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A growing collection of bacterial riboswitch classes is being discovered that sense central
metabolites, coenzymes, and signaling molecules. Included among the various mechanisms
of gene regulation exploited by these RNA regulatory elements are several that modulate
messenger RNA (mRNA) translation. In this review, the mechanisms of riboswitch-mediated
translation control are summarized to highlight both their diversity and potential ancient
origins. These mechanisms include ligand-gated presentation or occlusion of ribosome-
binding sites, control of alternative splicing of mRNAs, and the regulation of mRNA stability.
Moreover, speculation on the potential for novel riboswitch discoveries is presented, includ-
ing a discussion on the potential for the discovery of a greater diversity of mechanisms for
translation control.

Riboswitches are RNA gene-control struc-
tures commonly found in the 50 untranslated

regions (UTRs) of messenger RNAs (mRNAs)
where they sense and respond to small molecule
or ion ligands (Breaker 2011; Serganov and
Nudler 2013; Sherwood and Henkin 2016). In
most instances, binding of a target ligand to the
aptamer domain of the riboswitch triggers
changes in the folding pattern of the expression
platform (Fig. 1A), which alters the level of gene
expression by one or more of many possible
mechanisms. Several diverse mechanisms for
riboswitch-mediated gene regulation have been
established (Fig. 1B), and herein I will focus pri-
marily on the mechanisms that more directly
involve the regulation of mRNA translation.

It is important to note that several other
long-studied gene-control systems in bacteria
exploit some of the same regulatorymechanisms
as do riboswitches. For example, the classic at-

tenuation mechanisms first discovered in the
early 1970s (Yanofsky 2000) require that the
translation machinery report on the abundance
of an aminoacylated transfer RNA (tRNA) of
interest (e.g., for tryptophan) to regulate expres-
sion of themain open reading frame (ORF). This
sensory process involves a change in translation
speed through a region of repetitive tryptophan
codons in an upstream ORF (uORF), which
leads to alternative folding of the nascent
mRNA transcript and premature transcription
termination if the aminoacylated tRNA is abun-
dant. Similarly, tryptophan can be directly
sensed by TRAP, which is a protein factor that
forms multimers and binds the 50UTR of its tar-
get mRNAwhen tryptophan is abundant (Ant-
son et al. 1999). These types of gene-control
systems, which appear to be quite common, re-
quire complex-folded biopolymers (protein or
RNA factors) other than the 50UTR to serve as
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the sensor for the target ligand. In contrast, ri-
boswitches serve both as the ligand sensor (ap-
tamer) and as the device (expression platform)
that communicates the requirement to regulate
gene expression. As a result, these systems have
been classified separately (Nahvi et al. 2002;
Breaker 2011).

Additional examples of regulatory systems
that involve 50UTR structures exist, including
T box RNAs, which directly sense non-amino-
acylated tRNAs (Green et al. 2010), and RNA
thermosensors, which respond to specific tem-
peratures (Kortmann and Narberhaus 2012).
These systems are also usually classified sepa-
rately from riboswitches even though they too
use many of the same mechanisms for regulat-

ing gene expression. Specifically, T box RNAs
indirectly sense their target amino acids by
binding to tRNAs that lack an aminoacyl mod-
ification. Although Watson–Crick base-pairing
is involved in RNA-RNA (tRNA-T box) com-
plex formation (Grigg et al. 2013), base-pairing
appears to be less extensive than that observed
for short RNA (sRNA) regulators that bind to
50UTRs to trigger expression changes (Gottes-
man and Storz 2011). Interestingly, thermosen-
sors do not need to form a binding site for a
ligand at all, given that they respond to changes
in temperature. Although all RNA structures
can respond to heat as their thermal melting
temperatures are approached, biologically rele-
vant thermosensors need to form a metastable
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Figure 1. Schematic representations of common riboswitch expression platform arrangements. (A) Riboswitches
typically carry a single ligand-binding aptamer (gray box) located upstream of (and slightly overlapping) the
expression platform (dashed box). Folding changes in the aptamer, brought about by ligand binding, cause
folding changes in the expression platform to regulate gene expression by various mechanisms. (B) List of
experimentally validated or predicted riboswitch gene-control mechanisms. Processes by which themechanisms
highlighted in bold italic font regulate translation and are discussed in the text. (C) Schematic representation of a
riboswitch that permits translation in the absence of ligand (left), but inhibits translation when bound to ligand
(right). In the model depicted, ligand binding sequesters the ribosome-binding site (RBS) and prevents ribosome
binding to the messenger RNA (mRNA). Alternatively, some riboswitch RNAs liberate the RBS on ligand
binding to promote ribosome binding and translation.
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structure that is precisely tuned to change gene
expression at a temperature useful to the cell.
This appears to be a relatively easy demand to
meet, as RNA thermosensor domains (Grosso-
Becera et al. 2015) are typically far simpler than
the complex structures formed by riboswitch
aptamers (McCown et al. 2017).

The methods used to discover novel classes
of riboswitch candidates have had to be modi-
fied over the years to continue to yield new find-
ings. This necessity can be understood by recog-
nizing that data hinting that riboswitches indeed
existed were derived from bacterial genetics
experiments, and that the riboswitches first
observed are members of the most common
classes. For example, some of the earliest genetic
data sets suggesting the existence of riboswitches
for lysine (Boy et al. 1979), flavin mononucleo-
tide (FMN) (Gusarov et al. 1997), and adenosyl-
cobalamin (AdoCbl) (Lundrigan et al. 1991) ri-
boswitches were generated and published years
before definitive experimental proofs of these
riboswitches were made. These three riboswitch
classes are among the 10 most abundant classes
known. Therefore, they were more likely than
rare riboswitch classes to have been encountered
by genetics-based mutational screening or other
genetic studies.

As each newly found common riboswitch
class has been revealed, it becomes increasingly
more difficult to uncover evidence pointing to
the remaining undiscovered classes. This is be-
cause the undiscovered classes tend to be rarer
(fewer number of representatives) than those dis-
covered previously (McCown et al. 2017). It be-
came clear that genetic methods would not be
effective in searching for additional riboswitch
classes. Fortunately, newmethods involving com-
parative sequence analyses that are performed by
powerful computer algorithms have been used
with much success to search for additional ribo-
switch classes (e.g., see Barrick et al. 2004;Wein-
berg et al. 2007, 2010). With improvements in
these computation search methods, coupled
with the expanding collection of genomic DNA
sequence data, it seems certain that many addi-
tional riboswitch classes and representatives of
many other types of RNA-based gene-control
systems will be discovered in the coming years.

More than 38 distinct classes of ligand-bind-
ing riboswitches have been experimentally vali-
dated to date (Arachchilage et al. 2017; McCown
et al. 2017), and it has been proposed (Ames and
Breaker 2010; Breaker 2011; McCown et al.
2017) that many hundreds of additional classes
remain to be discovered just among the bacterial
genomes whose sequences have previously been
determined. Thus, it also seems certain that a
greater diversity of structures and mechanisms
will be uncovered for riboswitches, and some of
these might further blur the lines between the
various types of RNA-based regulatory systems
noted above. Currently, some of the most com-
monmechanisms for riboswitch-mediated gene
control involve the direct regulation of transla-
tion initiation, or the inhibition of protein pro-
duction more indirectly by altering mRNA
stability or by changing the primary sequence
of mRNAs via alternative splicing. The details
of some of these riboswitch mechanisms for
translation control are discussed below.

DIRECT TRANSLATION CONTROL
BY RIBOSWITCHES

After intrinsic transcription terminator control,
the next-most-common gene-control mecha-
nism used by many of the known riboswitch
classes involves the occlusion or liberation of
the ribosome-binding site ([RBS] or Shine-Dal-
garno [SD] sequence) (Barrick and Breaker
2007). RBS sequences typically involve a pu-
rine-rich segment of approximately six nucleo-
tides located a short distance upstream of the
translation start codon, and these small genetic
elements are present in ∼77% of the protein-
coding mRNAs among thousands of bacterial
species examined (Omotajo et al. 2015). The
RBS sequence can form a Watson–Crick base-
pairing interaction with 16S ribosomal RNA in
the process of translation initiation (Laursen
et al. 2005). Thus, ligand binding to a riboswitch
aptamer can direct folding of an expression plat-
form to either display the RBS for access by ri-
bosomes, or block ribosomes frombinding to the
mRNA (Fig. 1C).

Numerous examples of riboswitch classes
that use this direct control of translation are pre-
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dicted to exist (Barrick and Breaker 2007). How-
ever, only a few examples have been experimen-
tally tested by examining individual riboswitch
representatives. By using comparative sequence
analysis methods, the precise mechanisms for
regulating RBS access were divided into three
specific types. For the first type, the RBS could
serve as an integral part of the aptamer structure
(Fig. 1C), and therefore ligand binding pre-
cludes ribosome access to yield a riboswitch
that functions as a genetic OFF switch in the
presence of ligand. Riboswitches for AdoCbl or
its close derivatives use this mechanism, as
shown at atomic resolution from X-ray crystal-
lography data (Johnson et al. 2012).

A second type has the RBS located at some
distance downstream of the aptamer structure.
In this case, the RBS does not directly participate
in the formation of the aptamer. Therefore, con-
trolling ribosome accessmust involve alternative
folding of structures apart from the aptamer that
either hide or openly display the RBS. This
mechanism, which was originally proposed for
some bacterial thiamin pyrophosphate (TPP)
riboswitches (Miranda-Ríos et al. 2001; Rodio-
nov et al. 2002; Winkler et al. 2002), typically
involves the use of “anti-RBS” sequences that
can base-pair to the RBS sequence in a ligand-
regulated manner. As a result, this type of regu-
lation can yield either genetic ON or OFF
switches, depending on whether ligand binding
to the riboswitch aptamer sequesters the anti-
RBS sequence or deploys it. Experimental evi-
dence for TPP riboswitches of this mechanistic
type includes (1) ligand-triggered changes in the
structural flexibility of the RBS (Winkler et al.
2002; Rentmeister et al. 2007), (2) effects on gene
expression with constructs carrying mutations
in the anti-RBS sequence (Winkler et al. 2002),
(3) monitoring of structural equilibria between
translation competent and inactive states (Lang
et al. 2007), (4) ligand-dependent modulation of
30S ribosomal subunit binding to mRNA (On-
tiveros-Palacios et al. 2008), and (5) bioinfor-
matic discovery of conserved competitor se-
quences (anti-anti-RBS) for anti-RBS elements
(Rodionov et al. 2002; Chauvier et al. 2017).

A third type has the RBS sequence located
within an intrinsic terminator stem, such that

formation of the terminator stemwill both cease
transcription before the ORF is made, and also
sequester the RBS if the full-length mRNA has
already been produced. This expression plat-
form architecture is very common for TPP ri-
boswitches, as observed via comparative se-
quence analysis of representatives from diverse
bacterial species (Rodionov et al. 2002). Presum-
ably, this dual mechanism is desirable because it
offers exceptional regulatory and energy effi-
ciency. For example, if plenty of TPP is available
in the cell, ligand binding will terminate tran-
scription before the region corresponding to the
adjoining ORF has been fully transcribed. How-
ever, if TPP is low in concentration, full-length
mRNAs can be made, but then can still permit
RBS sequestration by the same TPP-binding in-
teraction if this compound later attains suffi-
cient concentration.

Although theTPPclass has been the primary
model riboswitch for the study of RBS-seques-
tration mechanisms, many other riboswitch
classes also use similar strategies to control
translation. As novel riboswitch classes are dis-
covered, new opportunities become available to
assess the types of gene-control mechanisms
used by these ligand-bindingRNAs. Indeed, bio-
informatic analyses of validated riboswitches
and riboswitch candidates frequently reveal se-
quence signatures that indicate their gene-con-
trol mechanisms involve RBS availability (e.g.,
see Vitreschak et al. 2002; Rodionov et al. 2003;
Weinberg et al. 2007, 2010, 2017). The basic reg-
ulatory framework for each of these riboswitches
will likely fall into one of the three general types
described above. However, it is clear that regula-
tion of translation initiation can be just the be-
ginning of a more complex gene-control cas-
cade. The two systems described below show
the potential for complexity with riboswitches
that initially regulate ribosome access to an RBS.

The lysine riboswitch associated with the
lysC gene of Escherichia coli exploits an anti-
RBS sequence to preclude translation of the
ORF in the presence of its target amino acid
(Caron et al. 2012). Elsewhere in this same ly-
sine-bound structure, two adjacent locations for
the action of RNase E are presented as non-base-
paired RNA. As a result, the mRNA is targeted
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for degradation while simultaneously transla-
tion is precluded. In this case, the two mecha-
nisms used to reduce the amount of protein
made from the mRNA are not interdependent.
It is not essential that translation cease by RBS
occlusion for mRNA degradation to proceed,
and vice versa. Lysine binding by the riboswitch
aptamer is needed only to trigger a difference in
the folded state of the RNA that simultaneously
triggers the two unrelated events that both inde-
pendently reduce gene expression.

Another example of possible dual-acting ri-
boswitch mechanisms helps explain a long-
standing paradox that was evident when the first
riboswitch validation studies began to be pub-
lished. It was speculated that AdoCbl ribo-
switches from E. coli (Nou and Kadner 2000;
Nahvi et al. 2002) and Salmonella typhimurium
(Nahvi et al. 2004) regulate translation, presum-
ably by an RBS occlusion mechanism like that
shown for AdoCbl riboswitches from other spe-
cies (Johnson et al. 2012). However, why would
cells exploit a riboswitch that controls transla-
tion of only the first gene in an operon that con-
tains multiple ORFs? This is particularly puz-
zling for the S. typhimurium mRNA that
carries the large cob operon coding for 25 pro-
teins that function in the long biosynthetic path-
way for coenzyme B12. It would be exceedingly
wasteful for the riboswitch to regulate the trans-
lation of only the first gene by occluding its RBS
on AdoCbl binding, but still allow the cell to
synthesize the entire mRNA and synthesize all
the other 24 proteins encoded by thismulti-ORF
message.

It was speculated (Link and Breaker 2009;
Peters et al. 2009; Roth and Breaker 2009;
Breaker 2012) that perhaps the regulation of
translation initiation triggers the action of the
Rho termination factor (Kriner et al. 2016)
that can terminate transcription before the rest
of the mRNA can be synthesized. Specifically,
inhibition of translation initiation prevents ribo-
somes from binding to the nascent mRNA,
which otherwise would block the access of Rho
to permit continued transcription and produc-
tion of the complete mRNA. Intriguingly, a rep-
resentative of an Mg2+-II riboswitch and also a
representative of an FMN riboswitch have been

reported to regulate Rho-dependent transcrip-
tion termination (Hollands et al. 2012). Howev-
er, these riboswitches do not necessarily achieve
transcription termination by precluding trans-
lation initiation of the downstream ORF. In-
deed, the FMN riboswitch example experiences
Rho-mediated termination even before the start
codon of the ORF is transcribed. Clearly, addi-
tional investigations will be needed tomore fully
explore the mechanisms by which riboswitches
directly control translation, and to discover the
associated regulatory processes that might ensue
when riboswitches sense their cognate ligands.

RIBOZYME REGULATIONOF TRANSLATION
BY SMALL MOLECULES

Of course, ribosomes, themachines that catalyze
the translation process, are directly involved in
riboswitch-mediated gene regulation. Therefore,
all bacterial riboswitch classes that use a mecha-
nism that sequesters or reveals the ribosome-
binding siteof anmRNAareregulating ribozyme
function by controlling the binding of 16S RNA
to its mRNA target. So, in addition to the direct
regulation of translation by riboswitches as de-
scribed in the preceding section, there are several
additional examples wherein riboswitches in-
volve the action of ribozymes to indirectly regu-
late translation. These collaborations between
riboswitches and likely ancient ribozyme classes
provide intriguing evidence that some modern
riboswitches might have their evolutionary ori-
gins in the RNA world (Vitreschak et al. 2004;
Breaker 2012), a time before proteins emerged to
take on many of these same roles.

The first such ribozyme-associated system to
be described is the glmS riboswitch class (Bar-
rick et al. 2004; McCown et al. 2012), whose
members selectively bind the sugar derivative
glucosamine-6-phosphate (GlcN6P) to pro-
mote RNA-catalyzed RNA strand scission
(Winkler et al. 2004; Ferré-D’Amaré 2010).
This self-cleaving ribozyme action promotes
the rapid ribonuclease-mediated degradation of
the adjoining ORF (Collins et al. 2007) coding
for the protein enzyme GlmS (glutamine-fruc-
tose-6-phosphate amidotransferase). The regu-
latory logic established by this dual “ribozyme-
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riboswitch” is quite simple. GlmS proteins cat-
alyze the biosynthesis of GlcN6P, which accu-
mulates to levels that trigger the self-destructing
glmS ribozyme to cleave the 50 terminus from
the full-length mRNA. However, the mRNA
self-cleaves upstream of the coding region
(Winkler et al. 2004), which left open the ques-
tion of precisely how the action of the ribozyme
ultimately prevents translation. It was eventually
shown that, subsequent to ribozyme-mediated
mRNA scission of the 50UTR, RNase J1 recog-
nizes the trimmed portion of the mRNA carry-
ing the ORF and rapidly destroys this RNA to
prevent further translation (Collins et al. 2007).

For the glmS ribozyme-riboswitch example,
the riboswitch ligand (GlcN6P) is also the co-
factor that directly promotes ribozyme-medi-
ated RNA strand scission (Viladoms and Fedor
2012; Bingaman et al. 2017). However, ribo-
switches can control the action of other ribo-
zymes by more remote mechanisms. In the
next section on eukaryotic riboswitches, the reg-
ulation of alternative splicing by TPP ribo-
switches is presented in detail. Specifically, the
spliceosomal apparatus that is so important for
removing introns inmany eukaryotic species is a
ribozyme at its core (Fica et al. 2013), and there
are several strategies used by fungal and plant
riboswitches to regulate alternative splicing.

In addition, there are riboswitches associat-
ed with self-splicing ribozymes in bacteria that
indirectly regulate translation. Two riboswitch
classes are known to exist for the bacterial sig-
nalingmolecule c-di-GMP (Sudarsan et al. 2008;
Lee et al. 2010), the cyclic RNA dinucleotide
made from two guanosine nucleotides (Römling
et al. 2013). For example, there is a natural tan-
dem arrangement in which a riboswitch ap-
tamer for c-di-GMP was found (Lee et al.
2010) to reside immediately upstream of the 50

splice site (50SS) of a group I self-splicing ribo-
zyme (Fig. 2) in the bacterial pathogen Clostrid-
ium difficile (recently renamed Clostridioides
difficile) (Lawson et al. 2016). The riboswitch
aptamer does not carry a typical expression plat-
form like those that include eithera transcription
terminator or a structure to obscure an adjacent
ribosome-binding site. Rather, ligand binding to
the aptamer directly regulates ribozyme-medi-

ated splicing by controlling the structural envi-
ronment of the 50SS.

This tandem arrangement between a ribo-
switch aptamer and a self-splicing ribozyme ex-
ploits the typical activities of each RNAdevice to
create a far more sophisticated gene-control ap-
paratus. As expected, the riboswitch aptamer
can form two distinct structures that are impor-
tant for indirectly regulating mRNA translation.
When c-di-GMP is bound by the aptamer, the
adjacent ribozyme can adopt a structure that
presents the proper 50SS in its active site (Fig.
2A). Thus, the presence of c-di-GMP promotes
the fusion of the 50 and 30 exons, the complete
removal of the ribozyme intron, and the gener-
ation of an RBS sequence that permits transla-
tion of the processed mRNA (Fig. 2B, bottom)
(Chen et al. 2011). In contrast, the absence of
c-di-GMP binding allows a reorganization of
the aptamer sequence that prevents the use
of the 50SS, and yields a truncated RNA process-
ing product that ismissing an RBS (Fig. 2B, top).
This truncatedmRNA therefore cannot be read-
ily translated.

This tandem aptamer-ribozyme system has
two other notable features that increase the ge-
netic complexity shown by such RNA devices.
First, the properly spliced mRNA retains the
c-di-GMP aptamer, and its ability to form alter-
native base-pairs based on the presence or ab-
sence of c-di-GMP remains intact (Fig. 2C).
Therefore, it seems possible that translation of
the processed mRNA could yet be regulated by a
more conventional riboswitch mechanism of
occluding or presenting the RBS, long after the
self-splicing ribozyme has been self-extracted.
Second, group I ribozymes initiate self-splicing
by promoting the nucleophilic attack by a gua-
nosine nucleotide (such as GTP) on the 50SS,
which means that sufficient quantities of both
c-di-GMP and GTP are needed to yield transla-
tion-readymRNAproducts. Thismeans that the
tandem system initially functions as a two-input
Boolean logic gate, wherein both molecular in-
puts are needed to promote gene expression (Lee
et al. 2010).

Although this particular tandem aptamer-
ribozyme architecture is very rare, and is only
found in various strains of C. difficile, there are
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reasons to believe that other tandem arrange-
ments will be discovered. Indeed, we have iden-
tified several examples wherein riboswitch ap-
tamers appear in close proximity to group II
self-splicing ribozymes. Moreover, there are
large numbers of self-cleaving ribozymes that

are present in many bacterial and eukaryotic
species (Jimenez et al. 2015). This creates
many opportunities for riboswitch aptamers to
regulate mRNA processing by controlling the
action of ribozymes that cut RNA. Indeed, there
exists some evidence that GlcN6P naturally af-
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riboswitch aptamer immediately upstream of a group I self-splicing ribozyme. The binding of c-di-GMP to the
aptamer domain requires the structure depicted. This structure promotes ribozyme-catalyzed attack of GTP
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exploited as an expression platform to continue to regulate gene expression as would amore common riboswitch.
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fects the activity of a self-cleaving hepatitis delta
virus (HDV)-class ribozyme from bacteria (Pas-
salacqua et al. 2017). This regulation is different
than that seen with glmS ribozymes that respond
to the same compound (Winkler et al. 2004), as
the effect is more subtle and appears to be via an
allosteric mechanism rather than via the func-
tion of GlcN6P as a cofactor for the ribozyme.
Moreover, it is not yet clear how this allosteric
HDV ribozyme might ultimately regulate trans-
lation of the adjacent ORF.

EUKARYOTIC RIBOSWITCHES AND
TRANSLATION REGULATION BY SPLICING

Confirmation that certain eukaryotic species ex-
ploit riboswitches was obtained by using com-
parative sequence analysis to uncover homologs
of bacterial TPP riboswitches in fungi and plants
(Sudarsan et al. 2003). Soon thereafter (Sudar-
san et al. 2005), it was recognized that previously
observed thiamin-dependent regulation of thiA
pre-mRNA splicing in fungi (Kubodera et al.
2003) involves a representative of this riboswitch
class, and that mutations in the TPP riboswitch
were the source of resistance to the antimicrobial
compound pyrithiamine in the fungus Aspergil-
lus oryzae (Kubodera et al. 2000). These obser-
vations provided the first opportunities to ex-
amine the mechanisms by which eukaryotic
riboswitches regulate gene expression outside
of the bacterial and archaeal domains of life.

A detailed mechanism for eukaryotic TPP
riboswitch function was first established by ex-
amining thiamin-mediated alternative splicing
in the fungus Neurospora crassa (Cheah et al.
2007). This organism has three TPP ribo-
switches, each residing in an intron located in
the 50UTR of the NMT1 mRNA, or disrupting
the coding regions of the mRNAs for THI4 and
NCU01977. Extensive mutational analysis of ri-
boswitch constructs in vivo revealed that the
NMT1 riboswitch regulates alternative splicing
in a TPP-dependent manner by forming alter-
ative RNA structures to sequester or display one
of two possible 50SS.

In the absence of TPP, a portion of the ri-
boswitch aptamer sequence can form Watson–
Crick base-pairs with nucleotides adjacent to

and including a 50SS located proximal to the
30SS (Fig. 3A). Thus, the spliceosomal machin-
ery must choose a distal 50SS, which yields a
processed mRNA that can be efficiently trans-
lated to produce the desired NMT1 protein (Fig.
3B). However, in the presence of TPP, the ap-
tamer nucleotides are sequestered, which liber-
ates the proximal 50SS and yields a processed
mRNAwith three ORFs, themain coding region
for NMT1 plus two uORFs that serve as trans-
lational decoys (Fig. 3C). Thus, in the presence
of TPP, the alternatively spliced mRNA attracts
ribosomes to the uORFs, rather than permitting
translation of the main ORF (Cheah et al. 2007).

Similar alternative base-pairing interactions
are important for regulation of alternative splic-
ing by another series of fungal TPP riboswitches
(Li and Breaker 2013). However, several features
of these systems are distinct from that described
for the NMT1 gene. First, these riboswitches re-
side in introns that interrupt the coding region
of the pre-mRNA, and so complete removal of
the intron is required for translation of the full
ORF to occur, as shown for the N. crassa gene
called NCU01977. When TPP is bound by the
riboswitch, numerous alternative splicing prod-
ucts result from the apparent random use of
numerous possible 30SS. All these splicing prod-
ucts still carry portions of the intron, which
causes premature translation termination. In
contrast, the entire intron is removed when
TPP concentration in cells is low.

The switching mechanism for riboswitches
of the type found in N. crassa NCU01977 in-
volves alternative pairing between nucleotides
(called α) that help form stem P1 when TPP is
bound and a distal complementary region
(called α0). Although these two complementary
segments are separated by ∼500 nucleotides,
formation of the α-α0 base-paired structure
brings the proper 50SS and 30SS in proximity
to promote complete removal of the intron,
and translation of the resulting ORF to produce
the full protein product (Li and Breaker 2013).

Regulation of alternative splicing by ribo-
switches also appears to be a very common
mechanism used by eukaryotic riboswitches
from diverse species. For example, it has been
proposed (Croft et al. 2007) that TPP binding by
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Figure 3. Translation regulation by a fungal thiamin pyrophosphate (TPP) riboswitch that controls alternative
splicing. (A) Schematic representation of the region of the Neurospora crassa NMT1 pre–messenger RNA
(mRNA) region that includes an intron and TPP riboswitch. The TPP aptamer (including stems P1 through
P5) is stabilized on the binding ligand as depicted, or nucleotides from the P4 and P5 region can alternatively
base-pair to a region encompassing a 50SS. (B) Results of mRNA splicing when the TPP concentration is low. The
alternative base-pairing depicted in A will sequester the proximal 50SS to promote the use of a distal 50SS. This
produces a short mRNA splicing product wherein the mainNMT1 open reading frame (ORF) can be translated.
(C) TPP binding to the aptamer prevents occlusion of the proximal 50SS, which results in a longermRNA splicing
product. This alternatively spliced RNA carries upstream ORFs (uORFs) that are translated instead of the main
NMT1 ORF.
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a riboswitch in the THIC gene of the green alga
Chlamydomonas reinhardtii promotes either of
two alternative splicing events that lead to incom-
plete removal of an intron separating coding ex-
ons of the pre-mRNA. Translation machinery
operating on the resulting processed mRNA
yields a truncated protein that presumably is
nonfunctional. In the absence of TPP, the intron
structure rearranges to promote the use of splice
sites resulting in removal of the entire intron,
proper fusion of the ORF, and subsequent pro-
duction of the full-length protein product.

An exceedingly common mechanism for
TPP riboswitch-mediated control of gene ex-
pression inmulticellular plants involves alterna-
tive splicing of an intron that resides down-
stream of the ORF. In this configuration, TPP
binding to the riboswitch aptamer of thiamin-
related transcripts promotes splicing of an in-
tron in the 30UTR of the pre-mRNA such that
the polyadenylation signal sequence is removed
(Bocobza et al. 2007; Wachter et al. 2007). Thus,
TPP causes the destabilization of the transcript
and reduces mRNA translation. In the absence
of TPP, a portion of the riboswitch aptamer can
base-pair with the 50SS to prevent the removal of
the intron and the polyadenylation signal. This
base-pairing potential is conserved among nu-
merous plant species (Wachter et al. 2007), sug-
gesting that this mechanism of indirect regula-
tion of translation by TPP riboswitch alteration
of transcript polyadenylation andmRNA stabil-
ity is widespread. To date, there are no known
eukaryotic riboswitches that directly control
translation without first making changes to the
mRNA sequence by regulating RNA processing
events. However, given the intimate roles played
by tRNAs, ribosomal RNAs and various regula-
tory RNAs, there exist many opportunities for
ligand-binding RNAs in eukaryotes to exploit
translation control mechanisms other that those
described above.

SPECULATION ON REGULATORY
MECHANISMS AND CONTRIBUTIONS
OF RIBOSWITCHES

It seems likely that there are thousands of dis-
tinct bacterial riboswitch classes that have yet to

be discovered (Ames and Breaker 2010; Breaker
2011; McCown et al. 2017). Most of these classes
will be present among the innumerable bacterial
species whose genomes have yet to be se-
quenced. It has been estimated that ∼85% of
the riboswitches encoded by the currently avail-
able genomic databases have already been iden-
tified (McCown et al. 2017), because members
of the more than 38 riboswitch classes that have
been discovered to date are so abundant. In oth-
er words, the many undiscovered riboswitch
classes are so sparsely represented that they
form only a small fraction of the total number
of individual riboswitches.

If the assumptions that give rise to the num-
bers above are generally true, we can be confi-
dent in estimating the extent to which ribo-
switches directly regulate translation processes.
Updated quantitation of the frequency of vari-
ous riboswitch gene-control mechanisms is not
available, but there are no indications from re-
cent riboswitch discovery efforts to suggest that
past tabulations (Barrick and Breaker 2007) are
in error. Thus, it is likely that the twomost com-
mon mechanisms by which riboswitches con-
trol gene expression in modern cells will remain
(1) transcription termination via the regulated
formation of intrinsic transcription terminator
stems, followed closely in abundance by (2)
translation initiation via the regulated display
or occlusion of the ribosome-binding site. All
other mechanisms are far rarer, although they
each showcase the diversity of possible gene-
control mechanisms exploited by regulatory do-
mains made entirely of RNA.

After 15 years of intensive efforts to dis-
cover novel riboswitch classes, it is noteworthy
that only one riboswitch class (TPP) has been
found to be common in some eukaryotic line-
ages. Furthermore, it is not certain that addi-
tional riboswitch classes exist in eukaryotes
(Bocobza and Aharoni 2014), particularly given
that proteins undoubtedly serve as strong com-
petition for RNAs as organisms evolve new sen-
sors for various targets. However, the massive
amount of noncoding RNA in eukaryotes, tran-
scribed either as introns of protein-coding
genes or as separately expressed transcripts
such as long noncoding RNAs (e.g., Ulitsky
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and Bartel 2013), provides tremendous oppor-
tunities for ligand-sensing riboswitches to
emerge and operate.

To date, no examples of metabolite- or ion-
binding riboswitches have been discovered in
humans or indeed anymetazoans. If researchers
wanted to initiate a concerted campaign to dis-
cover more eukaryotic riboswitches, how should
they focus their searches? The genomic locations
and biochemical functions of eukaryotic TPP
riboswitches so far provide a strikingly uniform
picture of what other eukaryotic riboswitches
might look like if they indeed exist. All known
TPP riboswitches in fungi and plants reside in
introns, regardless of whether these introns are
present in the 50UTR, in intervening sequences
disrupting the ORF, or in the 30UTR. In each
case, they appear to regulate alternative splicing,
which ultimately regulates translation of the pri-
mary protein product either directly (determine
integrity of main ORF) or indirectly (uORF reg-
ulation; determine mRNA stability). Eukaryotic
TPP riboswitches have yet to be observed in
RNA transcripts apart from the mRNAs for thi-
amin biosynthesis or transport proteins. There-
fore, it seems prudent to focus future searches
for eukaryotic riboswitches primarily on the al-
ternatively spliced introns of metabolic genes, or
genes that are regulated by signaling molecules.
The introns of such genes would make excellent
locations for metabolite-binding aptamers that
selectively respond to their targets, and in the
process can be removed by splicing so as to avoid
interfering with the protein coding portion of
the mRNA.

As noted above, such riboswitches might
retain the ancient mechanism of working with
RNA-based splicing machinery now present in
spliceosomal RNAs to control the information
flow from RNA to proteins. Eukaryotes do ex-
ploit some RNA-based signaling molecules,
such as cAMP, cGMP, and certain cyclic dinu-
cleotides, which have been proposed to reflect
ancient signaling compounds from the RNA
world (Nelson and Breaker 2017). Perhaps if
riboswitches for additional signaling molecules
derived from RNA nucleotides are discovered in
bacteria, homologs will be uncovered in eukary-
otes that respond to these samemolecules. How-

ever, the ligands for eukaryotic riboswitches do
not necessarily need to be of ancient origin. It is
already apparent that eukaryotes largely lack ex-
amples of the most common and likely oldest
classes of riboswitches being discovered in bac-
teria. If more complex eukaryotes do exploit ri-
boswitches beyond just those for TPP, they
might have more recently acquired the ability
to respond to distinctly eukaryotic ligands
such as hormones or other signaling molecules
important only for multicellular life.

CONCLUDING REMARKS

The abundant information available on ribo-
switches shows that thismode of gene regulation
relies heavily on mechanisms that directly regu-
late translation, primarily via controllingmRNA
binding to ribosomes. However, a diversity of
other mechanisms is used by riboswitches to
regulate translation even after the full-length
mRNA has been synthesized. Most of these pro-
cesses involve intricate folding of the riboswitch
aptamer and its associated expression platform,
which must be achieved on a timescale that is
relevant to the translation events that come later.
These rapid RNA folding and ligand-binding
events cannot easily be studied by traditional
biochemical or genetic studies that involve ex-
amining purified RNAs in bulk or examining
mutants in cell culture. Rather, some questions
on the details of translation control will remain
to be answered until biophysical analyses in-
volving such techniques as fluorescent labeling,
single-molecule analyses, and atomic-resolution
modeling are fully used (Perez-Gonzalez et al.
2016).

Structural biologists have made truly re-
markable progress in revealing the ligand-
bound states of nearly all known riboswitch
classes (Garst et al. 2011; Peselis and Serganov
2014; McCown et al. 2017). However, ribo-
switches have evolved to function with highly
dynamic structures that can either change their
shapes in real time based on ligand-binding
events, or perhaps more commonly they make
folding pathway decisions based on ligand bind-
ing while being actively synthesized by RNA
polymerase. To fully understand the structural
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and kinetic properties of riboswitches, studies
that can monitor individual RNAs in real time
as they progress through various structural states
or forks in their folding pathways will be neces-
sary. Methods that use optical tweezers to eval-
uate RNA folding during the act of transcription
(e.g., Frieda and Block 2012) appear to be par-
ticularly promising. However, monitoring sim-
ilar kinetic processes that involve ribosome
docking to a riboswitch-controlled RBS, or spli-
ceosomal particles choosing splice sites whose
availabilities are controlled by riboswitch fold-
ing, seem daunting.

Regardless of the challenges ahead, it is very
important to continue to discover novel ribo-
switch classes and to examine the mechanistic
details of their gene-control actions. This work
inevitably expands our understanding of a com-
mon mode of gene control in bacteria, and re-
veals how small ligands can regulate complex
processes like alternative splicing in eukaryotes.
Furthermore, as the importance of synthetic bi-
ology grows in the future, simple and effective
engineered genetic switches will be needed and
riboswitches might be made to serve roles as
designer sensors and switches. In particular,
their ability to directly regulate protein synthesis
could be exploited to yield long-lived mRNAs
that quickly activate or deactivate translation by
binding to externally supplied triggermolecules.
Finally, each newly discovered natural ribo-
switch potentially provides a window into our
evolutionary past. Even if modern riboswitches
do not directly descend from ancient ribo-
switches, they yield clues that explain how
RNAs can fold to sense diverse ligands and
how these binding events can interface some-
times directly with modern ribozymes to regu-
late complex biochemical processes.
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