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Aptamers are artificial nucleic acids that selectively

bind small molecules. In the past two years, it has

become clear that nature has already devised its own

aptamers that play important regulatory roles. RNA

sensors have been discovered in both Gram-positive

and Gram-negative bacteria that function as molecular

switches in response to direct binding of structurally

diverse metabolites. These natural RNA aptamers,

called ‘riboswitches’, are imbedded in the leader

sequences of numerous metabolic genes. Riboswitches

are able to repress or activate their cognate genes at

both transcriptional and translational levels. Here, we

summarize the recent progress in the identification and

characterization of riboswitches and discuss their evol-

ution and distribution.

Organisms use RNA in a wide range of regulatory
mechanisms to control gene expression. The classical
examples of such regulation are transcription and trans-
lation attenuation in bacteria. The common principle
behind these mechanisms is that some external event,
usually associated with the metabolic status of the cell,
controls the formation of a stem–loop RNA structure that
either terminates transcription prematurely or sequesters
the Shine–Dalgarno (SD) sequence and inhibits trans-
lation initiation. Traditionally, protein factors have been
implicated in regulation of these processes. For example,
in Bacillus subtilis the trp RNA-binding attenuation
protein (TRAP) regulates tryptophan biosynthesis by
participating in both transcription attenuation and trans-
lational control [1]. In transcription attenuation, TRAP is
responsible for the decision to terminate transcription of
the trpEDCFBA operon leader region or to allow tran-
scription to proceed to the structural genes by sensing the
level of tryptophan in the cell [2]. TRAP also regulates
translation of trpE and trpG genes. In the case of trpE,
TRAP binding promotes formation of an RNA structure
that sequesters SD, whereas in trpG, it binds to a portion of
the RNA that contains the SD sequence [3]. In all three
situations, TRAP functions by binding to RNA targets in a
tryptophan-dependent manner. The Bgl family of anti-
termination factors is another classical example of RNA-
binding proteins that regulate expression of various
catabolic operons in Gram-positive and Gram-negative
bacteria [4].

There are many other specific regulatory proteins that
bind RNA in the metabolite-depended manner to control
transcription elongation or translation initiation [5,6].
Like TRAP and Bgl, such proteins modulate the formation
of alternative RNA structures that act as the intrinsic
transcription terminator or SD sequestor, or alternatively,
as the antiterminator or antisequestor. Often, the portion
of the leader that binds the factor can form a third
structure – the anti-antiterminator or anti-antisequestor
– which enables the protein to control transcription
termination or translation initiation at a large (100–300
nucleotide) distance from the terminator or ribosome-
binding site (RBS), respectively. For example, in Escher-
ichia coli, the translating ribosome functions as a
tryptophan sensor instead of TRAP. It pauses within the
leader message in the absence of tryptophan and prevents
the formation of the anti-antiterminator, which would
otherwise promote the formation of the terminator stem–
loop structure [7].

More recently, it was found that uncharged tRNA might
substitute for the protein in controlling transcription
attenuation in B. subtilis. Many aminoacyl-tRNA synthe-
tase genes and several operons involved in amino acid
biosynthesis possess the so-called T-box module within
their untranslated leader transcript. The read-through of
the intrinsic terminator of this leader occurs when the
charged to uncharged ratio of a particular tRNA is
decreased, signaling the deficiency of the corresponding
amino acid. It is presumed that uncharged tRNA makes
two specific contacts with the T-box. Codon–anticodon
pairing with the upstream segment of the T-box assures
specificity, whereas the antiterminator–acceptor pairing
stabilizes the antiterminator and prevents formation of
the competing terminator [8].

In this review, we describe a new class of regulatory
RNA that needs the same principles of alternative
structure formation to control transcription elongation
and translation initiation depending on the metabolic
status of the cell. The uniqueness of these RNA systems is
that they do not require any intermediary sensory
molecules (i.e. protein factors or tRNA) to govern the
attenuation process; they behave as sensors of small
molecules themselves. Such natural RNA aptamers, also
known as riboswitches, appear to control expression of a
wide spectrum of metabolic genes in bacteria and possibly
in higher organisms as well.Corresponding author: Evgeny Nudler (evgeny.nudler@med.nyu.edu).
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The riboswitch control of vitamin metabolism

The first evidence for the existence of riboswitches came
from genetic and biochemical studies on the feedback
regulation of vitamin biosynthetic operons in B. subtilis,
E. coli and Rhizobium etli.

Flavin mononucleotide-sensing riboswitches

Riboflavin (vitamin B2) is a precursor of the essential
coenzymes flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD). In Bacilli, the riboflavin
operon (ribGBAHT) consists of five genes that encode
enzymes for riboflavin synthesis from GTP [9]. The operon
has an untranslated regulatory leader region of ,300 base
pairs in front of its first gene. The leader is responsible for
negative regulation of the operon by flavins. Intensive
genetic and genomic studies of the rib leader in B. subtilis
and other Gram-positive bacteria revealed the evolutio-
narily conserved regulatory element called rfn [10]. It
folds into a characteristic conserved structure with five
hairpins. Mutations in the rfn-box prevent the repression
by flavins and lead to riboflavin overproduction [11]. The
rib leader also contains a classical intrinsic terminator
(a stable hairpin followed by a stretch of U residues) and two
additional elements within the rfn-box – the 50-proximal
antiterminator and anti-antiterminator, which prevents
the antiterminator from interfering with the terminator
(Figure 1a). A separate gene ribC, which encodes a
bifunctional flavokinase/FAD synthetase, was also impli-
cated in the rib operon regulation, suggesting that FMN
and/or FAD serves as a co-repressor [12,13]. Because no
protein candidate has been found that binds the rfn-box in
a FMN- or FAD-dependant manner, a model was proposed
whereby direct binding of FMN or FAD to the rfn-box
promotes the formation of the terminator by changing the
structure of rfn [9,10]. Recently, this model was directly
confirmed by using a reconstituted transcription system
with highly pure B. subtilis and E. coli RNA polymerases
lacking any additional factors [14]. The presence of FMN
in low micromolar concentration was sufficient to potenti-
ate transcription termination in vitro. FMN-mediated
termination was strictly dependent on the intact rfn-box
because various point mutations in the rfn region
abolished this effect. The predicted conformational change
in the pure rib leader RNA in response to FMN, but not to
riboflavin, was demonstrated with the use of oligonucleo-
tides that were complementary to RNA and ribonuclease H
(RNase H) probing [14]. Independent evidence of direct
binding of FMN to rfn came from the observation that the
intrinsic fluorescence of FMN was quenched upon RNA
synthesis [14]. In addition, it was shown that FMN altered
the spontaneous cleavage pattern of rib leader RNA in the
so-called ‘in-line RNA-probing’ assay [15], which is also
indicative of the conformational change in the RNA
structure induced by the metabolite. As similar methods
have been used for characterization of other riboswitch
systems, we will refer to them as ‘RNase H-probing’ and
‘in-line RNA-probing’ assays.

In contrast to Gram-positive bacteria, in which most rib
genes are clustered in a single operon, in Gram-negative
bacteria they are scattered around the chromosome.
Usually, two of those genes – ribB and ribH2 – are

regulated by an rfn-box [16]. Interestingly, in this case, the
riboswitch operates at the translational rather than the
transcriptional level. For instance, in E. coli, the transla-
tional repression of ribB by FMN via the rfn-box
reaches two orders of magnitude, but the transcriptional
repression is only fivefold (A.S. Mironov and E. Nudler,
unpublished observations). As shown in Figure 1b, the
stem–loop structure downstream of the rfn-box acts as the
sequestor of SD and the start codon rather than an intrinsic
transcription terminator. In the presence of FMN, the rfn
riboswitch prevents the formation of the anti-sequestor,
thus, enabling the sequestor to interfere with translation
initiation. Such differences between Gram-negative and
Gram-positive bacteria, with respect to the target of
riboswitch-mediated regulation, are common (Table 1).
In some cases, for example the ypaA gene, the rfn-box is
predicted to act at both transcriptional and translational
levels because the intrinsic terminator hairpin overlaps
with SD [16].

Thiamin pyrophosphate-sensing riboswitches

Thiamin, also known as vitamin B1, is a precursor of
thiamin pyrophosphate (TPP) – a cofactor of key enzymes
of carbohydrate metabolism. The regulation of thiamin
genes has been well documented in E. coli, R. etli and
B. subtilis. In most cases, thiamin gene expression is
negatively controlled by thiamin and TPP [9,17,18]. Those
thi operons that are subjected to feedback regulation
(e.g. thiCEFSGH, thiMD and sfuABC in E. coli) possess
untranslated leaders that contain an evolutionarily con-
served 39-nucleotide region referred to as the thi-box [19].
A phylogenetic comparative analysis has shown that all
thi-box sequences from various bacteria species are folded
into similar hairpin structures [20,21]. The detailed
functional analysis of the thi leader RNA box of the
thiCOGE operon from R. etli revealed that repression by
thiamin is a post-transcriptional event and that the
thi-box is indispensable for such regulation [21]. As the
putative regulatory factor has not been detected either
genetically or via titration of the leader RNA, it has been
proposed that TPP might interact with the thi-box directly
to modulate the SD-sequester structure in R. etli [20,22].
This model was tested directly in vitro using the thi-box
leader from B. subtilis that controls the tenAI–goxB–
thiSGF–yjbV–fabI polycistronic locus [14]. The tenA leader
is organized as a terminator–antiterminator–anti-anti-
terminator system with the thi-box positioned to stabilize
the anti-antiterminator stem–loop structure and prevent
transcription of downstream genes (Figure 1a). The strong
stimulating effect of low micromolar amounts of TPP on
transcription termination of the tenA leader was detected in
a single round run-off assay with the pure RNA polymerase
lacking any additional factors. The effect was strictly
thi-box-dependant and highly specific because the thiamin,
at physiological concentrations, had no effect on transcrip-
tion termination [14]. Independently, an in-line RNA-
probing assay was carried out on thiM and thiC leader
RNAs from E. coli to demonstrate direct TPP binding and
conformational change of the RNA in response to TPP [23].
Taken together, these results established the thi-box as a
TPP-sensing riboswitch. Similar to the FMN-sensing
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riboswitch, the thi-box riboswitch appeared to control its
own genes by inducing transcription termination in Gram-
positive bacteria or inhibiting translation initiation in
Gram-negative bacteria (Table 1).

Remarkably, the thi-box sequences have been found,
not only in genomes of nearly 100 bacterial species
from every taxonomic group, but also in the 50 and 30

untranslated regions (UTRs) of archaea, fungi and
plant species [21,24]. This suggests that the thi-box
riboswitch might also control B1 metabolism and
transport in eukaryotic organisms. However, the target
for such regulation is likely to be different from
intrinsic transcription termination or translation
initiation. The thi-boxes have been located near the
splice sites within intron sequences or close to the
polyA tail, thus, they might control RNA processing
and/or stability in response to TPP concentration [24].

Adenosylcobalamin-sensing riboswitches

B12, or cyanocobalamin, is yet another vitamin whose
genes appear to be under riboswitch control. In Salmonella

and E. coli, the btuB gene encodes an outer-membrane
cobalamin transport protein and the cob operon [25,26]
encodes cobalamin biosynthetic enzymes. Regulation of
these genes shows strong similarities to that of the thi and
rib genes. btuB and cob are transcribed with long
regulatory leaders of 241 and 468 nucleotides, respectively,
that contain an evolutionarily conserved 25-nucleotide
element called the B12-box [27–29]. The B12-box has
been shown to be required for negative control of btuB
expression by the effector molecule adenosylcobalamin
(Ado-Cbl) [30,31]. The primary control of btuB
expression by Ado-Cbl occurs at the level of translation
initiation where a hairpin structure sequesters the SD

sequence [30,31]. Similar to the case for thiamin and
riboflavin gene expression, no trans-acting protein factors
involved in cobalamin repression have been found.
Instead, it has been shown that Ado-Cbl, but not
cyanocobalamin, inhibits the binding of the 30S ribosomal
subunits to purified btuB RNA, and that such inhibition is
strictly dependent on the intact B12-box [32]. In addition,
in-line RNA probing of E. coli btuB RNA confirmed that

Figure 1. Riboswitch-mediated control of gene expression. Bacterial riboswitches repress or activate their genes depending on the configuration of the corresponding

leader RNA sequence (shown by the line growing from the 50 end). In response to the change of the metabolite concentration they control transcription termination (a,c) or

translation initiation (b,d), or both if the stem–loop structure of the terminator also serves as a sequestor of the ribosome-binding site (RBS). In each case, the binding of a

specific metabolite (m) to the conserved RNA-sensor domain stabilizes the riboswitch structure (shown as a hypothetical three-stem structure) thus preventing the

formation of an alternative RNA structure that could be an antiterminator (a), antisequestor (b), terminator (c) or sequestor of RBS (d). The ribosome is shown in pale blue.

The complementary RNA regions are indicated in green and blue.
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specific binding of Ado-Cbl induces a conformational
change in this RNA [33]. In the cob leader RNA from
Salmonella, it was also shown that in the absence of
cobalamin, the anti-sequestor structure located upstream
of the SD sequestor is required to unmask the ribosome-
binding site and de-repress the operon [34] (Figure 1b). As
an intrinsic terminator structure that could serve as a
transcriptional attenuator resides in the 50 portion of the
coding sequence of btuB [35], the B12-box riboswitch is
likely to operate in E. coli and Salmonella at the
transcriptional level as well. This mode of regulation by
Ado-Cbl is predicted to be predominant in Bacilli and some
other Gram-positive bacteria [36] (Table 1).

The riboswitch control of amino acid metabolism

The second group of riboswitches that has been charac-
terized appears to regulate metabolic pathways involving
at least three amino acids – methionine (Met), cysteine
(Cys) and lysine (Lys) – in Gram-positive bacteria.

S-adenosyl-methionine-sensing riboswitches

At least 60 transcription units from a variety of bacteria
species are members of the S-box regulon [8]. This family of
genes is characterized by the presence of an evolutionarily
conserved regulatory leader sequence (S-box) [37]. Most of
these genes are directly involved in sulfur metabolism, Cys
and Met biosynthesis, and biosynthesis of S-adenosyl-
methionine (SAM). SAM is an essential coenzyme in all
organisms. It is synthesized directly from Met by SAM
synthetase and serves as a source of methyl groups for
protein and nucleic acid modification. In B. subtilis,
there are 11 operons with a total of 26 genes under
S-box control [37]. The leader sequences of these genes
include an intrinsic transcription terminator, compet-
ing antiterminator and the S-box that functions as an
anti-antiterminator (Figure 1a). Genetic and physio-
logical studies on the yitJ gene support the attenuation
model and indicate that the S-box serves as a target for
repression during growth in the presence of Met [37].
Although an unknown factor was proposed to interact
with the S-box RNA upon binding to Met and to

attenuate transcription of downstream genes [8], no
such factor has been found. In vivo analysis of the
metIC operon also points to transcription attenuation
control; the induction of metIC is independent of the
promoter [38]. Furthermore, northern blot analysis
shows two transcripts: a small one corresponding to
early termination at the end of the S-box leader
sequence and a large one corresponding to the
transcript of the entire metIC operon. The ratio
between the two transcripts depends on Met avail-
ability [38]. It has also been shown that overexpression
of SAM synthase leads to Met auxotrophy in B. subtilis,
suggesting that SAM, not Met, is an effector molecule
of Met biosynthesis in vivo [39].

Three recent in vitro studies used different techniques
to unambiguously demonstrate that the S-box RNA from
B. subtilis directly senses the level of SAM and functions
as a SAM-dependent riboswitch [40–42]. The attenuation
mechanism relies on tight binding of SAM to the nascent
S-box transcript leading to stabilization of its anti-
antitermination structure, which, in turn, enables the
formation of the stem–loop of the attenuator and early
transcription termination (Figure 1a). SAM–RNA binding
is highly specific; alterations in the S-box sequence that
result in constitutive expression of S-box operons in vivo
prevent SAM binding and SAM-dependent intrinsic
termination. Binding of SAM to S-box RNA in vitro occurs
at physiological concentrations; the close analogs of SAM,
such as Met or S-adenosylhomocysteine, do not bind or
affect transcription even at much higher concentrations
[40–42]. However, it should be noted that several genes
containing the S-box do not respond to methionine
limitation in vivo [43]. For example, a well-characterized
cluster of genes involved in cysteine biosynthesis in
B. subtilis, the cysH operon, contains S-box and responds
to SAM in vitro [40]. However, the physiological relevance
of the leader RNA in the expression of these genes has not
been demonstrated. The expression of cysH is regulated at
the level of transcription initiation in response to the
intracellular levels of O-acetyl-L-serine [43] Thus,
although many bacterial genes could contain a putative

Table 1. Riboswitches and their role in regulation of bacterial metabolisma,b

Metabolite

(ligand)

Precursor RNA

sensor

Target process Target genes Where found Refs

FMN B2 rfn-box Transcription termination

or translation initiation

B2 synthesis

and transport

Gram(þ) and

Gram(2 ) bacteria

[14–16]

TPP B1 thi-box Transcription termination

or translation initiation

B1 synthesis

and transport

Gram(þ) and

Gram(2 ) bacteria,

some archaea,

fungi and plants

[14,20,21,23]

Ado-Cbl B12 B12-box Transcription termination

and/or translation initiation

B12 synthesis

and transport

Gram(þ) and

Gram(2 ) bacteria

[32,33]

SAM Met S-box Transcription termination Sulfur metabolism Gram(þ) bacteria [40–42]

Lysine N/A L-box Transcription termination lysC Gram(þ) and

Gram(2 ) bacteria

[44,46,47]

Guanine, HX N/A G-box Transcription termination

and antitermination

Purine metabolism

and transport

Gram(þ) bacteria [44]c

aThe table provides an up-to-date list of natural RNA sensors of small molecules.
bAbbreviations: Ado-Cbl, adenosylcobalamin; B2, riboflavin; B1, thiamine; B12-box, G-box, L-box, rfn-box and thi-box, evolutionarily conserved RNA structures that

bind Ado-Cbl, guanine, lysine, FMN and TPP, respectively; FMN, flavin mononucleotide; Gram(þ ), Gram positive; Gram(2 ), gram negative; HX, hypoxanthine; Met,

methionine; N/A, not applicable; SAM, S-adenosyl-L-methionine; TPP, thiamin pyrophosphate.
cA.S. Mironov et al., unpublished observations.
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RNA sensor, some of those genes might not necessarily be
regulated by a riboswitch-type mechanism.

Lysine-sensing riboswitches

It has been noted recently that the lysC gene in B. subtilis,
which encodes the first specific enzyme of lysine biosyn-
thesis, is under lysine-sensing riboswitch control [44].
Although the details of this mechanism have not been
published, sequence organization of the lysC leader
transcript [45] and previous genetic and physiological
data favor the riboswitch mode of regulation via a
transcription attenuation mechanism (Figure 1a).

lysC is negatively controlled by the availability of the
end product, lysine [46,47]. Northern blot analysis has
demonstrated that the full-length lysC mRNA forms only
when cells are starved of lysine. In the presence of excess
lysine, a truncated 270-nucleotide RNA is generated in
place of the full-length product [46]. Furthermore, a point
substitution in the presumed anti-antiterminator domain
(also a putative lysine sensor) de-repressed lysC full-
length mRNA, even during growth with lysine. Mapping of
the truncated RNA has shown that it corresponds to the
upstream portion of the lysC leader transcript, which
extends from the transcription initiation site to a putative
intrinsic terminator. Quantitative transcript analysis has
also shown that lysine does not affect the number of lysC-
specific RNA molecules, but stoichiometrically replaces
the full-length mRNA with truncated transcripts. Neither
a protein factor nor tRNA has been found to be responsible
for sensing lysine concentration. These results indicate
that lysine regulates the expression of the lysC gene by an
attenuation mechanism, which is likely to be mediated by
the antiterminator and the evolutionarily conserved Lys-
box, which serves as the ligand-sensing anti-antitermina-
tor. Mutations within the Lys-box of the E. coli homolog of
lysC lead to the constitutive expression of this gene [47],
suggesting that it is also probably feedback-regulated by a
lysine-sensing riboswitch.

The riboswitch control of purine metabolism

The most recently described group of riboswitches regu-
lates five operons involved in purine biosynthesis, inter-
conversion and transport in B. subtilis [44] (A.S. Mironov
et al., unpublished observations). The pur operon
( purEKBCSQLFMNHD), which encodes the enzymes for
de novo synthesis of IMP (inosine monophosphate) and the
xpt–pbuX operon, encoding xanthine phosphoribosyl-
transferase and a xanthine transporter, are regulated at
both transcription initiation and attenuation [48]. For the
xpt-pbuX operon, evidence has been obtained that an
attenuation mechanism is activated in vivo by the free
bases hypoxanthine and guanine [49]. In the presence of
these purines, transcription of pur and xpt-pbuX termi-
nates in front of the first structural gene. Otherwise, it
proceeds to the end of each operon [49,50]. Analysis of the
leader sequence of both operons reveals a typical termin-
ator–antiterminator–anti-antiterminator configuration
(Figure 1a). The most conserved portion of the leader –
the G-box – has also been found in the leader of three other
operons: pbuG, nupG (yxjA) and pbuE (ydhL), which
encode a hypoxanthine–guanine transporter, purine

nucleoside transporter and purine efflux pump,
respectively [44,51]. The latter two genes were noticed
and functionally characterized owing to the presence of the
G-box in their 50 UTRs. Various in vitro approaches,
including in-line RNA probing and equilibrium dialysis,
have demonstrated that the G-box is a direct sensor of
guanine and hypoxanthine, which tightly and specifically
bind G-box RNA at nanomolar and low micromolar
concentrations, respectively [44]. Other purine analogs
and nucleosides fail to bind the G-box RNA at physiologi-
cally relevant concentrations. It has also been shown by
in-line RNA probing that the G-box of pbuE is specific for
adenine rather than guanine [44]. Except for pbuE, the
G-box serves as a guanine-dependent anti-antiterminator,
which promotes intrinsic termination of the corresponding
leader RNA both in vivo [51] and in the reconstituted
system in vitro (A.S. Mironov et al., in preparation).
Remarkably, in the case of pbuE, the G-box plays the part
of the antiterminator in vitro, not the anti-antiterminator,
and thus serves as a purine-dependent activator rather
than suppressor of its gene (Figure 1c; A.S. Mironov et al.,
in preparation). Taking into account the role of pbuE as an
efflux pump of purines, this explains why other pur
regulon genes are expressed at elevated levels in the
mutant that overproduces pbuE [51].

Concluding remarks and future directions

Traditionally, the ability to monitor the metabolic status of
the cell has been associated with proteins. New studies,
however, demonstrate that untranslated RNA messengers
(riboswitches) can also sense metabolite level and turn the
corresponding genes on and off accordingly. Riboswitches
reside in the leader sequences of numerous bacterial
operons and control both transcription and translation by
adopting alternative RNA structures, which can induce or
prevent the formation of intrinsic terminators or RBS
sequesters. Thus, depending on the configuration of the
leader transcript, the same riboswitch can either be a
repressor or an activator of a cognate gene (Figure 1). So
far, only one riboswitch activator has been found – it
suppresses premature termination of pbuE gene tran-
scription (Figure 1c). By analogy with riboswitch repres-
sors, one can predict that riboswitch activators exist that
can also modulate translation initiation (Figure 1d).
Interestingly, in Gram-negative bacteria riboswitches
tend to function via modulation of translation initiation,
whereas in Gram-positive bacteria they predominantly
function via transcription termination (Table 1). It is
possible that because Gram-positive bacteria have their
genes clustered in larger operons, it is easier to control
them by prematurely terminating polycistronic RNA
messages.

In comparison with artificial RNA aptamers that have
been selected in vitro to bind particular small molecules
(e.g. FMN and guanine) [52,53], the riboswitches are much
more selective and sensitive. Yet the principles of
molecular recognition by these natural RNA aptamers
remain unknown. There seem to be no common structural
features between RNA-sensor-binding metabolites
(e.g. L-lysine and FMN); the high resolution X-ray
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structure of a riboswitch with its ligand should address
this issue.

The known riboswitches are highly conserved among
bacteria. In fact, based on the presence of certain
riboswitch motifs in the leader sequences, several
unknown genes were assigned to the corresponding
regulons and their function predicted [10,51]. The pre-
sence of potential riboswitch sequences in 50 and 30 UTRs of
eukaryotic genes suggest that they could also control the
fate of mRNA [24] (A.S. Mironov and E. Nudler, unpub-
lished observations). It will be important to test this
hypothesis.

The evolutionary conservation of known riboswitches
argues for their ancient origin. It has been suggested that
they represent ‘molecular fossils’ – a holdover from the
RNA world [23]. By contrast, because riboswitches are the
most ‘economical’ and fast-reacting regulatory systems
(no intermediate factors involved), various organisms
could develop their own ‘modern’ riboswitches for various
purposes, not necessarily for regulation of biosynthesis
and transport of a cognate metabolite. In principle, any
process associated with RNA (not only transcription and
translation, but also processing, transport and degra-
dation) could be modulated by a riboswitch-type mechan-
ism. If ‘modern’ riboswitches exist, it will be a challenge to
find them because they have not been evolutionarily
conserved. However, the proof of their existence would
expose a new level of complexity in gene regulation.

Note added in proof

We would like to direct the readers to the following
references, which were published since the writing of this
article
(i) Grundy, F. J. et al. (2003) The L box regulon: lysine

sensing by leader RNAs of bacterial lysine bio-
synthesis genes. Proc. Natl. Acad. Sci. U. S. A. 100,
12057–12062

(ii) Sudarsan, N. et al. (2003) An mRNA structure in
bacteria that controls gene expression by binding
lysine. Genes Dev. 17, 2688–2697

These papers provide a detailed characterization of the
lysine-sensing riboswitch.
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