tecture for selectively sensing Mn?* or sensing other diva-
lent metal ions by tuning its binding site through natural
mutation.

yjdF motif RNAs: azaaromatic riboswitches

The yjdF motif is almost exclusively found upstream of the
gene of the same name (Weinberg et al. 2010), but unfor-
tunately there is no established function for the YjdF pro-
tein. Thus, two different experimental approaches were
used to investigate the potential function of this RNA mo-
tif. For the first approach, extremely rare gene associations
were considered, as they hinted that the ligand might have
some connection to nicotinamide adenine dinucleotide
(NAD™) or FMN metabolism. These coenzymes and their
derivatives were examined for in vitro binding to yjdF
RNAs, which unexpectedly revealed that diverse flavin an-
alogs are bound by yjdF RNAs with relatively high affinity
(Li et al. 2016). Mutations to highly conserved nucleotides
disrupt associations with these ligands, indicating that this
promiscuous binding was unlikely to be due to nonspecific
interactions.

For the second approach, various growth media condi-
tions supplemented with various chemical additives were
used in an attempt to find cellular conditions that activate
lacZ reporter gene fused to a yjdF riboswitch. Specifically,
a B. subtilis riboswitch-reporter strain was grown in ~2000
conditions sampled by a growth media library. Only five
supplemented compounds triggered the yjdF RNA-lacZ
reporter, all of which were large, planar, nitrogenous, poly-
cyclic molecules (Li et al. 2016). The hits from the screen, as
well as the flavin derivatives identified through additional
binding assays, share little resemblance with one another
except that they all fall into the general category of “azaar-
omatic” molecules. Although these results do not reveal a
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single ligand with clear biological relevance, they do dem-
onstrate that yjdF RNAs function as genetic “ON" ribo-
switches with unusually broad specificity.

Most known riboswitch classes demonstrate high selec-
tivity for their cognate ligand over other similar molecules.
The yjdF riboswitch class might have evolved to function as
an RNA-based sensor with an intentionally broad ligand
specificity. Broad substrate specificities previously have
been observed for certain transporter proteins, yet this
phenomenon has not been observed for any previous
riboswitch class. Intriguingly, in the instances where the
yjdF gene is not associated with the riboswitch, a gene
for PadR regulatory proteins, known for their broad ligand
specificity (De Silva et al. 2005), is present. Thus, azaaro-
matic riboswitches might be functionally similar to regula-
tory proteins also known to broadly recognize planar,
hydrophobic molecules.

If true, then the yjdF riboswitch class could respond to a
diverse class of natural compounds that might be toxic to
bacteria at high concentrations and increase expression
levels of an exporter protein (YjdF) to eject these toxins.
However, the possibility remains that one specific, biolog-
ically relevant compound is the true ligand for yjdF motif
RNAs. For this reason, the azaaromatic riboswitch class still
has lingering, quasi-orphan status, which might only be re-
solved through experimental demonstration of the func-
tion of the YjdF protein or through high-resolution
structural analysis of yjdF RNAs bound to various azaaro-
matic compounds.

ykkC motif RNAs: guanidine riboswitches,
and much more

The ykkC RNA motif was the last of the original set of or-
phan riboswitches (Barrick et al. 2004) to be experimentally
associated with a ligand (Nelson et al. 2017). The eclectic
mixture of genes predicted to be regulated by the cognate
ligand for this orphan riboswitch candidate included those
encoding urea carboxylases, multidrug efflux pumps,
nitrate/sulfate/bicarbonate transporters, de novo purine
biosynthesis enzymes, branched-chain amino acid biosyn-
thesis enzymes, and many more (Barrick et al. 2004; Meyer
et al. 2011). Two additional RNA motifs were later discov-
ered that are both found upstream of a subset of these
same, seemingly unrelated, genes. While neither of these
additional riboswitch candidates, termed mini-ykkC
(Weinberg et al. 2007) and ykkC-lll (Weinberg et al.
2010), shares sequence or structural homology with one
another or to the original ykkC-l motif, the extensive over-
lap in the genes associated with all three ykkC RNA motifs
indicated that they would likely perform analogous func-
tions by sensing the same cognate ligand. Numerous
problems conspired to hinder validation of the ykkC family
of orphan riboswitch candidates, including the wide varie-
ty of genes controlled, gene misannotations, and the
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abundant presence of variants with substantial differences
in their cognate ligand identity.

Over the course of a decade, dozens of ligands were
tested in vitro for binding to ykkC motif RNAs, and in
vivo genetic screens were performed to attempt to find
conditions that would activate a ykkC RNA-lacZ reporter
fusion construct—all without any success. Eventually, a
B. subtilis strain carrying a ykkC reporter construct was sub-
jected to the same growth media screen described above
for the azaaromatic riboswitch class (Li et al. 2016), which
revealed one specific hit: guanidine (or more likely its cat-
ionic form, guanidinium) (Nelson et al. 2017). This result
was initially puzzling because guanidine is a chaotropic
agent commonly used to denature proteins in a laboratory
setting. However, follow-up experiments confirmed that
the ykkC reporter construct responds to guanidine in a
dose-dependent manner. Furthermore, guanidine is
bound by ykkC RNAs in vitro (Battaglia et al. 2017;
Nelson et al. 2017; Reiss et al. 2017), whereas similar mol-
ecules including urea and arginine are rejected.

Representatives of both the mini-ykkC and ykkC-Ill RNA
motifs also specifically bind guanidine in vitro (Sherlock
and Breaker 2017; Sherlock et al. 2017). The mini-ykkC
motif primarily consists of two identical stem loops and,
for this reason, was initially only considered a weak orphan
riboswitch candidate (Weinberg et al. 2010). Despite their
simplicity, mini-ykkC RNAs, now classified as guanidine-||
riboswitches, bind two guanidine molecules cooperatively
(Huang et al. 2017a; Reiss and Strobel 2017; Sherlock et al.
2017). The guanidine-ll riboswitch class is one of the sim-
plest with regard to its size and complexity. Using yet an-
other distinct architecture, ykkC-lll motif RNAs bind a
single guanidine molecule and have been renamed the
guanidine-lll riboswitch class (Huang et al. 2017b;
Sherlock and Breaker 2017).

Ample experimental evidence supports the conclusion
that many guanidine riboswitches exist, but there were
two puzzling issues to consider further. First, guanidine
had not previously been implicated as a biologically rele-
vant metabolite, and its natural sources still remain ob-
scure. However, guanidine is toxic to B. subtilis cells at
high concentrations (Nelson et al. 2017), and the small
multidrug resistance (SMR) transporters associated with
guanidine riboswitches appear to expel guanidine to re-
duce its toxicity (Kermani et al. 2018; Higgins et al.
2019). Several other types of genes under the regulatory
control of ykkC RNAs express proteins that perform func-
tions related to guanidine detoxification. Specifically, en-
zymes annotated as urea carboxylases whose expression
is controlled by guanidine riboswitches demonstrate
greater catalytic efficiency with guanidine as a substrate
compared to urea (Nelson et al. 2017). Therefore, the
true purpose of these carboxylases and their associated
protein partners is probably to degrade guanidine into
ammonia and carbon dioxide.
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A second puzzling issue relates to the observation that
many types of genes associated with ykkC RNAs, including
those encoding proteins related to de novo purine and
branched-chain amino acid (BCAA) biosynthesis, are ex-
tremely well understood and have no apparent link to gua-
nidine detoxification. Experimental analyses determined
that ykkC RNAs found upstream of purine or BCAA biosyn-
thesis genes do not bind guanidine (Nelson et al. 2017).
Whereas the majority of ykkC motif RNAs (subtype 1) con-
stitute the guanidine-I riboswitch class, the remaining ykkC
motif RNAs (subtype 2) have nucleotide changes in the
binding pocket that alter the ligand specificity and repre-
sent several distinct riboswitch classes. This RNA collec-
tion, which includes the largest group of variants found
to date, carry out a surprising diversity of molecular recog-
nition and gene control functions as described below.

ykkC subtype 2 motif RNAs: riboswitches for ppGpp,
PRPP, (d)NDPs, and one orphan

The genes associated with ykkC subtype 2 RNAs primarily
code for enzymes involved in amino acid and de novo pu-
rine biosynthesis, enzymes of the nucleoside diphosphate
linked to X (NUDIX) or haloacid dehalogenase-like (HAD)
hydrolase families, and transporters annotated as EamA
or TauE. Again, this disparate set of gene functions initially
hindered ligand identification for the remaining represen-
tatives of the ykkC orphan riboswitch collection.
Surprisingly, further bioinformatic and experimental data
revealed that ykkC subtype 2 consists of at least four dis-
tinct riboswitch classes (Sherlock et al. 2018a). Each of
these riboswitch candidate classes, termed subtypes 2a
through 2d, has distinct differences in the nucleotide posi-
tions corresponding to the binding pocket of guanidine-|
aptamers that were predicted to alter ligand specificity.
At this time, the ligands for subtypes 2a (Sherlock et al.
2018a), 2b (Sherlock et al. 2018b), and 2c (Sherlock et al.
2019) have been established as noted below. The ligand
for 2d has yet to be experimentally determined.

Subtype 2a ykkC RNAs regulate the expression of genes
foramino acid biosynthesis in response to guanosine tetra-
phosphate (Sherlock et al. 2018a), which is commonly
known as ppGpp or “magic spot.” This nucleotide signal-
ing molecule is nearly ubiquitous in bacteria and mediates
amino acid starvation and cell envelope stresses, among
other metabolic adaptations (Potrykus and Cashel 2008;
Geiger et al. 2014; Hauryliuk et al. 2015). When certain
amino acid levels drop below a critical concentration in
the cell, uncharged tRNAs accumulate and the ppGpp syn-
thase RelA is activated (Wolz et al. 2010). To overcome
amino acid depletion, the ppGpp riboswitch class acti-
vates the expression of genes whose protein products pro-
mote the biosynthesis of valine, leucine, and isoleucine
(branched chain amino acids), as well as glutamate.

Subtype 2b ykkC RNAs regulate the expression of de
novo purine biosynthesis genes in response to phospho-
ribosyl pyrophosphate (PRPP), a molecule necessary for
the synthesis of all nucleotide monomers (Sherlock et al.
2018b). High levels of PRPP, the activated ribose precursor
for purine biosynthesis, trigger this riboswitch class to tun
on all of the genes necessary to produce inosine mono-
phosphate, which is at the branch point of AMP and
GMP biosynthesis. Frequently, a PRPP aptamer is located
directly adjacent to a guanine aptamer (Mandal et al.
2003), and the two aptamers share a single expression
platform (terminator stem) to create a complex tandem
riboswitch system that regulates purine metabolism ac-
cording to the relative abundance of both the guanine
and PRPP ligands (Sherlock et al. 2018b).

Subtype 2c ykkC RNAs regulate the expression of genes
encoding NUDIX and HAD-like hydrolases in response to
nucleoside diphosphates (Sherlock et al. 2019).
Representatives of this riboswitch class selectively recog-
nize adenosine and cytidine diphosphate in both the ri-
bose and deoxyribose forms. The NUDIX and HAD-like
hydrolases whose expressions are predicted to increase
in the presence of these nucleotide ligands are known to
cleave the phosphodiester bonds of a variety of nucleotide
substrates (Lu et al. 2005; McLennan 2006). The precise
identity of the ligand(s) for members of this riboswitch class
remains somewhat unclear due to the ability of representa-
tives to recognize multiple RNA and DNA nucleoside-5'-
diphosphate molecules with similar affinities. We specu-
late that members of the ykkC subtype 2c class might re-
spond more broadly to the nucleoside diphosphate
pool. If true, ligand binding would activate the expression
of enzymes that maintain the balance of phosphorylated
nucleotide concentrations.

Subtype 2d ykkC RNAs regulate the expression of genes
encoding transporters annotated as EamA (originally
called phn_DUF6) and TauE (also known as SafE) (Nelson
et al. 2017; Sherlock et al. 2019) in response to a ligand
that remains undetermined at this time. Thus, at least
one more orphan riboswitch class is present among the
original ykkC motif RNAs. A variety of problems had to
be overcome to experimentally establish the four validat-
ed classes from the larger ykkC motif collection.
Particularly important was the realization that the ykkC
RNA motif represents multiple riboswitch classes that
sense fundamentally different ligand molecules, which
was surprising and unprecedented. Of course, variant
aptamers for other riboswitch classes had previously
been uncovered, but the structures of the ligands for those
variant class had always been highly similar to that of the
predominant classes such as guanine (adenine and 2'-
dG) (Mandal and Breaker 2004; Kim et al. 2007;
Weinberg et al. 2017b), MoCo (WCo) (Regulski et al.
2008), and c-di-GMP (c-AMP-GMP) (Sudarsan et al. 2008;
Kellenberger et al. 2015; Nelson et al. 2015).
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The identification of subtype 2 ykkC RNAs and the vali-
dation of the ligands for several of these variant riboswitch
classes have provided a new perspective into the evolution
of an RNA scaffold that is likely very ancient in origin. A
riboswitch class that responds to ppGpp, a common nucle-
otide signaling molecule that had long been postulated as
a riboswitch ligand (Breaker 2010; Kim et al. 2015; Nelson
and Breaker 2017), has now been identified. A riboswitch
class for PRPP, another fundamental RNA biosynthetic pre-
cursor, was found to regulate RNA monomer biosynthesis,
which has strong RNA World implications. Subtype 2c
RNAs selectively recognize 5'-diphosphorylated nucleo-
tides, even though they are less selective for the sugar
and nucleobase types.

Together, these riboswitch classes are immensely in-
triguing because their consensus models are nearly identi-
cal, and yet each excludes the binding of the other's
ligands (e.g., see Knappenberger et al. 2018; Peselis and
Serganov, 2018). To allow for recognition of chemically
diverse compounds by the ykkC collection of riboswitches,
the nucleotide changes that enable the formation of the
unique binding pockets between different subtypes are
drastic, although they were initially undetected among
the many other highly conserved nucleotides (Barrick
et al. 2004). Thus, the sequences and structural features
common to all ykkC motif RNAs appear to have been ex-
ploited to create multiple RNAs comprising the same over-
all architecture, but that have the ability to recognize a
surprising diversity of small molecules. It is reasonable to
expect that establishing the ligand specificity for subtype
2d ykkC RNAs eventually will reveal even more new and
exciting biology.

thiS motif RNAs: riboswitches
forHMP-PP

A
The pathways for the biosynthesis of
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somehow relate to this ubiquitous coenzyme.

Despite these clues, ligand binding assays initially failed
to reveal the natural ligand for this riboswitch class.
However, the use of riboswitch reporter-fusion constructs
and bacterial strains with knockouts of genes in the TPP
biosynthetic pathway revealed that another intermediate,
HMP-PP, was the ligand (Atilho et al. 2019; Stav et al.
2019). The riboswitch senses the buildup of HMP-PP to ac-
tivate the expression of genes involved in producing HET-
P, which together form the final coenzyme product.

The biochemical assays were hindered by the fact that
this riboswitch has a unique architecture wherein the
aptamer is almost entirely embedded within the intrinsic
terminator stem that serves as the expression platform
(Atilho et al. 2019; Stav et al. 2019). This arrangement
means that when RNA constructs including the entire ter-
minator stem are tested, the strength of this stem causes
the terminator to dominate and preclude the formation
of the structure needed to bind HMP-PP. In the natural set-
ting for the riboswitch, RNA polymerase makes a progres-
sively longer RNA transcript, and HMP-PP binds at
precisely the right time when the transcript can form the
aptamer structure, but before the terminator stem can
dominate. To resolve this architectural problem, mutant
constructs of just the right length had to be created to ob-
serve HMP-PP binding in vitro (Atilho et al. 2019).

OBSTACLES TO FUTURE ORPHAN RIBOSWITCH
VALIDATION

Presented with all of the orphan riboswitch examples that
have since been experimentally validated, we can review
all the major factors that hindered ligand identification
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B Former orphans

FIGURE 4. The unequal distribution of ligands sensed by former orphan riboswitch candi-
dates. (A) Ligands of all experimentally validated riboswitch classes. Ligands in blue designate
those sensed by at least one former orphan riboswitch class. (B) The proportion of validated
riboswitch classes that were once considered orphan riboswitch candidates (blue). Charts
are organized by the type of ligand sensed, where n is the number of classes in the group in-
dicated. Note that some ligands (SAM, THF, preQ,, 2’-dG, Mg?*, glutamine and guanidine)
are sensed by multiple distinct riboswitch classes. This accounts for the difference between
the total number of riboswitch classes and the number of ligands sensed by riboswitches as
reported in panel A.
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and the approaches used to overcome them. These valida-
tion roadblocks fall into numerous categories (Fig. 5) and
include the key challenges discussed in detail below.
There are currently dozens of orphan riboswitch candi-
dates remaining to be analyzed (Corbino et al. 2005;
Weinberg et al. 2007, 2010, 2017a,b; Greenlee et al.
2018), and therefore new strategies to overcome these lim-
itations would help drive forward riboswitch validation
research.

Bioinformatic analysis of a riboswitch aptamer

Perhaps the greatest barrier to the future of riboswitch li-
gand discovery is that not every orphan riboswitch candi-
date is assured to be a metabolite- or inorganic ion-
binding riboswitch class. Some of these RNA motifs might
represent other types of cis-regulatory elements that re-
spond to ligands made of RNA or protein, or that respond
to changes in temperature such as RNA thermometers
(Kortmann and Narberhaus 2012). The functions of these
other types of regulatory RNA systems are not always
best elucidated by using the in vitro binding assays typical-
ly used for riboswitch ligand validation. If this element is a
binding site for a protein or RNA genetic factor, then bio-
chemical assays seeking evidence for direct metabolite
binding will fail to yield the desired evidence. The candi-
date might then remain on the orphan riboswitch list
when it is not functioning as a typical metabolite- or ion-
binding riboswitch.

Using bioinformatic analyses to seek evidence of ribo-
switch function can be further complicated by rare exam-
ples of trans-acting riboswitch representatives, which
sometimes regulate an adjacent gene in the conventional
manner and then diffuse to interact with distal MRNAs (Loh
et al, 2009) or proteins (DebRoy et al. 2014; Mellin et al.
2014). Such RNAs could carry a ligand-binding aptamer
that is distinct from a region that either base-pairs to its tar-
get mRNA or serves as a protein binding site. In these in-
stances, sequence and structure conservation could be
due to functions other than binding a small molecule or
metal ion ligand.

Another challenge associated with the bioinformatic
analysis of riboswitch candidates is obtaining an accurate
consensus sequence and structural model for the aptamer
domain. For example, the initial consensus models for
c-di-GMP  (Weinberg et al. 2007), SAM-VI (Mirihana
Arachchilage etal. 2018), and ykkC subtype 2 riboswitches
(Nelson et al. 2017) were missing important structural fea-
tures. In these cases, either the RNA constructs tested by
in-line probing were fortuitously long enough to encom-
pass the entire aptamer (Sudarsan et al. 2008; Mirihana
Arachchilage et al. 2018), or additional conservation was
found by comparative sequence analysis at a later time
and the RNA constructs used for evaluation were adjusted
accordingly (Sherlock et al. 2018a,b, 2019).

Defining the exact start and end points for an RNA motif
can be problematic when relying solely on bioinformatic
data, especially for riboswitch candidates with few repre-
sentatives that exhibit modest sequence diversity.

Members of the current list of orphan
riboswitches might have already been
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FIGURE 5. Special efforts needed to identify the ligands for orphan riboswitch classes. Former
orphan riboswitch classes are listed at the top in chronological order from left to right, relative
to their experimental validation. Filled circles indicate which unusual strategy or occurrence
was needed to advance the validation project. Note that yybP motif RNAs (Mn?*
involved two categories for experimental validation to progress successfully.

most entirely on analyzing the identity
of the genes in its regulatory network.
Missing information regarding the
function of the protein products from
these genes frequently causes a motif

riboswitches)
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to spend more time on the orphan riboswitch candidate
list. In some cases, the function of the proteins whose ex-
pression is controlled by the riboswitch class is undeter-
mined. In other cases, the predicted function of the
genes might only be generally categorized, or the gene
annotation could be incorrect and therefore misleading.

Aside from some biosynthesis pathways and certain
other regulatory systems that are particularly well charac-
terized, it is extremely difficult to determine which annota-
tions for protein functions and substrates are accurate,
especially for transporters and broad enzyme families.
Although this increases the difficulty for researchers seek-
ing to validate the ligand for a given riboswitch class, suc-
cessful validation efforts can yield interesting knowledge
about the proteins whose genes are under riboswitch
regulation.

Perplexing gene associations

Some current orphan riboswitch candidates are associated
with a vast breadth of genes involved in a variety of pro-
cesses that may not initially appear to be related to one an-
other. Some of these riboswitch candidates could respond
to signaling molecules that have yet to be discovered, es-
pecially because many orphan riboswitch classes are nar-
rowly distributed phylogenetically. There might be little
or no information available about the pathways and signal-
ing systems specific to the organisms harboring these
riboswitch candidates.

Strikingly, every riboswitch class that senses a signaling
molecule was formerly classified as an orphan riboswitch
or was uncovered from the collection of riboswitch repre-
sentatives originally assigned to another class. In contrast,
only two of the numerous riboswitch classes that sense co-
enzymes and amino acids were ever considered orphan
riboswitch candidates (Fig. 4). These latter riboswitches,
for glycine and HMP-PP, only resisted initial attempts at
biochemical validation due to their unusual architectures
(Mandal et al. 2004; Atilho et al. 2019; Stav et al. 2019).
In general, amino acid and coenzyme biosynthesis path-
ways have been extensively studied, whereas certain sig-
naling networks and metal ion homeostasis processes
represent complex topics of study that are still being ex-
plored. The processes regulated by many former and likely
also current orphan riboswitch classes parallel our collec-
tive lack of knowledge in certain areas of bacterial physiol-
ogy. Therefore, we believe that experimental pursuit of
these RNAs can yield valuable information regarding pre-
viously undetermined gene networks and pathways.

Variant riboswitch aptamers

As noted above, the collection of RNAs encompassed by
the ykkC motif (Barrick et al. 2004) presented the most ex-
treme case encountered to date wherein riboswitch vari-
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ants are intermixed within what originally appeared to be
a single riboswitch candidate class (Nelson et al. 2017;
Sherlock et al. 2018a,b, 2019). The diverse set of genes as-
sociated with ykkC motif RNAs made it particularly difficult
to come up with a single best hypothesis for the ligand
identity. The fact that some genes code for proteins with
no apparent functional relationship to others in the collec-
tion should have served as early evidence for the existence
of more than one riboswitch class. Although both ppGpp
and PRPP had been identified as likely ligand candidates,
binding assays did not give positive results because all ex-
periments made use of a ykkC motif representative that we
now know is selective for guanidine. If the ykkC motif is
unique regarding its broad range of aptamers and their
corresponding ligands, then the difficulties experienced
during validation studies will not be a problem for future
riboswitch validation projects. However, many orphan
riboswitch candidates are upstream of genes that code
for proteins with diverse functions, which might indicate
the existence of multiple riboswitch classes with distinct li-
gand specificities. To overcome the binding assay prob-
lem encountered with ykkC motif RNAs, it is advisable to
test ligand candidates for binding using RNA representa-
tives that are naturally found upstream of a specific gene
that led to the ligand hypothesis.

Although the abundance of variants among the ykkC
motif population caused considerable experimental prob-
lems, the benefit from persisting with the validation efforts
are also large. The first biological receptors specific for
guanidine were identified, and these findings indicate
the widespread presence of guanidine in bacteria when
this compound was not previously considered to be bio-
logically relevant. The source of guanidine in cells, the
characterization of pathways to diminish its toxic effects,
as well as other mysteries surrounding guanidine biology
await further investigation. Four additional riboswitch clas-
ses also have been uncovered, and the functions of several
protein families have now been properly assigned.
Perhaps similar opportunities are associated with the list
of the orphan riboswitch classes whose ligands remain to
be identified.

Technical challenges of experimental riboswitch
analysis

As mentioned above, determining the exact length of a
riboswitch aptamer can be a bioinformatic challenge that
also impedes experimental analysis. Although it might
be prudent to test the entire noncoding region harboring
a riboswitch candidate, this strategy can be taken too far.
The inclusion of nucleotides beyond the aptamer domain
could permit the formation of competing structures that
are naturally formed by the adjoining expression platform
(e.g., Wickiser et al. 2005). Even when a riboswitch
aptamer is clearly defined, a particular representative
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construct of the RNA motif might still misfold, leading to
false negative results from in vitro binding experiments.
Although no single foolproof strategy exists for in vitro ex-
amination of orphan riboswitch candidates, the analysis of
multiple representative constructs with varying amounts of
additional flanking sequence might help overcome these
problems.

In addition to the difficulties associated with testing
RNAs in vitro, certain ligand molecules and elemental
ions can present technical challenges. Many charged small
molecules and ions can induce nonspecific changes to
RNA structures, which must be accounted for when evalu-
ating these ligand candidates. Misleading evidence for li-
gand binding by RNAs likely has been collected for
positively charged compounds such as aminoglycoside
antibiotics (Jia et al. 2013) and arginine (Borsuk et al.
2007), which can readily alter the structures of polyanionic
RNAs. Thus, care must be taken to avoid false conclusions
regarding riboswitch functions (Roth and Breaker 2013;
Greenlee et al. 2018). Also, certain metabolites and bio-
chemical intermediates are not readily available or have
extremely short half-lives, presenting another type of tech-
nical challenge. Overall, a mixture of various in vivo and in
vitro approaches can and have been successfully imple-
mented to overcome technical challenges and solve or-
phan riboswitch candidates.

METHODS FOR RIBOSWITCH LIGAND DISCOVERY

There are a variety of lessons to be learned from the pro-
cess of identifying ligands for former orphan riboswitches
that might apply to the future validation efforts for other or-
phan riboswitch candidates (Fig. 5). When a riboswitch
candidate motif is found upstream of genes involved in a
characterized pathway, the first step is typically to directly
test each molecule involved in that pathway for binding us-
ing an in vitro binding assay such as in-line probing. Some
riboswitches have functions that parallel known protein-
mediated regulatory systems, which can provide useful
hints regarding ligand identity. Even when the ligand
seems obvious based on existing clues, validation experi-
ments can be frustrated by misannotated genes or defec-
tive RNA construct designs.

If the gene context provides no useful clues, unbiased
approaches might fortuitously reveal the ligand identity
and the regulatory role of these riboswitch candidates.
The efforts to discover the ligands for ykkC (Nelson et al.
2017) and yjdF (Li et al. 2016) riboswitch candidates bene-
fited from unbiased screening approaches using in vivo re-
porter systems, but these are some of the only riboswitch
classes out of the more than 45 validated classes for which
this approach could have worked. First, the correct ligand
or its close analog has to be present in the library screened
for there to be a chance that it will be discovered using this
method. Furthermore, the ligand must be able to enter the

cells, either by diffusion across the membrane, or by active
movement through a channel or transporter. Creating a
comprehensive library of all possible metabolites, ions,
and toxins would take a tremendous amount of time and
effort compared to some more feasible, albeit lower
throughput, alternatives.

In the cases where the ligand is an internally produced
signaling molecule or metabolite, an in vivo reporter
gene might only yield positive results when expressed in
the native organism. Many of the original orphan ribo-
switch candidates have natural representatives in either
E. coli or B. subtilis, whereas many promising current
orphan riboswitch candidates are not present in these bac-
terial model organisms. Similarly, as rarer classes of ribo-
switch candidates are uncovered, it becomes
increasingly likely that the ligand will be unique to the
few species that carry the RNA motif. In these instances,
the ligand might be a compound that has never before
been isolated or made by researchers.

Future research efforts toward riboswitch ligand valida-
tion might best rely on methods such as testing libraries
of compounds, performing phenotypic screens, using cel-
lular extracts or complex mixtures of natural compounds in
binding assays, screening for genetic mutants that activate
reporter gene expression, or developing approaches to
perform high-throughput chromatographic or electropho-
retic ligand screening. Regardless, it seems certain that or-
phan riboswitch classes will be encountered that defy all
these powerful experimental approaches.

CONCLUSIONS

Unfortunately, there is no universal strategy for matching
orphan riboswitch candidates with their ligands because
each class presents unique challenges. Some obstacles
are easy to immediately identify, such as when the ribo-
switch is associated only with genes of unknown function,
or the ligand candidate is not readily obtainable. Other
complications can only be realized in retrospect, such as
using RNA constructs missing portions of the aptamer or
encountering misleading information due to gene misan-
notation. Sometimes simple luck is needed to achieve an
experimental breakthrough. Overall, the limiting factors
frequently involve a fundamental lack of knowledge in cer-
tain areas of biology, rather than any technical limitations
in the experimental methodology used to establish ribo-
switch function.

Riboswitch classes that were immediately validated
upon their bioinformatic discovery invariably regulate bio-
logical processes that had been characterized many years
or even decades earlier. Although these riboswitch classes
are certainly worth investigating, they rarely teach us any-
thing new about the genes they regulate. Conversely, find-
ing the ligands for orphan riboswitch classes has often
shed light on unknown or underappreciated aspects of
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microbiology. When an unbiased strategy leads to the
identification of the target for an orphan riboswitch, a
link is immediately established between that ligand and
every gene whose expression it regulates in each organism
in which it is found. Despite the frustrating nature of ex-
perimentally pursuing difficult riboswitch candidates, the
rewards in terms of the scientific knowledge gained by es-
tablishing their functions are worth the efforts. Elucidating
the functions of these mysterious RNAs has and will contin-
ue to reveal unexplored areas of biology.

ACKNOWLEDGMENTS

We thank Diane Yu and Gadareth Higgs for assistance with the
genetic context data presented in Figure 2 and other members
of the Breaker Laboratory for helpful conversations and for sug-
gested edits on the manuscript. This work was supported by
National Institutes of Health grant GM022778 to R.R.B. and by
the Howard Hughes Medical Institute.

REFERENCES

Ames TD, Breaker RR. 2011. Bacterial aptamers that selectively bind
glutamine. RNA Biol 8: 82-89. doi:10.4161/ra.8.1.13864

Ames TD, Rodionov DA, Weinberg Z, Breaker RR. 2010. A eubacterial
riboswitch class that senses the coenzyme tetrahydrofolate. Chem
Biol 17: 681-685. doi:10.1016/j.chembiol.2010.05.020

Anderson LA, McNairn E, Leubke T, Pau RN, Boxer DH. 2000. ModE-
dependent molybdate regulation of the molybdenum cofactor op-
eron moa in Escherichia coli. J Bacteriol 182: 7035-7043. doi:10
.1128/JB.182.24.7035-7043.2000

Atilho RM, Mirihana Arachchilage G, Greenlee EB, Knecht KM,
Breaker RR. 2019. A bacterial riboswitch class for the thiamin pre-
cursor HMP-PP employs a terminator-embedded aptamer. Elife 8:
e45210. doi:10.7554/eLife.45210

Babina AM, Lea NE, Meyer MM. 2017. In vivo behavior of the tandem
glycine riboswitch in Bacillus subtilis. mBio 8: e€01602-17. doi:10
.1128/mBi0.01602-17

Baker JL, Sudarsan N, Weinberg Z, Roth A, Stockbridge RB,
Breaker RR. 2012. Widespread genetic switches and toxicity resis-
tance proteins for fluoride. Science 335: 233-235. doi:10.1126/sci
ence.1215063

Barrick JE, Breaker RR. 2007. The distributions, mechanisms, and
structures of metabolite-binding riboswitches. Genome Biol 8:
R239. doi:10.1186/gb-2007-8-11-r239

Barrick JE, Corbino KA, Winkler WC, Nahvi A, Mandal M, Collins J,
Lee M, Roth A, Sudarsan N, Jona |, et al. 2004. New RNA motifs
suggest an expanded scope for riboswitches in bacterial genetic
control. Proc Natl Acad Sci 101: 6421-6426. doi:10.1073/pnas
.0308014101

Battaglia RA, Price IR, Ke A. 2017. Structural basis for guanidine sens-
ing by the ykkC family of riboswitches. RNA 23: 578-585. doi:10
.1261/ma.060186.116

Begley TP, Downs DM, Ealick SE, McLafferty FW, Van Loon AP,
Taylor S, Campobasso N, Chiu H-J, Kinsland C, Reddick JJ,
et al. 1999. Thiamin biosynthesis in prokaryotes. Arch Microbiol
171: 293-300. doi:10.1007/s002030050713

690 RNA (2020) Vol. 26, No. 6

Block KF, Hammond MC, Breaker RR. 2010. Evidence for widespread
gene control function by the ydaO riboswitch candidate. J
Bacteriol 192: 3983-3989. doi:10.1128/JB.00450-10

Bochner BR, Ames BN. 1982. ZTP (5-amino 4-imidazole carboxamide
riboside 5'-triphosphate): a proposed alarmone for 10-formyl-tet-
rahydrofolate deficiency. Cell 29: 929-937. doi:10.1016/0092-
8674(82)90455-X

Borsuk P, Przykorska A, Blachnio K, Koper M, Pawlowicz JM, Pekala M,
Weglenski P. 2007. L-arginine influences the structure and func-
tion of arginase mRNA in Aspergillus nidulans. Biol Chem 388:
135-144. doi:10.1515/BC.2007.015

Breaker RR. 2010. RNA second messengers and riboswitches:
relics from the RNA World? Microbe 5: 13-20. doi:10.1128/mi
crobe.5.13.1

Breaker RR. 2011. Prospects for riboswitch discovery and analysis. Mol
Cell 43: 867-879. doi:10.1016/j.molcel.2011.08.024

Breaker RR. 2012. Riboswitches and the RNAWorld. Cold Spring Harb
Perspect Biol 4: a003566. doi:10.1101/cshperspect.a003566

Breaker RR. 2018. Riboswitches and translation control. Cold Spring
Harb Perspect Biol 10: a032797. doi:10.1101/cshperspect
.a032797

Butler EB, Xiong Y, Wang J, Strobel SA. 2011. Structural basis of co-
operative ligand binding by the glycine riboswitch. Chem Biol
18: 293-298. doi:10.1016/j.chembiol.2011.01.013

Corbino KA, Barrick JE, Lim J, Welz R, Tucker BJ, Puskarz |, Mandal M,
Rudnick ND, Breaker RR. 2005. Evidence for a second class of
S-adenosylmethionine riboswitches and other regulatory RNA mo-
tifs in alpha-proteobacteria. Genome Biol 6: R70. doi:10.1186/gb-
2005-6-8-r70

Cromie MJ, Shi Y, Latifi T, Groisman EA. 2006. An RNA sensor
for intracellular Mg?*. Cell 125: 71-84. doi:10.1016/j.cell.2006
.01.043

Cury J, Jové T, Touchon M, Néron B, Rocha EPC. 2016. Identification
and analysis of integrons and cassette arrays in bacterial genomes.
Nucleic Acids Res 44: 4539-4550. doi:10.1093/nar/gkw319

Dambach MD, Winkler WC. 2009. Expanding roles for metabolite-
sensing regulatory RNAs. Curr Opin Microbiol 12: 161-169.
doi:10.1016/}.mib.2009.01.012

Dambach MD, Sandoval M, Updegrove TB, Anantharaman V,
Aravind L, Waters LS, Storz G. 2015. The ubiquitous yybP-ykoY
riboswitch is a manganese-responsive regulatory element. Mol
Cell 57: 1099-1109. doi:10.1016/j.molcel.2015.01.035

Dann CE Ill, Wakeman CA, Sieling CL, Baker SC, Irnov |, Winkler WC.
2007. Structure and mechanism of a metal-sensing regulatory
RNA. Cell 130: 878-892. doi:10.1016/j.cell.2007.06.051

DebRoy S, Gebbie M, Ramesh A, Goodson JR, Cruz MR, van Hoof A,
Winkler WC, Garsin DA. 2014. A riboswitch-containing sRNA con-
trols gene expression by sequestration of a response regulator.
Science 345: 937-940. doi:10.1126/science.1255091

De Silva RS, Kovacikova G, Lin W, Taylor RK, Skorupski K, Kull FJ.
2005. Crystal structure of the virulence gene activator AphA
from Vibrio cholerae reveals it is a novel member of the winged he-
lix transcription factor superfamily. J Biol Chem 280: 13779-
13783. doi:10.1074/jbc.M413781200

Dutzler R, Campbell EB, Cadene M, Chait BT, MacKinnon R. 2002. X-
ray structure of a CIC chloride channel at 3.0 A reveals the molec-
ular basis of anion selectivity. Nature 415: 287-294. doi:10.1038/
415287a

Ebbole DJ, Zalkin H. 1987. Cloning and characterization of a 12-gene
cluster from Bacillus subtilis encoding nine enzymes for de novo
purine nucleotide synthesis. J Biol Chem 262: 8274-8287.

Epshtein V, Mironov AS, Nudler E. 2003. The riboswitch-mediated
control of sulfur metabolism in bacteria. Proc Natl Acad Sci 100:
5052-5056. doi:10.1073/pnas.0531307100



Orphan riboswitches

Erion TV, Strobel SA. 2011. Identification of a tertiary interaction im-
portant for cooperative ligand binding by the glycine riboswitch.
RNA 17: 74-84. doi:10.1261/rma.2271511

Fuchs RT, Grundy FJ, Henkin TM. 2006. The Sy box is a new SAM-
binding RNA for translational regulation of SAM synthetase. Nat
Struct Mol Biol 13: 226-233. doi:10.1038/nsmb1059

Furukawa K, Ramesh A, Zhou Z, Weinberg Z, Vallery T, Winkler WC,
Breaker RR. 2015. Bacterial riboswitches cooperatively bind Ni?*
or Co?* ions and control expression of heavy metal transporters.
Mol Cell 57: 1088-1098. doi:10.1016/j.molcel.2015.02.009

Geiger T, Késtle B, Gratani FL, Goerke C, Wolz C. 2014. Two small (p)
ppGpp synthases in Staphylococcus aureus mediate tolerance
against cell envelope stress conditions. J Bacteriol 196: 894—
902. doi:10.1128/JB.01201-13

Gelfand MS, Mironov AA, Jomantas J, Kozlov Y|, Perumov DA. 1999.
A conserved RNA structure element involved in the regulation of
bacterial riboflavin synthesis genes. Trends Genet 15: 439-442.
doi:10.1016/50168-9525(99)01856-9

Gottesman S, Storz G. 2011. Bacterial small RNA regulators: versatile
roles and rapidly evolving variations. Cold Spring Harb Perspect
Biol 3: a003798. doi:10.1101/cshperspect.a003798

Green NJ, Grundy FJ, Henkin TM. 2010. The T box mechanism: tRNA
as a regulatory molecule. FEBS Lett 584: 318-324. doi:10.1016/j
febslet.2009.11.056

Greenlee EB, Stav S, Atilho RM, Brewer Kl, Harris KA, Malkowski SN,
Mirihana Arachchilage GM, Perkins KR, Sherlock ME, Breaker RR.
2018. Challenges of ligand identification for the second wave of
orphan riboswitch candidates. RNA Biol 15: 377-390. doi:10
.1080/15476286.2017.1403002

Groisman EA, Cromie MJ, Shi Y, Latifi T. 2009. A M92+—responding
RNA that controls the expression of a Mg?* transporter. Cold
Spring Harb Symp Quant Biol 71: 251-258. doi:10.1101/sgb
.2006.71.005

Grundy FJ, Henkin TM. 1998. The S box regulon: a new global tran-
scription termination control system for methionine and cysteine
biosynthesis genes in gram-positive bacteria. Mol Microbiol 30:
737-749. doi:10.1046/).1365-2958.1998.01105.x

Grundy FJ, Henkin TM. 2006. From ribosome to riboswitch: control of
gene expression in bacteria by RNA structural rearrangements.
Crit Rev Biochem Mol Biol 41: 329-338. doi:10.1080/
10409230600914294

Grundy FJ, Lehman SC, Henkin TM. 2003. The L box regulon: lysine
sensing by leader RNAs of bacterial lysine biosynthesis genes.
Proc Natl Acad Sci 100: 12057-12062. doi:10.1073/pnas
.2133705100

Hammond MC, Wachter A, Breaker RR. 2009. A plant 5S ribosomal
RNA mimic regulates alternative splicing of transcription factor
IIA pre-mRNAs. Nat Struct Mol Biol 16: 541-549. doi:10.1038/
nsmb.1588

Hauryliuk V, Atkinson GC, Murakami KS, Tenson T, Gerdes K. 2015.
Recent functional insights into the role of (p)ppGpp in bacterial
physiology. Nat Rev Microbiol 13: 298-309. doi:10.1038/
nrmicro3448

Higgins DA, Gladden JM, Kimbrel JA, Simmons BA, Singer SW,
Thelen MP. 2019. Guanidine riboswitch-regulated efflux transport-
ers protect bacteria against ionic liquid toxicity. J Bacteriol 201:
e€00069-19. doi:10.1128/JB.00069-19

Hirshfield IN, Zamecnik PC. 1972. Thiosine-resistant mutants of
Escherichia coli K-12 with growth-medium-dependent lysyl-tRNA
synthetase activity: |. Isolation and physiological characterization.
Biochim Biophys Acta 259: 330-343. doi:10.1016/0005-2787(72)
90308-5

Howard AD, McAllister G, Feighner SD, Liu Q, Nargund RP, Van der
Ploeg LH, Patchett AA. 2001. Orphan G-protein-coupled recep-

tors and natural ligand discovery. Trends Pharmacol Sci 22: 132—
140. doi:10.1016/S0165-6147(00)01636-9

Huang L, Wang J, Lilley DMJ. 2017a. The structure of the guanidine-I|
riboswitch. Cell Chem Biol 24: 695-702.e2. doi:10.1016/j
.chembiol.2017.05.014

Huang L, Wang J, Wilson TJ, Lilley DMJ. 2017b. Structure of the gua-
nidine Ill riboswitch. Cell Chem Biol 24: 1407-1415.e2. doi:10
.1016/j.chembiol.2017.08.021

Jia X, Zhang J, Sun W, He W, Jiang H, Chen D, Murchie AIH. 2013.
Riboswitch control of aminoglycoside antibiotic resistance. Cell
152: 68-81. doi:10.1016/j.cell.2012.12.019

Kellenberger CA, Wilson SC, Hickey SF, Gonzalez TL, Su Y,
Hallberg ZF, Brewer TF, lavarone AT, Carlson HK, Hsieh Y-F,
et al. 2015. GEMM-| riboswitches from Geobacter sense the bac-
terial second messenger cyclic AMP-GMP. Proc Natl Acad Sci112:
5383-5388. doi:10.1073/pnas.1419328112

Kermani AA, Macdonald CB, Gundepudi R, Stockbridge RB. 2018.
Guanidinium export is the primal function of SMR family transport-
ers. Proc Natl Acad Sci 115: 3060-3065. doi:10.1073/pnas
1719187115

Kim JN, Roth A, Breaker RR. 2007. Guanine riboswitch variants from
Mesoplasma florum selectively recognize 2'-deoxyguanosine.
Proc Natl Acad Sci 104: 16092-16097. doi:10.1073/pnas
.0705884104

Kim PB, Nelson JW, Breaker RR. 2015. An ancient riboswitch class in
bacteria regulates purine biosynthesis and one-carbon metabo-
lism. Mol Cell 57: 317-328. doi:10.1016/j.molcel.2015.01.001

Kladwang W, Chou F-C, Das R. 2012. Automated RNA structure pre-
diction uncovers a kink-turn linker in double glycine riboswitches. J
Am Chem Soc 134: 1404-1407. doi:10.1021/ja2093508

Klein DJ, Edwards TE, Ferré-D'Amare AR. 2009. Cocrystal structure of
aclass | preQ1 riboswitch reveals a pseudoknot recognizing an es-
sential hypermodified nucleobase. Nat Struct Mol Biol 16: 343-
344. doi:10.1038/nsmb.1563

Knappenberger AJ, Reiss CW, Strobel SA. 2018. Structures of two
aptamers with differing ligand specificity reveal ruggedness in
the functional landscape of RNA. Elife 7: €36381. doi:10.7554/
elife.36381

Kochhar S, Paulus H. 1996. Lysine-induced premature transcription
termination in the lysC operon of Bacillus subtilis. Microbiology
142: 1635-1639. doi:10.1099/13500872-142-7-1635

Kortmann J, Narberhaus F. 2012. Bacterial RNA thermometers: mo-
lecular zippers and switches. Nat Rev Microbiol 10: 255-265.
doi:10.1038/nrmicro2730

Kwon M, Strobel SA. 2008. Chemical basis of glycine riboswitch coop-
erativity. RNA 14: 25-34. doi:10.1261/rna.771608

Li S, Breaker RR. 2017. Identification of 15 candidate structured non-
coding RNA motifs in fungi by comparative genomics. BMC
Genomics 18: 785. doi:10.1186/s12864-017-4171-y

Li S, Smith KD, Davis JH, Gordon PB, Breaker RR, Strobel SA. 2013.
Eukaryotic resistance to fluoride toxicity mediated by a wide-
spread family of fluoride export proteins. Proc Natl Acad Sci
110: 19018-19023. doi:10.1073/pnas. 1310439110

Li S, Hwang XY, Stav S, Breaker RR. 2016. The yjdF riboswitch candi-
date regulates gene expression by binding diverse azaaromatic
compounds. RNA 22: 530-541. doi:10.1261/ra.054890.115

Loh E, Dussurget O, Gripenland J, Vaitkevicius K, Tiensuu T,
Mandin P, Repoila F, Buchrieser C, Cossart P, Johansson J.
2009. A trans-acting riboswitch controls expression of the viru-
lence regulator PrfA in Listeria monocytogenes. Cell 139: 770-
779. doi:10.1016/j.cell.2009.08.046

Lu Z, Dunaway-Mariano D, Allen KN. 2005. HAD superfamily phos-
photransferase substrate diversification: structure and function
analysis of HAD subclass IIB sugar phosphatase BT4131.
Biochemistry 44: 8684-8696. doi:10.1021/bi050009j

www.rnajournal.org 691



Sherlock and Breaker

Mandal M, Breaker RR. 2004. Adenine riboswitches and gene activa-
tion by disruption of a transcription terminator. Nat Struct Mol Biol
11: 29-35. doi:10.1038/nsmb710

Mandal M, Boese B, Barrick JE, Winkler WC, Breaker RR. 2003.
Riboswitches control fundamental biochemical pathways in
Bacillus subtilis and other bacteria. Cell 113: 577-586. doi:10
.1016/50092-8674(03)00391-X

Mandal M, Lee M, Barrick JE, Weinberg Z, Emilsson GM, Ruzzo WL,
Breaker RR. 2004. A glycine-dependent riboswitch that uses coop-
erative binding to control gene expression. Science 306: 275-279.
doi:10.1126/science.1100829

Matulef K, Maduke M. 2007. The CLC ‘chloride channel family: reve-
lations from prokaryotes (Review). Mol Membr Biol 24: 342-350.
doi:10.1080/09687680701413874

McCown PJ, Liang JJ, Weinberg Z, Breaker RR. 2014. Structural, func-
tional, and taxonomic diversity of three preQ, riboswitch classes.
Chem Biol 21: 880-889. doi:10.1016/j.chembiol.2014.05.015

McCown PJ, Corbino KA, Stav S, Sherlock ME, Breaker RR. 2017.
Riboswitch diversity and distribution. RNA 23: 995-1011. doi:10
.1261/rna.061234.117

McLennan AG. 2006. The Nudix hydrolase superfamily. Cell Mol Life
Sci 63: 123-143. doi:10.1007/s00018-005-5386-7

Mellin JR, Koutero M, Dar D, Nahori M-A, Sorek R, Cossart P. 2014.
Sequestration of a two-component response regulator by a ribo-
switch-regulated noncoding RNA. Science 345: 940-943. doi:10
.1126/science.1255083

Meyer MM, Roth A, Chervin SM, Garcia GA, Breaker RR. 2008.
Confirmation of a second natural preQ; aptamer class in
Streptococcaceae bacteria. RNA 14: 685-695. doi:10.1261/rna
.937308

Meyer MM, Ames TD, Smith DP, Weinberg Z, Schwalbach MS,
Giovannoni SJ, Breaker RR. 2009. Identification of candidate struc-
tured RNAs in the marine organism ‘Candidatus Pelagibacter ubi-
que’. BMC Genomics 10: 268. doi:10.1186/1471-2164-10-268

Meyer MM, Hammond MC, SalinasY, Roth A, Sudarsan N, Breaker RR.
2011. Challenges of ligand identification for riboswitch candi-
dates. RNA Biol 8: 5-10. doi:10.4161/ma.8.1.13865

Miranda-Rios J, Navarro M, Soberén M. 2001. A conserved RNA struc-
ture (thi box) is involved in regulation of thiamin biosynthetic gene
expression in bacteria. Proc Natl Acad Sci 98: 9736-9741. doi:10
.1073/pnas.161168098

Mirihana Arachchilage G, Sherlock ME, Weinberg Z, Breaker RR.
2018. SAM-VI RNAs selectively bind S-adenosylmethionine and
exhibit similarities to SAM-III riboswitches. RNA Biol 15: 371-
378. doi:10.1080/15476286.2017.1399232

Mironov AS, Gusarov |, Rafikov R, Lopez LE, Shatalin K, Kreneva RA,
Perumov DA, Nudler E. 2002. Sensing small molecules by nascent
RNA: a mechanism to control transcription in bacteria. Cell 111:
747-756. doi:10.1016/50092-8674(02)01134-0

Misra VK, Draper DE. 1998. On the role of magnesium ions in RNA
stability. Biopolymers 48: 113-135. doi:10.1002/(SICI)1097-0282
(1998)48:2<113::AID-BIP3>3.0.CO;2-Y

Nahvi A, Sudarsan N, Ebert MS, Zou X, Brown KL, Breaker RR. 2002.
Genetic control by a metabolite binding mRNA. Chem Biol 9:
1043-1049. doi:10.1016/51074-5521(02)00224-7

Nelson JW, Breaker RR. 2017. The lost language of the RNAWorld. Sci
Signal 10: eaam8812. doi:10.1126/scisignal.aam8812

Nelson JW, Sudarsan N, Furukawa K, Weinberg Z, Wang JX,
Breaker RR. 2013. Riboswitches in eubacteria sense the second
messenger c-di-AMP. Nat Chem Biol 9: 834-839. doi:10.1038/
nchembio.1363

Nelson JW, Sudarsan N, Phillips GE, Stav S, Linse CE, McCown PJ,
Breaker RR. 2015. Control of bacterial exoelectrogenesis by
c-AMP-GMP. Proc Natl Acad Sci 112: 5389-5394. doi:10.1073/
pnas.1419264112

692 RNA (2020) Vol. 26, No. 6

Nelson JW, Atilho RM, Sherlock ME, Stockbridge RB, Breaker RR.
2017. Metabolism of free guanidine in bacteria is regulated by a
widespread riboswitch class. Mol Cell 65: 220-230. doi:10.1016/
j.molcel.2016.11.019

Nou X, Kadner RJ. 2000. Adenosylcobalamin inhibits ribosome bind-
ing to btuB RNA. Proc Natl Acad Sci 97: 7190-7195. doi:10.1073/
pnas.130013897

Peselis A, Serganov A. 2018. ykkC riboswitches employ an add-on he-
lix to adjust specificity for polyanionic ligands. Nat Chem Biol 14:
887-894. doi:10.1038/541589-018-0114-4

Potrykus K, Cashel M. 2008. (p)ppGpp: still magical? Annu Rev
Microbiol 62: 35-51. doi:10.1146/annurev.micro.62.081307
162903

Price IR, Gaballa A, Ding F, Helmann JD, Ke A. 2015. Mn2+—sensing
mechanisms of yybP-ykoY orphan riboswitches. Mol Cell 57:
1110-1123. doi:10.1016/j.molcel.2015.02.016

Reader JS, Metzgar D, Schimmel P, de Crécy-Lagard V. 2004.
Identification of four genes necessary for biosynthesis of the mod-
ified nucleoside queuosine. J Biol Chem 279: 6280-6285. doi:10
.1074/jbc.M310858200

Regulski EE, Breaker RR. 2008. In-line probing analysis of ribo-
switches. Methods Mol Biol 419: 53-67. doi:10.1007/978-1-
59745-033-1_4

Regulski EE, Moy RH, Weinberg Z, Barrick JE, Yao Z, Ruzzo WL,
Breaker RR. 2008. A widespread riboswitch candidate that controls
bacterial genes involved in molybdenum cofactor and tungsten
cofactor metabolism. Mol Microbiol 68: 918-932. doi:10.1111/j
.1365-2958.2008.06208.x

Reiss CW, Strobel SA. 2017. Structural basis for ligand binding to the
guanidine-ll riboswitch. RNA 23: 1338-1343. doi:10.1261/ma
.061804.117

Reiss CW, Xiong Y, Strobel SA. 2017. Structural basis for ligand bind-
ing to the guanidine-| riboswitch. Structure 25: 195-202. doi:10
.1016/j.5tr.2016.11.020

Ren A, Rajashankar KR, Patel DJ. 2012. Fluoride ion encapsulation by
Mg®* ions and phosphates in a fluoride riboswitch. Nature 486:
85-89. doi:10.1038/nature 11152

Rohlman CE, Matthews RG. 1990. Role of purine biosynthetic interme-
diates in response to folate stress in Escherichia coli. J Bacteriol
172: 7200-7210

Ross P, Weinhouse H, Aloni Y, Michaeli D, Weinberger-Ohana P,
Mayer R, Braun S, de Vroom E, van der Marel GA, van Boom JH,
et al. 1987. Regulation of cellulose synthesis in Acetobacter xyli-
num by cyclic diguanylic acid. Nature 325: 279-281. doi:10
.1038/325279a0

Roth A, Breaker RR. 2009. The structural and functional diversity of
metabolite-binding riboswitches. Annu Rev Biochem 78: 305-
334. doi:10.1146/annurev.biochem.78.070507.135656

Roth A, Breaker RR. 2013. Integron attl1 sites, not riboswitches, asso-
ciate with antibiotic resistance genes. Cell 153: 1417-1418. doi: 10
.1016/j.cell.2013.05.043

Roth A, Winkler WC, Regulski EE, Lee BWK, Lim J, Jona |, Barrick JE,
Ritwik A, Kim JN, Welz R, et al. 2007. A riboswitch selective for the
queuosine precursor preQ; contains an unusually small aptamer
domain. Nat Struct Mol Biol 14: 308-317. doi:10.1038/nsmb 1224

Ryjenkov DA, Simm R, Rémling U, Gomelsky M. 2006. The PilZ
domain is a receptor for the second messenger c-di-GMP: the
PilZ domain protein YcgR controls motility in enterobacteria. J
Biol Chem 281: 30310-30314. doi:10.1074/jbc.C600179200

Serganov A, Nudler E. 2013. A decade of riboswitches. Cell 152: 17—
24. doi:10.1016/j.cell.2012.12.024

Serganov A, Patel DJ. 2012. Metabolite recognition principles and
molecular mechanisms underlying riboswitch function. Annu Rev
Biophys 41: 343-370. doi:10.1146/annurev-biophys-101211-
113224



Orphan riboswitches

Sherlock ME, Breaker RR. 2017. Biochemical validation of a third gua-
nidine riboswitch class in bacteria. Biochemistry 56: 359-363.
doi:10.1021/acs.biochem.6b01271

Sherlock ME, Malkowski SN, Breaker RR. 2017. Biochemical validation
of a second guanidine riboswitch class in bacteria. Biochemistry
56: 352-358. doi:10.1021/acs.biochem.6b01270

Sherlock ME, Sudarsan N, Breaker RR. 2018a. Riboswitches for the
alarmone ppGpp expand the collection of RNA-based signaling
systems. Proc Natl Acad Sci 115: 6052-6057. doi:10.1073/pnas
1720406115

Sherlock ME, Sudarsan N, Stav S, Breaker RR. 2018b. Tandem ribo-
switches form a natural Boolean logic gate to control purine me-
tabolism in bacteria. Elife 7: €33908. doi:10.7554/eLife.33908

Sherlock ME, Sadeeshkumar H, Breaker RR. 2019. Variant bacterial
riboswitches associated with nucleotide hydrolase genes sense
nucleoside diphosphates. Biochemistry 58: 401-410. doi:10
.1021/acs.biochem.8b00617

Sherman EM, Esquiaqui J, Elsayed G, Ye JD. 2012. An energetically
beneficial leader-linker interaction abolishes ligand-binding coop-
erativity in glycine riboswitches. RNA 18: 496-507. doi:10.1261/
ma.031286.111

Sherwood AV, Henkin TM. 2016. Riboswitch-mediated gene regula-
tion: novel RNA architectures dictate gene expression responses.
Annu Rev Microbiol 70: 361-374. doi:10.1146/annurev-micro-
091014-104306

Simm R, Morr M, Kader A, Nimtz M, Rémling U. 2004. GGDEF and
EAL domains inversely regulate cyclic di-GMP levels and transition
from sessility to motility. Mol Microbiol 53: 1123-1134. doi:10
.1111/1.1365-2958.2004.04206.x

Smith KD, Gordon PB, Rivetta A, Allen KE, Berbasova T, Slayman C,
Strobel SA. 2015. Yeast Fex1p is a constitutively expressed fluo-
ride channel with functional asymmetry of its two homologous do-
mains. J Biol Chem 290: 19874-19887. doi:10.1074/jbc.M115
651976

Soukup GA, Breaker RR. 1999. Relationship between internucleotide
linkage geometry and the stability of RNA. RNA 5: 1308-1325.
doi:10.1017/51355838299990891

Stav S, Atilho RM, Mirihana Arachchilage G, Nguyen G, Higgs G,
Breaker RR. 2019. Genome-wide discovery of structured noncod-
ing RNAs in bacteria. BMC Microbiol 19: 66. doi:10.1186/s12866-
019-1433-7

Stockbridge RB, Lim H-H, Otten R, Williams C, Shane T, Weinberg Z,
Miller C. 2012. Fluoride resistance and transport by riboswitch-
controlled CLC antiporters. Proc Nat Acad Sci 109: 15289-
15294. doi:10.1073/pnas.1210896109

Stockbridge RB, Kolmakova-Partensky L, Shane T, Koide A, Koide S,
Miller C, Newstead S. 2015. Crystal structures of a double-bar-
relled fluoride ion channel. Nature 525: 548-551. doi:10.1038/
nature 14981

Sudarsan N, Wickiser JK, Nakamura S, Ebert MS, Breaker RR. 2003a.
An mRNA structure in bacteria that controls gene expression by
binding lysine. Genes Dev 17: 2688-2697. doi:10.1101/gad
.1140003

Sudarsan N, Barrick JE, Breaker RR. 2003b. Metabolite-binding RNA
domains are present in the genes of eukaryotes. RNA 9: 644—
647. doi:10.1261/ma.5090103

Sudarsan N, Lee ER, Weinberg Z, Moy RH, Kim JN, Link KH,
Breaker RR. 2008. Riboswitches in eubacteria sense the second
messenger cyclic di-GMP. Science 321: 411-413. doi:10.1126/sci
ence.1159519

Wang JX, Breaker RR. 2008. Riboswitches that sense S-adenosylme-
thionine and S-adenosylhomocysteine. Biochem Cell Biol 86:
157-168. doi:10.1139/008-008

Waters LS, Storz G. 2009. Regulatory RNAs in bacteria. Cell 136: 615-
628. doi:10.1016/j.cell.2009.01.043

Waters LS, Sandoval M, Storz G. 2011. The Escherichia coli MntR mini-
regulon includes genes encoding a small protein and an efflux
pump required for manganese homeostasis. J Bacteriol 193:
5887-5897. doi:10.1128/JB.05872-11

Watson PY, Fedor MJ. 2012. The ydaO motif is an ATP-sensing ribo-
switch in Bacillus subtilis. Nat Chem Biol 8: 963-965. doi:10.1038/
nchembio.1095

Weinberg Z, Barrick JE, Yao Z, Roth A, Kim JN, Gore J, Wang JX,
Lee ER, Block KF, Sudarsan N, et al. 2007. Identification of 22 can-
didate structured RNAs in bacteria using the CMfinder compara-
tive genomics pipeline. Nucleic Acids Res 35: 4809-4819.
doi:10.1093/nar/gkm487

Weinberg Z, Wang JX, Bogue J, Yang J, Corbino K, Moy RH,
Breaker RR. 2010. Comparative genomics reveals 104 candidate
structured RNAs from bacteria, archaea, and their metagenomes.
Genome Biol 11: R31. doi:10.1186/gb-2010-11-3-r31

Weinberg Z, Liinse CE, Corbino KA, Ames TD, Nelson JW, Roth A,
Perkins KR, Sherlock ME, Breaker RR. 2017a. Detection of 224 can-
didate structured RNAs by comparative analysis of specific subsets
of intergenic regions. Nucleic Acids Res 45: 10811-10823. doi:10
.1093/nar/gkx699

Weinberg Z, Nelson JW, Linse CE, Sherlock ME, Breaker RR. 2017b.
Bioinformatic analysis of riboswitch structures uncovers variant
classes with altered ligand specificity. Proc Natl Acad Sci 114:
E2077-E2085. doi:10.1073/pnas. 1619581114

Wickiser JK, Winkler WC, Breaker RR, Crothers DM. 2005. The speed
of RNA transcription and metabolite binding kinetics operate an
FMN riboswitch. Mol Cell 18: 49-60. doi:10.1016/j.molcel.2005
.02.032

Winkler WC, Breaker RR. 2005. Regulation of bacterial gene expres-
sion by riboswitches. Annu Rev Microbiol 59: 487-517. doi:10
.1146/annurev.micro.59.030804.121336

Winkler WC, Nahvi A, Breaker RR. 2002a. Thiamine derivatives bind
messenger RNAs directly to regulate bacterial gene expression.
Nature 419: 952-956. doi:10.1038/nature01145

Winkler WC, Cohen-Chalamish S, Breaker RR. 2002b. An mRNA struc-
ture that controls gene expression by binding FMN. Proc Natl
Acad Sci 99: 15908-15913. doi:10.1073/pnas.212628899

Witte G, Hartung S, Blittner K, Hopfner KP. 2008. Structural biochem-
istry of a bacterial checkpoint protein reveals diadenylate cyclase
activity regulated by DNA recombination intermediates. Mol
Cell 30: 167-178. doi:10.1016/j.molcel.2008.02.020

Wolz C, Geiger T, Goerke C. 2010. The synthesis and function of the
alarmone (p)ppGpp in firmicutes. Int J Med Microbiol 300: 142—
147. doi:10.1016/}.ijmm.2009.08.017

Yoshida M, Miyazato M, Kangawa K. 2012. Orphan GPCRs and meth-
ods for identifying their ligands. Methods Enzymol 514: 33-44.
doi:10.1016/B978-0-12-381272-8.00002-7

www.rnajournal.org 693



