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Riboswitches as Promising Regulators

Newly discovered metabolite-sensing riboswitches have revealed
that cellular processes extensively make use of RNA structural
modulation to regulate gene expression in response to subtle
changes in metabolite concentrations. Riboswitches are involved
at various regulation levels of gene expression, such as transcrip-
tion attenuation, translation initiation, mRNA splicing and mRNA
processing. Riboswitches are found in the three kingdoms of life,
and in various cases, are involved in the regulation of essential
genes, which makes their regulation an essential part of cell sur-

1. Introduction

Only twenty-five years ago, RNA was mainly considered as a
cellular messenger that carries genetic information from the
genome to the ribosome for the production of proteins. Only
protein enzymes were then considered to be truly “molecular
effectors”, which were involved in essential biological catalytic
processes. The discovery of RNA enzymes, or ribozymes,"?
changed the way that scientists perceived the role of RNA as a
cellular component. Ribozymes, by playing both informational
and catalytic roles, inspired the RNA World hypothesis, which
was put forward to address the “chicken and egg” problem of
how a translation system could emerge without proteins al-
ready in place. Thus, if RNA or some RNA-related molecules
could encode information and perform catalytic reactions,
then protein-driven chemical reactions could have evolved
from those molecules to yield the complexity observed in
modern cellular processes. However, for such a primitive world
to be viable, the large collection of catalytic reactions would
require feedback regulatory loops as a way to regulate gene
expression. These mechanisms would need to be highly specif-
ic to prevent unwanted regulatory cofactors from perturbing/
altering metabolic regulation by acting on unrelated biochemi-
cal pathways. Because RNA has only a handful of functional
groups compared to proteins, it can be hard to imagine that
RNA can build tertiary structures complex enough to form spe-
cific ligand-binding sites. However, it was repeatedly shown by
using SELEX (Systematic Evolution of Ligands by EXponential
enrichment) that RNA can be a “good contortionist” at build-
ing complex architectures.”’ A large number of artificial RNA
aptamers have been isolated that respond to various small
molecules, such as theophylline, adenosine triphosphate,
amino acids and organic dyes (recently reviewed™). By taking
advantage of the fact that formation of the RNA-ligand com-
plex increases the stability of an RNA structure compared to
that of the RNA by itself, several gene regulation systems were
engineered in which Shine-Dalgarno (SD) and initiation codon
sequences were selectively sequestered depending on the
presence of an exogenously added ligand, which altered the
structure of the mRNA upon binding.” Such results strongly
suggested that the RNA World could have benefited from
feedback regulatory mechanisms to regulate gene expression.

Additional evidence for an RNA-based primitive world came
from recent work showing that naturally occurring RNA motifs
can act as specific regulatory switches. Strikingly, it was found
that these RNA switches were able to use feedback regulatory
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vival. Because riboswitches operate without the assistance of ac-
cessory proteins, they are believed to be remnants of an ancient
time, when gene regulation was strictly based on RNA, from
which are left numerous “living molecular fossils”, as exemplified
by ribozymes, and more spectacularly, by the ribosome. Due to
their nature, riboswitches hold high expectations for the manipu-
lation of gene expression and the detection of small metabolites,
and also offer an unprecedented potential for the discovery of
novel classes of antimicrobial agents.

loops to monitor and control their own expression, apparently
all of this in the absence of any helper protein. These RNA ele-
ments, called riboswitches, are literally “molecular switches”
that can sense the presence of small cellular metabolites and
fold into a different conformation to either promote or inhibit
expression of the protein encoded downstream. Given that a
number of excellent recent reviews have covered in great
detail riboswitch molecular structures,®?? this review will
mainly focus on riboswitch regulation mechanisms. We will
also explore the growing potential of riboswitches for use as
antibacterial cellular targets, molecular biosensors and as
ligand-inducible effectors. In a nutshell, this review will attempt
to show the current knowledge about riboswitches and the
vast possibilities that they offer as molecular tools.

2. Riboswitches as Novel Gene Control
Elements

Riboswitches are located in untranslated regions (UTRs) of
mRNA and are able to sense the concentration of a target cel-
lular metabolite, which is almost always related to the gene
product encoded by the riboswitch downstream sequence. To
be able to sense various types of cellular changes, riboswitches
use different molecular architectures that are highly adapted
to monitor biological cues. The variety of riboswitch architec-
tures spans from single temperature-responsive stem-loops to
complex structures able to specifically bind large metabolites,
such as coenzyme B;.. In all cases studied, this cis-acting mech-
anism enables a tight regulation control that allows the sens-
ing RNA molecule to be directly regulated. This is a different
strategy compared to RNAi-based trans-acting system, in
which a short interfering RNA molecule acts as a guide to
target complementary sequences within mRNAs, and leads to
the activation of the RNA-induced silencing complex (RISC),
and ultimately to mRNA silencing.” With the exception of the
glmsS ribozyme,*® all reported riboswitch representatives
control gene expression by modulating the formation of at
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least one helical domain. Surprisingly, only by performing such
a minimal structure alteration, riboswitches are able to modu-
late a large array of diverse biological processes, such as tran-
scription attenuation, translation initiation, mRNA splicing and
MRNA processing.

The term “riboswitch” was coined by Ronald Breaker in 2002
when he reported that mRNA-encoding enzymes involved in
vitamin B, and B,, biosynthesis in E. coli could bind associated
metabolites without helper proteins being involved.?>3% Simi-
lar findings were also obtained from other groups when they
observed that ligand-dependent feedback regulation mecha-
nisms could rely entirely on RNA structural changes.”'>* How-
ever, before the riboswitch concept was generally accepted,
several hints came from previous biochemical studies, which
paved the way to a significant conceptual progress, and ulti-
mately to the proposition that RNA structures can directly bind
cellular metabolites to modulate gene expression.®*>"! For in-
stance, based on mutational analyses, it was proposed that ele-
ments found in the 5" UTR of mRNA involved in the synthesis
of thiamine pyrophosphate (TPP), riboflavin and adenosylco-
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balamin were required for gene regulation of downstream
gene products.®>**3% These studies provided a clear answer to
why several attempts to identify regulatory proteins involved
in gene regulation did not reveal expected protein cofactors.
After the riboswitch concept was put forward, a “minirevolu-
tion” took place among the RNA community, which led to the
discovery of many distinct classes of RNA switches. Natural cis-
acting riboswitches have been shown to respond to various
metabolites, such as adenine,* adenosylcobalamin (B;,),*”
flavin mononucleotide (FMN),2"*" guanine,*? 2'-deoxyguano-
sine, glucosamine-6-phosphate,”® glycine,*¥ lysine,***’ mo-
lybdenum,”?  7-aminomethyl-7-deazaguanine (preQ1),*” s-
adenosylmethionine  (SAM),B**-"  S-adenosylhomocysteine
(SAH)[SZ] and TPP.[29'3”

The sensing of target metabolites by riboswitches is per-
formed by the aptamer domain, which is responsible for the
high affinity and specificity of riboswitch-ligand complexes
(Figure 1).”) Where studied, it has been shown that the apta-
mer folds into a defined structure that produces specific con-
tacts with most of the atomic groups of the ligand, which en-
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The paradigm of riboswitch regulation is well rep-
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Figure 1. Riboswitch gene regulation mechanisms. The guanine riboswitch is shown as
an example of a negatively controlled riboswitch since premature transcription termina-
tion is favored in the presence of guanine. The adenine riboswitch positively controls
gene expression since the presence of adenine is associated with transcription elonga-
tion. The miniROSE element positively modulates translation initiation when temperature
is high enough. Guanine, adenine and transcription terminators are shown as G, A and T,

respectively; SD is the Shine-Dalgarno sequence.

sures a very high ligand-binding specificity. Importantly, the
formation of the ligand-aptamer complex has a direct influ-
ence on the folding of the downstream expression platform,
which is used to control gene expression. The binding site rec-
ognition properties appear to be highly adaptive as a large
spectrum of ligand-binding riboswitches has been found so
far® The expression platform also shows an important level of
plasticity since it can adopt a large array of secondary struc-
tures that can be used to regulate most of the important bio-
logical processes, and this either by up- or down-regulating
gene expression. The modularity of the aptamer and the ex-
pression platform makes riboswitches the “Swiss-army knife” of
cellular regulation, and even more remarkably, all of this with-
out the absolute requirement for protein cofactors. The genet-
ic decision relying on the folding status of the riboswitch is
dictated by the binding of the target metabolite to the apta-
mer domain. In most cases, when the concentration of the
target metabolite is high in the cell, its binding to the ribo-
switch aptamer results in the repression of its synthesis
(Figure 1). However, gene expression is stimulated by ligand
binding in cases in which it is involved either in metabolite cel-
lular transport,”” or as an energy source.””
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resented by the purine riboswitch class, which con-
sists of guanine and adenine riboswitches that nega-
tively and positively regulate gene expression upon
ligand binding, respectively (Figure 1).1%*? In the
case of the guanine riboswitch, a transcription termi-
nator element is formed only in the presence of gua-
nine; this results in gene repression,“? which can
vary according to the riboswitch representative.”?
For the adenine riboswitch, presence of adenine is
associated with the disruption of the transcription
terminator; this allows gene expression to take place
(Figure 1). Crystal structures show that despite their
high structural similarities, both riboswitch aptamers
display very high specificity toward their respective
ligand;***? this is essentially achieved by the forma-
tion of a Watson-Crick base pair between the ligand
and a nucleobase located in the aptamer do-
main.****! The adenine riboswitch is also thought to
modulate at the translational level,***® which is an-
other common regulation mechanism used by bac-
terial riboswitches (see Section 4.2). Translational ri-
boswitch control has also been characterized in
detail in the case of the ROSE (repressor of heat-
shock gene expression) element, which controls
translation initiation by thermosensing; this makes
the miniROSE element one of the simplest ribo-
switch structures (Figure 1).°” This control mecha-
nism is achieved with only a simple helical domain
that sequesters the SD sequence and the AUG start
codon, both of which are exposed when the tem-
perature is increased to allow expression of heat-
shock gene products.”” A similar thermosensible
regulation mechanism is involved in infections
caused by the food-borne pathogen Listeria monocytogenes.®™
It has been shown that invasion proteins and phospholipases
involved in the infectious process are controlled by prfA, which
is not expressed below 30°C; this results in low expression of
virulence. However, when L. monocytogenes enters an animal
host, the temperature shifts to 37 °C; this results in prfA expres-
sion and production of proteins involved in the infectious pro-
cess. Interestingly, a thermosensor RNA structural element has
been shown to control prfA expression by masking the riboso-
mal-binding region at 30°C but allowing ribosome access at
37°CH¥

3. Riboswitch Structural Diversity

Riboswitches fold into diverse secondary structures that are
often organized around helical junctions with varying degrees
of complexity. For instance, in the case of purine riboswitches,
and most probably also for the recently discovered 2’-deoxy-
guanosine riboswitch (Figure 2), the aptamer folds around a
three-way junction and displays a loop-loop interaction, which
is important for folding and activity.*>*? The junction also con-
tains a helical-stacking interaction, which is frequently found in
three-way RNA junctions, between stems P1 and P3." The
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Figure 2. Secondary structures of metabolite-binding riboswitch aptamers. The sensed metabolite is indicated for each riboswitch class. Aptamers sensing an
identical ligand are grouped in a rectangle. An additional P3 stem-loop located between P2 and P4 might be present in some adenosylhomocysteine (SAH)
natural representatives and is indicated in parentheses. A zero-length linker region is drawn for the SAH riboswitch by a dashed line and the strand polarity is
indicated by an arrow. Aptamer secondary structures should be considered only as artistic representations since known tertiary interactions are not represent-
ed and do not contain the exact number of base pairs. The gimS ribozyme is shown in Figure 3.

hammerhead ribozyme shows a highly similar global tertiary
fold as it also contains a loop-loop interaction as well as an
equivalent helical-stacking interaction. In the case of the ham-
merhead, the presence of the loop-loop interaction was only
recently appreciated when it was shown that this distal inter-
action is very important for the ribozyme function under phys-
iological conditions.”®%? The presence of the loop-loop inter-
action has been shown to be also important for purine ribo-
switches.P*%% As opposed to the hammerhead ribozyme, a
minimal adenine riboswitch aptamer lacking the loop-loop in-
teraction does not readily fold into a similar global tertiary
structure as compared to the wild type (Lemay and Lafontaine,
unpublished observations); this most probably indicates that
the aptamer core is less rigid than the hammerhead ribozyme
and cannot by itself drive the riboswitch to the active confor-
mation. A naturally occurring variant of the purine riboswitch
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has recently been reported in only one bacterial species that
exhibits selective and high-affinity binding of 2’-deoxyguano-
sine;®¥ this indicates that the ligand specificity of existing ri-
boswitches can be reprogrammed without significantly alter-
ing the global aptamer architecture.

Riboswitches have found different molecular solutions to
create ligand-binding aptamers for both preQ1 and SAM
(Figure 2). Whilst aptamers preQ1-l and preQ1-Il exhibit rela-
tively similar secondary structures, those specific to SAM dis-
play very different structures ranging from a simple stem-loop
to complex three- or four-way junctions; this suggests that
evolutionary distinct RNA aptamers can converge to the same
function (Figure 2). Crystal structures of SAM-I, SAM-II and
SAM-III aptamers show that although the ligand is bound in
distinct ways,”* high affinity and specificity is preserved in
both aptamers; this enables a strong discrimination against
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most analogues of SAM, such as SAH.” For instance, to recog-
nize the positively charged sulfur group as well as the activat-
ed methyl group, the SAM-II aptamer makes use of carbonyl
oxygen groups from uracils—a very similar strategy to the one
employed by SAM-I, which employs two universally conserved
A-U pairs to provide the carbonyl oxygen atoms. Interestingly,
a particular SAH-binding aptamer, which shares structural simi-
larities with the SAM-II aptamer,®? suggests a common ligand-
binding site for both ligands as SAM and SAH only differ by
the presence of a single methyl group and a positive charge.
The existence of several different aptamers for preQ1 and SAM
is consistent with the idea that riboswitches exploit the struc-
tural versatility inherent to RNA molecules and suggests that
other RNA-binding aptamers sharing similar ligand binding
strategies are bound to be discovered.

The lysine riboswitch is centered on a unique five-way junc-
tion that is most probably important for lysine binding.®**>""
A long-range loop-loop interaction occurring between stems
P2 and P3 has been shown to be important for the aptamer
global folding, ligand binding and riboswitch transcriptional
control activity.”" This study also found that the correct folding
of a kink-turn (K-turn) element present in the P2 stem is cru-
cial for the loop-loop interaction to take place. The simultane-
ous presence of a K-turn element together with a long-range
tertiary interaction is not unique to the lysine riboswitch since
a similar architectural arrangement is also observed in the
SAM-I aptamer. From the SAM aptamer crystal structure, it is
clear that the presence of the K-turn is critical for the long-
range pseudoknot interaction to form, which in turn is vital for
the ligand-binding activity of the aptamer.” In addition, in the
23S ribosomal RNA, a three-way junction also exhibits a loop-
loop interaction in which one of the interacting arms contains
a K-turn motif.”>’¥ In the case of the ribosomal junction, the
crystal structure shows that ribosomal proteins L24 and L29 in-
teract with the contained K-turn (Kt-7); this suggests that their
presence could be important for the correct folding of the K-
turn motif and, consequently, for the loop-loop structure.

The glycine-specific riboswitch is unique among known ri-
boswitches since it is the only one that employs cooperative
binding to control gene expression.*¥ The secondary structure
of the aptamer encompasses two similar domains joined by a
linker sequence (Figure 2). Because these two domains are
interrelated, cooperative binding can be used to efficiently
respond to ligand within a small range of concentrations. A
recent study employing nucleotide analogue interference map-
ping (NAIM) has identified two sites that are involved in coop-
erative tertiary interactions.” In this study, Kwon and Strobel
have found that the minor groove of the P1 stem of the first
aptamer as well as the major groove of the P3 stem of both
aptamers are likely to be important for interdomain docking.
These findings suggest that the glycine riboswitch uses the P1
stem of the first aptamer not to modulate the expression plat-
form as done in other riboswitches, but to contribute to ter-
tiary interactions that are important for ligand-binding cooper-
ativity. This finding is a striking example that riboswitches can
exhibit complex regulation characteristics that were previously
thought to belong only to protein cofactors. As if the remark-
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able riboswitch versatility already discussed was not enough to
control gene expression, recently discovered riboswitches ex-
hibit a further degree of complexity.”**’%””! For instance, molec-
ular arrangements consisting of two independent TPP ribo-
switch units have been reported in Bacillus anthracis."” The ri-
boswitch duplication is most probably important to provide a
greater dynamic range for ligand binding and thus, a higher
sensitivity for the control of gene regulation. A further level of
complexity is shown by the SAM-B,,-dependent dimeric ribo-
switch,”®" which exhibits two aptamers that are dissimilar in
their ligand-binding specificity. Such a combination enables
gene expression to be controlled in a Boolean NOR logic gate
fashion, in which the binding of any ligand produces down-
regulation of gene expression. Similar dimeric riboswitches re-
sponding to different ligands are also very likely to exist since
a dimeric riboswitch containing a guanine aptamer as well as
an additional domain with unknown ligand specificity was
recently described.”® Riboswitch-mediated gene regulation is
not only performed by using metabolite-binding aptamer
since other cellular signals, such as temperature,”®’ magnesi-
um® and tRNA,"® have been shown to influence RNA struc-
ture and to modulate gene expression. For instance, it is inter-
esting to note that tandem arrangements are also observed on
a higher frequency for tRNA-sensing T-boxes, which are likely
to require tighter regulation control over tRNA charging.””#"

Lastly, it appears that riboswitches could show even more
diversity for ligand-binding effectors as compelling evidences
for this were recently obtained.®®¥ For instance, using a com-
putational pipeline, Weinberg et al. used bacterial comparative
genomics and identified 22 novel candidate RNA motifs, some
of which are apparently involved in transport, the citric acid
cycle, molybdenum cofactor biosynthesis and Vibrio cholerae
natural competence.®? Also, three other widespread candi-
dates, which exhibit a conserved secondary structure, are asso-
ciated with homologous genes, and thus share most character-
istics that are usually associated with typical riboswitches.
However, three other candidates show a narrower distribution
since they are only found in a single taxonomic order; this sug-
gests that many riboswitches remaining to be discovered
might exhibit narrower phylogenetic distribution than those
already known.®?

4. Biological Processes Regulated
4.1 Premature transcription termination

Bacteria primarily use two mechanisms for termination of tran-
scription. Some genes incorporate a termination signal that is
dependent upon Rho protein,® while others make use of
Rho-independent terminators (intrinsic terminators) to destabi-
lize the transcription elongation complex.®®"! These latter
RNA elements are composed of a GC-rich stem-loop followed
by a stretch of 6-9 uridyl residues. Intrinsic terminators are
widespread throughout bacterial genomes, and are typically
located at the 3’ termini of genes or operons. However, they
are also found in riboswitch expression platforms where ligand
binding can either produce the formation or disruption of the
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terminator; this results in abortive transcription or elongation,
respectively (Figure 1). The affinity of the aptamer-ligand com-
plex is presumably one of the most important factors in the
riboswitch gene regulation mechanism. Indeed, provided that
the ligand is present at sufficient concentration, it is predicted
that the aptamer-ligand complex is formed and gene regula-
tion ensued. As long as ligand binding is fast compared to the
transcription rate, riboswitches operate under a thermodynam-
ic regime with the equilibrium between the bound- and un-
bound-ligand aptamer, which dictates the outcome of the ge-
netic expression.

A further notion was discovered when it was observed that
for some riboswitches, the rate of ligand binding (k) is impor-
tant for the regulation process.®**” Indeed, compared to RNA
polymerase (RNAP) transcription rate, slow ligand-binding ki-
netics implies that formation of the aptamer-ligand complex
might not attain equilibrium before the expression platform is
transcribed. Thus, under conditions in which ligand binding is
slow compared to RNAP transcription rate, ligand binding to
the aptamer domain might not occur before the expression
platform is transcribed; this indicates that aptamer stabilization
might not be achieved by the time the genetic decision is
made, which corresponds to a kinetic regime regulation con-
trol. For riboswitches that are kinetically controlled, it is expect-
ed that the concentration of ligand required to trigger tran-
scription termination is higher than the apparent Kj value de-
termined for the riboswitch-ligand complex, which has been
observed in many cases.*****% However, it should be noted
that the apparent discrepancy between these values could
also result in part from the presence of alternative RNA struc-
tures that do not produce ligand-binding competent ribo-
switches. In addition, because the concentration of ribonucleo-
tide triphosphates (NTPs) modulate RNAP transcription rate, it
is expected that NTP concentration can affect the concentra-
tion of ligand required to mediate termination, which has
been observed for the ribD FMN®® and the gcvT glycine™ ri-
boswitches. These results are consistent with the idea that the
transcription rate can influence transcription termination by
allowing more or less time for ligand binding to occur. In addi-
tion, in the context of the pbuE adenine riboswitch, it was re-
cently shown® that the presence of the expression platform
negatively influences the ability of the aptamer to perform
ligand binding, which is consistent with kinetic control under
certain conditions.®

Under conditions in which a given riboswitch operates
under a kinetic regime, and therefore when the rate of RNAP
transcription is determining, pausing might be a significant
factor in riboswitch regulation. Because transcriptional pauses
are known to decrease transcription elongation rate by as
much as 10000-fold,®" it is very likely that they could be of
vital importance for kinetically driven riboswitches by provid-
ing additional “breathing time” for riboswitch-ligand complex
formation. For instance, in the case of the FMN riboswitch, it
has been found that two major pause sites present in the ri-
boswitch sequence are characterized by lifetimes of ~10 s and
~1 min® In agreement with the idea that pause sites provide
more time for ligand binding, the mutation of either pause site
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increased transcription termination, and an increase in the
ligand concentration was required to obtain 50% of the full
extent of transcription termination. Also, the addition to tran-
scription reactions of the RNA-binding protein, NusA, which is
known to alter transcription termination levels,®? resulted in
increased lifetimes at the pause sites whereas the increase in
NTP concentration resulted in the decrease of pause lifetimes,
as expected from their respective influences on transcription
rates. Together, these results suggest that rates of ligand bind-
ing as well as transcription are in some cases more important
than the affinity of the riboswitch-ligand complex.

4.2 Translation initiation

Whereas Gram-positive bacterial riboswitches mainly control
transcription attenuation, Gram-negative riboswitches tend to
modulate translation initiation levels."**¥ This functional differ-
ence can be explained by the relative prevalence of polycis-
tronic mRNA found in both bacterial types. For instance, given
that Gram-positive bacteria have larger gene clusters, they can
benefit from premature transcription attenuation control.'>%%
Among known riboswitch representatives, those responding to
TPP2? FMN,* coenzyme B,,*® and SAM® have been shown
to be involved in translational control. Translation initiation is
also controlled by making use of secondary-structure changes
by which access to the SD and AUG sequences is modulated
to control ribosome binding, and hence translation initiation.
The modulated structure can be considered as a sequestering
helix given that it is involved in the base pairing of the SD and
AUG sequence segments. In contrast to transcriptionally regu-
lated mRNA, translationally controlled transcripts allow the
mRNA molecule to be full length when ligand binding occurs.
Whether or not translation-controlling riboswitches operate
under various regulation modes (kinetic vs. thermodynamic) is
not readily apparent. In contrast to transcription-regulating
riboswitches, those involved at the translational level do not
appear to need to perform their regulation during the tran-
scription process. However, this will need to be further investi-
gated by using appropriate methods since those already devel-
oped for riboswitches regulating transcription might not be
readily transposable.

One of the first riboswitches identified in translational con-
trol is the TPP-responding riboswitch.” It was previously ob-
served that a conserved cis-acting element located in the
5" UTR of an mRNA associated with thiamine biosynthesis and
transport is important for TPP-dependent regulation.®> |m-
portantly, no protein regulatory factor was identified with ex-
perimental assays; this suggests that the E. coli thi box element
acts as a potential riboswitch motif. Its riboswitch-dependent
regulation was established by using the lacZ reporter gene,
which showed gene repression when bacteria were grown in
the presence of thiamine.” The repression mechanism was at-
tributed to direct binding of TPP onto the thi box element,
which caused structural alterations in the aptamer domain.
The apparent K; value obtained for the formation of the RNA-
TPP complex is ~500 nm, while other thiamine phosphorylated
forms lead to lower affinities; this shows that the TPP ribo-
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switch is highly specific for TPP. A)
This molecular specificity was

further supported by using in- -
line probing assays; these
showed that the RNA is able to
make specific contacts with two e
different regions of the ligand,
which consist of the purine and
phosphate moieties. More spe-
cifically, in-line probing also re- 5 p2 |~ v
vealed that the SD sequence
becomes more structured upon

- . . -
TPP addition; this is consistent p3 |
with the formation of a helical |
structure—involving the SD ele- v |-|Pp31

ment—that does not allow ribo- -
some binding and hence pre-
vents translation.

C)
4.3 mRNA processing

In addition to transcription and
translation mechanisms, ribo-
switches have also evolved to
control ligand-dependent mRNA
processing. The glmS gene,
which encodes the enzyme glu-
tamine-fructose-6-phosphate
synthetase, converts fructose-6-
phosphate and glutamine into
GIcN6P. Importantly, upon bind-
ing to GIcN6P, the gimS mRNA
undergoes autocatalytic cleav-
age that generates 5-OH and
2',3'-cyclic phosphate moiet-
ies;*® this suggests a catalytic
mechanism similar to that previ-
ously described for small nucle-
olytic ribozymes. The gimS sec-
ondary structure is quite differ-
ent from other ribozymes (Figure 3A) and shows a double
pseudoknot structure (P2.1 and P2.2)—a feature that is also
found in other ribozymes, such as the hepatitis delta virus and
Diels-Alderase ribozymes.”®®” It has been recently reported
that both pseudoknots are involved in the formation of the
ribozyme core as well as the ligand-binding site and that a
long-range tertiary interaction is formed between a GNRA tet-
raloop located in the P4.1 stem and the minor groove of the
P1 helix, all of which are important for the compact fold of the
ribozyme.?”?®

The ligand-binding specificity of the gimS ribozyme has re-
cently been studied in detail by using a variety of ligands.”® In
their work McCarthy et al. established that several functional
groups of the ligand are important for the cleavage reaction.
Among them, the amine group of the GIcN6P is crucial given
that although glucose-6-phosphate (GIc6P) does not support
catalytic activity, metabolites such as serinol, L-serine and etha-

o0
0_1 b’ 0_
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B)

GIcN6P

L.

Guanine 33 (N1)

Figure 3. The gImS ribozyme. A) The secondary structure arrangement of the gimS ribozyme is shown. The cleav-
age site is indicated by a large arrow and the key nucleobase, G33, is shown. Discontinuous lines represent zero-
length linker regions. B) The cleavage site of the gimS ribozyme. The 2'OH (2'-O), the phosphate (P) and the 5OH
(5’-0) leaving group are positioned for an in-line attack. The N1 functional group of G33 is shown very close to
the 2'OH as an activator of the catalytic reaction. The bound GIcN6P is shown to make interactions with the 5'OH
and the pro-Sp (O2P) oxygen groups. The C1—OH group of GIcN6P is also shown to interact with the phosphate
center to stabilize the charge developing on the scissile phosphate. C) The cleavage mechanism of the gimS ribo-
zyme. G33 acts as a general base by deprotonating the 2'OH nucleophile and GIcN6P plays the role of a general
acid by protonating the 5'OH leaving group. The cleavage reaction yields 2',3'-cyclic phosphate and 5'OH termini,
which is typical of other small nucleolytic ribozymes.

nolamine yield to catalysis. However, the presence of the phos-
phate group is not as important since efficient catalytic activity
is observed in the presence of p-glucosamine. By examining all
potent metabolites, common features were found, which con-
sist of an ethanolamine moiety as well as a vicinal hydroxyl
group,® and because GIc6P inhibits gimS activity this suggests
that the presence of the amine is dispensable for ribozyme
binding. The essential role of GIctN6P was recently highlighted
in an in vitro selection study,®” in which it was not possible to
alter the range of compounds supporting catalytic activity; this
is consistent with the hypothesis that GICN6P is used as a
coenzyme for gims self-cleavage.""”

By using a trans-acting form of the ribozyme, the role of
GIcN6P on the gImS structure was investigated with the aid of
fluorescence resonance energy transfer (FRET) analysis."®" In-
terestingly, the authors found that the complex formed be-
tween the ribozyme and the substrate does not undergo a
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global conformational change following GIcN6P binding,
which was confirmed by using terbium and enzymatic probing.
Another study that used hydroxyl radical protection and UV
cross-linking assays showed that the riboswitch binds the
ligand with a prefolded active-site pocket."® Together with
previous studies, this suggests that GIcN6P assists gImS cataly-
sis by directly participating at the chemical step. The role of
metal ions in the gimS catalytic activity was also recently stud-
ied."™ It was shown that significant levels of activity are sup-
ported in the presence either of the exchange-inert cobalt(lll)
complex or monovalent ion molar concentrations. These re-
sults suggest that metal ions are not directly involved in gimS
catalysis but instead are used for the correct folding of the
RNA structure. Supporting results were obtained from NAIM
experiments, which indicated that phosphate oxygens, 2'-hy-
droxyl and particular nucleobase functional groups are essen-
tial for ribozyme catalysis."® In this study, it was observed that
metal-ion contacts are found in the catalytic core when Co" is
used; this suggests that these metal ion-RNA interactions are
not directly involved in the g/ImS catalytic reaction.

Recent crystal structures have shed light on the gimS ribo-
switch catalytic activity and the role of GIcN6P in the cleavage
mechanism.??® Crystal structures obtained for a ribozyme
lacking a 2’-hydroxyl at the cleavage site in the presence or ab-
sence of the competitive inhibitor GIc6P, and for the cleaved
form, revealed that the ribozyme is a very rigid RNA molecule
that exhibits a preformed ligand-binding site.”™ A crystal struc-
ture solved for a trans-acting form of the ribozyme with a 2'0-
methyl substitution at the cleavage site, in the presence of
GIcN6P, confirmed previous findings as well as offered new in-
sights into the catalytic mechanism.?” For instance, as suggest-
ed by other structures,”” this study showed that GIcN6P direct-
ly participates in the reaction as a catalytic cofactor by using
the ethanolamine moiety on the glucosamine sugar moiety.
This work proposes that while the C1—OH group stabilizes de-
veloping charge on the scissile phosphate, the C2—NH, group
acts as a general acid to activate the 5-O-leaving group (Fig-
ure 3B). Moreover, because there is no functional group (and
no metal ion) other than the strongly conserved G33, which is
sufficiently close to the nucleophile to activate the 2’-hydroxyl
at the cleavage site, it was suggested that G33 could be in-
volved as a general base (Figures 3B and 3C).*”"® The gImS ri-
bozyme is thus not like a conventional riboswitch that experi-
ences structural reorganization upon ligand binding, but rather
uses ligand as cofactor to achieve catalytic activity, much like
protein enzymes.

So, what is the outcome of gimS processed mRNAs? Because
of the ribozyme self-cleavage reaction, the gimS downstream
transcript exhibits an unusual 5-hydroxyl terminus, which spe-
cifically targets the molecule for intracellular degradation."®
The degradation pathway makes use of the widespread
RNase J1, which has been proposed to be the functional ho-
mologue of RNase E found in E. coli. However, although
RNase E poorly degrades mRNA transcripts exhibiting a 5'-hy-
droxyl group, RNase J1 specifically processes mRNA carrying
5'0H molecules. Importantly, the presence of the 5'OH-specific
RNase J1 in B. subtilis strongly suggests that additional gene
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regulation mechanisms might use similar degradation strat-
egies.

4.4 mRNA splicing and stability

Thiamin pyrophosphate (TPP) is a coenzyme derived from thi-
amin, which is synthesized by most bacteria, fungus and
plants." [t is an important cofactor in amino acid and carbo-
hydrate metabolic routes.®” The TPP riboswitch is the most
widespread riboswitch known to date and it is so far the only
riboswitch found in archaea and eukaryotes."”” The TPP ribo-
switch is involved in different types of gene regulation mecha-
nisms ranging from transcription and translation control in
bacteria®*? to splicing modulation in fungi.'®%'% Notably, it
is also involved in the 3’-end processing of some plant
mRNA,M%" where its presence in ancient plant taxa has been
speculated to indicate that this riboswitch mechanism exists
since the emergence of vascular plants, some 400 million years
ago."?

The complexity and versatility that riboswitches are able to
achieve is well illustrated by the TPP-riboswitch-mediated alter-
native splicing of mRNA in Neurospora crassa.'® It has been
observed that the TPP riboswitch is flanked on one side by
two 5’ splice sites and on the other side by a single 3’ splice
site. When TPP concentration is low, the TPP aptamer masks
the proximal 5" splice site; this results in the use of the distal
5" splice site, which ultimately leads to the production of NMT1
mRNA. However, when TPP binds the aptamer, an mRNA con-
formational change takes place that sequesters both the distal
5" splice site and the splicing branch site. The net effect of the
conformational change is a reduction in splicing efficiency of
the former mRNA species as well as an increase in an alterna-
tively spliced mRNA that results from the use of the proximal
5 splice site. Importantly, this TPP-dependent mRNA contains
p-open reading frames (WORFs), which compete with the trans-
lation of the main ORF and thus repress NMT1 expression. In-
terestingly, Breaker and co-workers have also identified a TPP
riboswitch in an intron of another mRNA that interrupts the
main ORF."® They have observed that stop codons present in
the intron prevent mRNA translation. However, in the presence
of thiamine, the splicing of the intron is favored; this suggests
that the TPP riboswitch is also acting as a positively regulating
riboswitch.

TPP-dependent alternative splicing is also present in plants,
where it has been observed to differentially process the mRNA
3" end."®™ This post-transcriptional regulation mechanism
relies on the conditional presence of a poly A signal retained
in the absence of TPP and associated with the production of a
stable mRNA encoding the thiamin biosynthetic gene THIC.
However, when TPP is abundant in the cell, a splicing reaction
removes the poly A signal and produces a longer transcript
carrying various polyadenylation signals. This latter mRNA is
highly unstable and is associated with a reduction of THIC
expression. Together, these findings suggest that riboswitches
are clearly important players in eukaryotic gene expression
mechanisms.
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4.5 Increasing complexity of riboswitch genetic regulation

Most riboswitches have been found to control gene products
that are involved either in the biosynthesis or transport of the
associated metabolite. However, some riboswitches have also
been predicted to regulate genes that are not related to their
regulating metabolite."'? For instance, in some Alphaproteo-
bacteria, Actinobacteria, Bacillus species, B. fragilis and Thermo-
synechococcus elongatus, the isozymes methionine synthase
MetE and ribonucleotide reductases NrdDG and NrdAB have
B,,-specific riboswitches located in their upstream regions
(Figure 4). While these gene products operate in a B,,-inde-

Methionine biosynthesis related genes

metE i

metH

Ribonucleotide reduction related genes

nrdDG-nrdAB i

5’ e

nrdJ

Figure 4. Riboswitches act as gene regulation elements and favor particular
biochemical pathways. The MetE and NrdDG-NrdAB enzymes are regulated

by B,,-specific riboswitches, which are expected to inhibit the expression of
enzymes at an elevated intracellular B, concentration. However, the expres-
sion of MetH and NrdJ B,,-dependent enzymes should not be affected.

pendent fashion, a group of isozymes (MetH and NrdJ) mostly
found in the same organisms are not regulated by a ribos-
witch-based mechanism but employ vitamin B,, as coenzyme.
It was thus proposed that when vitamin B, is present at a suf-
ficient cellular concentration, the expression of B,,-independ-
ent isozymes MetE and NrdDG-NrdAB is repressed by a ribo-
switch regulation mechanism, and only the more efficient B;,-
dependent isozymes are used to perform the biological reac-
tions.""? In addition, a slightly different situation has recently
been described in B. clausii in which the expression of MetE
and MetH are also controlled in a riboswitch-dependent
manner.”® However, in this case, it has been observed that the
metH mRNA contains a SAM-specific riboswitch while the metE
mMRNA exhibits an unusual riboswitch tandem configuration
containing two complete riboswitch units that respond to
SAM and B,,. Because both enzymes are involved in the bio-
synthesis of SAM, it appears logical that both mRNA can be
regulated by SAM cellular concentration. The rationale for the
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presence of a B,, riboswitch element in metE stems from the
lower efficiency of the MetE enzyme to catalyze the formation
of homocysteine compared to MetH, which uses a derivative
of adenosylcobalamin, methylcobalamin, as a cofactor. Thus,
when adenosylcobalamin is available in cells, expression of
MetE is down-regulated to favor the use of the more efficient
MetH enzyme in SAM production.”®

Furthermore, the B,,-dependent riboswitch-driven regulation
is not restrained to SAM and B,, biochemical pathways. A
recent comparative genomic study in Treponema denticola has
predicted two alternative pathways of glutamate utilization
and identified B,,-specific riboswitches upstream of genes in-
volved in glutamate metabolism.!"'? It was reported that a B,,-
independent catabolic glutamate dehydrogenase, rocG, is con-
trolled by a B,, riboswitch. Interestingly, it was observed that
an orthologue of MutSL, which catalyzes the first step of the
B,,-dependent pathway of glutamate catabolism, is also pres-
ent in the same bacterium. These observations suggest that an
excess of vitamin B;, would repress the expression of rocG
while still allowing MutSL to catabolize glutamate. These find-
ings suggest that B,,-independent isozymes are regulated by
B,,-specific riboswitches in organisms containing both B,,-de-
pendent and B,,-independent isozymes. Although these obser-
vations need to be experimentally verified, they nevertheless
suggest that riboswitch elements can be used to add a further
level of regulation complexity by favoring more efficient bio-
chemical pathways under certain cellular conditions.

5. Naturally and Artificially Occurring
Aptamers

Thanks to their nucleic acid architecture, riboswitches exhibit a
surprisingly high capacity and plasticity to create binding sites
for targeted cellular ligands. Riboswitch plasticity, which is cen-
tral to the ligand-binding specificity, is best shown in the case
of the SAM riboswitches for which four different aptamers are
known.B**®1 However, the plasticity of the ligand-binding site
can also be evaluated for other riboswitch classes given that
related artificial aptamers have been selected by SELEX."™ In
general, natural riboswitches tend to be larger than their in
vitro evolved counterparts."*"" We refer the reader to a
recent review covering artificial aptamers that bind AMP, GTP,
vitamin B, and FMN,"™ and describes their structural basis for
ligand binding, which are not covered here. Instead, we will
focus on the XBA RNA aptamer selected by using affinity chro-
matography on a xanthine agarose column in which xanthine
was linked to the agarose through its C8 position."" The apta-
mer secondary structure is composed of a single stem-loop
structure containing an asymmetric internal loop (Figure 5A).
By comparing the different sequences obtained, Yokoyama
and co-workers observed that most of the internal loop is
highly conserved; this suggests that it is involved in the recog-
nition of the ligand."™® From a survey of various metabolites,
the authors found that xanthine, guanine and hypoxanthine
bind with similar affinities (K, ~um) but that adenine is strong-
ly discriminated (Figure 5B). Interestingly, such a molecular dis-
crimination is highly reminiscent of the guanine riboswitch
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Guanine riboswitch aptamer

Figure 5. The XBA RNA and the guanine riboswitch aptamers. A) The secon-
dary structure of the XBA RNA is shown and the numbering is according to
Kiga et al.""®¥ B) Dissociation constants are indicated for guanine, hypoxan-
thine, xanthine and adenine for both the XBA RNA™? and the guanine ri-
boswitch aptamer.*¥ The chemical structures of the ligands are also shown.
C) The ligand binding site of the xpt guanine riboswitch aptamer (PDB ID:
1Y27). The guanine aptamer and the ligand binding site (inset) are shown.
Nucleotides making direct H-bond interactions with the bound guanine are
indicated.

aptamer.*? While the asymmetric internal loop of the XBA
aptamer is likely to be involved in ligand binding,"™ the xpt ri-
boswitch achieves binding by using a series of stacking and
hydrogen-bonding interactions with guanine. Moreover, the
ligand specificity is achieved by the formation of a Watson-
Crick base pair between the guanine ligand and a conserved
cytosine (C74) located in the aptamer core (Figure 5C). Exten-
sive riboswitch-ligand interactions ensure that high affinity is
achieved for the formation of the complex; this leads to disso-
ciation constants in the low nanomolar range.”? However, typi-
cal in vitro selection methods that make use of a ligand bound
to a solid support represent a potential problem for the detec-
tion of high affinity aptamers since they do not allow the RNA
to interact with all ligand functional groups, which is not the
case for natural riboswitch aptamers.

Nevertheless, other ways that circumvent the use of a solid
support for aptamer selection have been put forward. For in-
stance, Nomura and Yokobayashi have developed a selection
scheme that allows the re-engineering of the TPP riboswitch
through an in vivo SELEX procedure."® In this work, the au-
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thors randomized a part of the expression platform of a nega-
tively regulating riboswitch and selected for a riboswitch that
allows gene expression in the presence of TPP. A very similar
approach was previously employed by Lynch et al. to select for
synthetic riboswitches that activate protein translation in the
presence of theophylline.""”’ Such approaches are very power-
ful in harnessing the huge possibilities offered by riboswitches
as gene-regulation elements and could represent an improved
way to develop artificial aptamers that mimic nature’s work
more efficiently.

The size of natural and artificial aptamers, which seems to
be the most obvious difference, can also be explained by their
respective aim. For instance, artificial aptamers are isolated
solely by their ability to bind a particular ligand. However, ri-
boswitches have a more complex role to play by achieving
gene regulation upon ligand binding. Riboswitch regulation is
possible through the global RNA reorganization and P1 stem
stabilization induced by ligand binding, which require essential
RNA-ligand interactions. This could explain the high variability
in size and structure of natural riboswitches, which evolved to
encompass their respective ligand. The extended conformation
of the TPP riboswitch represents well this ligand-riboswitch
coevolution: the RNA conformation allows two binding pock-
ets to be formed, which interact with the 4-amino-5-hydroxy-
methyl-2-methylpyrimidine and the pyrophosphate moieties of
the ligand.""® However, recently discovered preQ1“”? and
metal sensing"™” riboswitches seem to head off this generally
observed correlation that exists between the size of ribo-
switches and their cognate ligand. Whilst the modified purine
preQ1 binds to a single stem-loop riboswitch with great affini-
ty, the M-box is composed of a more complex structure that
binds a ligand as small as six magnesium ions; this suggests
that many unexpected metabolite-binding RNA structures wait
to be discovered and they most probably display higher affini-
ty than known in vitro evolved aptamers.

6. Riboswitch Differential in vivo Gene
Regulation

Each riboswitch class shows a high level of sequence and sec-
ondary structure conservation among its representatives. How-
ever, some differences are apparent in the aptamer regions,
which could