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ABSTRACT Structural elements in the 5′ region of a bacterial mRNA can have
major effects on expression of downstream coding sequences. Folding of the
nascent RNA into the helix of an intrinsic transcriptional terminator results
in premature termination of transcription and in failure to synthesize the full-
length transcript. Structure in the translation initiation region of an mRNA
blocks access of the translation initiation complex to the ribosome binding
site, thereby preventing protein synthesis. RNA structures can also affect the
stability of an RNA by altering sensitivity to ribonucleases. A wide variety
of mechanisms have been uncovered in which changes in mRNA structure in
response to a regulatory signal are used to modulate gene expression in bacteria.
These systems allow the cell to recognize an impressive array of signals, and to
monitor those signals in many different ways.
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INTRODUCTION
RNA structures play many crucial roles in bacterial cells. A simple helix in

a nascent RNA is sufficient to pause an elongating RNA polymerase (RNAP),
and in conjunction with a U-A RNA-DNA hybrid can result in transcription
termination. Helical elements can also serve as substrates for cleavage by en-
doribonucleases. Both simple helices and more complicated structures allow
specific binding of ligands ranging from proteins to small molecules, and com-
plex RNAs play crucial roles in a number of cellular processes, while some
RNAs even possess enzymatic activities (e.g., the peptidyltransferase activity of
rRNA, or tRNA processing by RNase P). Structural elements within mRNAs
can also impact gene expression by modulating the synthesis of the full-length
mRNA or its post-transcriptional fate (reviewed by Henkin, 1996; Henkin &
Yanofsky, 2002; Grundy & Henkin, 2004). These regulatory RNA elements can
interact directly with the transcriptional machinery (as in the bacteriophage
HK022 put system) or they can act as binding sites for regulatory factors that
then interact with RNAP (as in the bacteriophage lambda N antitermination sys-
tem). The formation of the regulatory RNA element can also be determined by
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competition between alternate structural forms (Fig. 1).
These regulatory elements are usually located upstream
of the regulated coding sequences, within what are
generally called “leader regions” of the mRNA; while
in most cases these regions can also be termed “5′-
untranslated regions” (5′-UTRs), this nomenclature is
inappropriate for systems in which the 5′ region is in
fact translated, so that leader region is the more general
term.

The analysis of systems like the Escherichia coli trp
biosynthetic operon provided the first example of a
regulatory mechanism that employs competing RNA
elements to control gene expression. In systems of this
type, the regulated coding sequences are preceded by
a short peptide coding region, and the processivity of
the ribosome during translation of the leader peptide
coding sequence determines whether the 5′ region of
the mRNA folds into a terminator helix or a competing
antiterminator helix. Leader peptide translation is also
used in certain antibiotic resistance genes to control an
RNA structural switch that regulates accessibility of the
ribosome binding site of the downstream gene. Numer-
ous systems use RNA binding proteins to mediate RNA
structural switches, either through direct measurement
of the availability of the protein itself (e.g., for ribosomal
protein operons) or by changing the RNA binding activ-
ity of a regulatory protein in response to an effector (e.g.,
E. coli BglG or Bacillus subtilis TRAP). Leader RNAs can
also interact with other RNAs, including small RNAs
that interact by complementary base pairing or tRNAs,
and binding of the regulatory RNA can affect transcrip-
tion termination, translation initiation or RNA degra-
dation. Leader RNAs that directly monitor a variety of
small molecules, including nucleotides, cofactors and
amino acids, have recently been described in bacteria,
while “thermosensor” RNAs monitor temperature by
simple melting of helical domains, without a require-
ment for binding of anything at all. It is apparent that
bacterial cells are adept at exploiting changes in RNA
structure to regulate gene expression, and this review
will provide an introduction to the variations on this
theme that have been uncovered so far.

RIBOSOMES AS SENSORS
The processivity of a ribosome as it traverses an up-

stream coding sequence can influence the fate of the
downstream portion of the mRNA. Interruption of
translation can lead to structural changes in the mRNA

that affect accessibility of the ribosome binding site of
the downstream gene through translational coupling,
and can also determine whether the complete mRNA
is synthesized through transcriptional polarity. In addi-
tion, loss of protection of an mRNA by translating ribo-
somes often leads to faster degradation of the mRNA.
These general effects can be directed to a more specific
regulatory response in systems in which the activity of
the ribosome translating the upstream coding region re-
sponds to a physiological signal, so that the translating
ribosome in some way monitors the signal and impacts
downstream gene expression. Several systems of this
type have been identified, and these can be categorized
according to the type of signal sensed and the type of
regulatory response.

Leader Peptide Translation Monitors
tRNA Charging

The classical example of regulation of gene expres-
sion via translation-dependent changes in RNA struc-
ture is represented by the E. coli trp operon (reviewed
by Yanofsky, 1981; Landick et al., 1996). In this sys-
tem, the regulated trp biosynthesis genes are preceded
by a leader region that contains a short peptide coding
sequence followed by an intrinsic transcriptional termi-
nator. RNAP pauses during transcription of the leader
region, allowing translation of the leader peptide to be-
gin. When tryptophan is abundant in the cell, the pool
of tRNATrp is efficiently aminoacylated, allowing effi-
cient translation of the peptide coding sequence, which
contains tandem tryptophan codons. Rapid progression
of the ribosome releases RNAP from the pause site,
and the nascent RNA folds into the helix of an intrin-
sic terminator, resulting in termination of transcription
before RNAP reaches the start of the trp biosynthesis
genes. Expression of the trp genes is therefore repressed
when the cellular pool of aminoacylated tRNATrp is
high, indicating an adequate supply of tryptophan. In
contrast, a decrease in aminoacylated tRNATrp when
tryptophan is limiting results in stalling of the ribosome
during translation of the tandem tryptophan codons.
The stalled ribosome triggers formation of an alternate
RNA structure that serves as an antiterminator element,
preventing formation of the terminator helix. RNAP
resumes transcription and proceeds through the termi-
nation site, resulting in transcription of the full-length
mRNA and synthesis of the biosynthetic enzymes. The
translational activity of the ribosome translating the
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leader peptide coding sequence therefore responds to
the abundance of aminoacylated tRNATrp, and that
information is transmitted to the transcription elon-
gation complex (TEC) through a structural rearrange-
ment of the nascent RNA. A similar mechanism is used
for other amino acid biosynthesis and aminoacyl-tRNA
synthetase genes, predominantly in Gram-negative or-
ganisms. The key cis-acting feature that specifies the re-
sponse to a particular aminoacyl-tRNA is the presence
of multiple codons for the cognate tRNA(s) within the
leader peptide coding sequence. This type of mecha-
nism exploits the coupling of transcription and trans-
lation in bacterial cells, since leader peptide translation
must begin on the newly synthesized mRNA as the
RNA emerges from the TEC.

Leader Peptide Translation Monitors
an Amino Acid

Leader peptide translation is also exploited to di-
rectly measure tryptophan in the E. coli tna operon,
which encodes tryptophanase. In this case, stalling of
the ribosome is promoted by interaction of free trypto-
phan with the nascent leader peptide within the ribo-
some, and the stalled ribosome occludes a binding site
for the Rho transcription termination factor, allowing
the TEC to continue transcription of the downstream
coding region (Konan & Yanofsky, 1997; Gong et al.,
2001). Tryptophan-induced stalling requires specific in-
teractions between the leader peptide and the ribosome
exit channel (Cruz-Vera et al., 2005). This system does
not involve an RNA structural rearrangement, and illus-
trates the ability of the ribosome, in conjunction with a
nascent peptide, to directly sense a small molecule. It is
remarkable that genes for both tryptophan biosynthesis
and utilization are regulated using leader peptide trans-
lation in E. coli, although the molecular mechanism for
sensing tryptophan abundance and the response to tryp-
tophan are quite different in the two systems. The tna
mechanism, like the E. coli trp system, depends on coup-
ling of transcription and translation since processivity
of the ribosome during leader peptide synthesis impacts
transcription termination.

Ribosome Sensing of an Antibiotic
Since the biological role of the ribosome involves

the incorporation of amino acids into protein, it is
not surprising that mechanisms have evolved to sense
amino acid availability using the translational activity

of the ribosome. Similarly, expression of genes en-
coding enzymes that protect the cell from antibiotics
that target the ribosome can be regulated by effects
of the antibiotic on leader peptide translation. Exam-
ples of this type of mechanism are found in several
Gram-positive cat (chloramphenicol acetyltransferase)
and erm (erythromycin resistance) genes. In systems
of this type, the regulated coding sequences are pre-
ceded by leader peptide coding regions, translation of
which affects downstream mRNA structure. For exam-
ple, in cat genes of this type, the Shine-Dalgarno (SD)
sequence of the downstream cat coding sequence is se-
questered in a structure that prevents translation initia-
tion unless the structure is released by chloramphenicol-
induced stalling of a ribosome synthesizing the leader
peptide (Gu et al., 1994; Lovett & Rogers, 1996). Stalling
of the ribosome in the cat leader in response to chlo-
ramphenicol requires specific interactions between the
nascent leader peptide and the ribosome, as was ob-
served in the tna system. The major differences between
the tna and cat systems involve the specificity of the ef-
fector response (tryptophan vs. chloramphenicol) and
the mechanism for regulation of the downstream cod-
ing sequence (transcription termination vs. translation
initiation). It is notable that while specific features of
the nascent peptide are required in conjunction with
the effector molecule to promote ribosome stalling in
both the tna and cat systems, sensing of a ribosomally
targeted antibiotic by a translating ribosome is uniquely
suited to regulation of a gene that confers resistance to
that antibiotic.

EFFECTOR SENSING BY RNA BINDING
PROTEINS

Specific binding to RNA targets is a well-established
feature of RNA binding proteins, and this property has
been exploited in a number of regulatory systems. In
many cases, binding of a protein to its mRNA target
results in autogenous repression when the protein is
available in excess of the primary cellular target for the
protein. This type of mechanism is exemplified by the
repression of ribosomal protein operons by individual
ribosomal proteins when the amount of free protein
exceeds the amount of free ribosomal RNA, signalling
that no additional synthesis of the ribosomal proteins is
required. These systems directly monitor the product of
the regulated gene, with no other effector molecule. The
activity of RNA binding proteins can also be controlled
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by titration with noncoding RNAs that mimic the reg-
ulatory target site of the protein, as in the Csr system
(Romeo, 1998; Weilbacker et al., 2003; Majdalani et al.,
2005). Other RNA binding proteins exhibit changes
in binding in response to the presence of an effector
molecule, so that the protein serves as the sensor for the
effector molecule. Binding of the protein to the RNA
can have a variety of effects that modulate gene expres-
sion at the levels of transcription termination, trans-
lation initiation and RNA degradation, and can also
cause RNA structural rearrangements that affect gene
expression (reviewed by Romby & Springer, 2003). We
will focus on specific, well-characterized examples that
serve as paradigms for effector-dependent modulation
of leader RNA structure.

Effector-Dependent Repression
by RNA Binding Proteins

As in E. coli, expression of genes involved in tryp-
tophan biosynthesis in B. subtilis is repressed when
tryptophan is abundant. Regulation once again occurs
primarily at the level of premature termination of tran-
scription, but tryptophan is sensed by the TRAP protein
rather than during leader peptide translation (reviewed
by Gollnick et al., 2005). TRAP forms an 11-mer ring
structure, and binding of tryptophan to the TRAP
complex is required for RNA binding activity (Antson
et al., 1999). Binding of the TRAP-Trp complex to the
5′ region of trp operon mRNA prevents formation
of an antiterminator element, allowing formation of
the competing, less stable terminator helix. Sensing of
tRNATrp charging is superimposed on the TRAP regula-
tory mechanism by the AT (anti-TRAP) protein, an an-
tagonist of TRAP activity (Valbuzzi et al., 2001), which
is regulated by tRNATrp via the T box transcription
antitermination mechanism (Sarsero et al., 2000; see
below). This dual regulation, which allows sensing of
both free tryptophan and the tRNATrp aminoacylation
reaction, is analogous to E. coli trp operon regulation
which occurs both at the level of transcription initia-
tion, where free tryptophan is sensed by the TrpR DNA
binding protein, and at the level of premature transla-
tion, where tRNATrp charging is sensed by the ribosome
(reviewed by Yanofsky, 2004).

TRAP (in complex with tryptophan) can also regulate
translation initiation of some of its target genes, either
by direct occlusion of the SD region, or by promoting
an RNA rearrangement that sequesters the SD (reviewed

by Babitzke, 2004). Some targets of TRAP are regulated
only at the level of translation, while others are regu-
lated at both levels, resulting in a second opportunity
to monitor tryptophan and turn off gene expression
after the TEC has passed the termination site. Trans-
lational control has the potential to allow reversibility
of the regulatory decision, as release of the TRAP-Trp
complex can allow a previously inactive mRNA to be
translated. Transcription termination control, in con-
trast, is essentially irreversible, since once the TEC has
released from the termination site, or has moved be-
yond the termination site, the decision has been made
for that TEC.

Effector-Dependent Activation
by RNA Binding Proteins

The E. coli bgl operon, which is involved in utilization
of β-glucoside sugars, is regulated by the BglG RNA
binding protein, which binds as a dimer to an antiter-
minator element in the 5′ region of the bgl mRNA,
stabilizing the antiterminator and preventing forma-
tion of a competing transcriptional terminator (Amster-
Choder & Wright, 1993, 1997). BglG RNA binding ac-
tivity is controlled by a second protein, BglF, which
also serves as the transporter for the substrate sugars.
When the substrate sugar is available, BglF phosphory-
lates the sugar during transport; when the sugar is ab-
sent, BglF instead phosphorylates BglG, which inhibits
BglG dimerization and causes loss of RNA binding ac-
tivity. BglG therefore responds indirectly to the effector,
via signalling from BglF, in contrast to TRAP which di-
rectly senses its molecular effector. In addition, binding
of the protein to the target RNA has the opposite effect
on gene expression, as BglG promotes antitermination
while TRAP promotes termination.

TRANS-ACTING RNAs
Regulation of gene expression by small non-coding

RNAs is emerging as a common mechanism in both
prokaryotes and eukaryotes. While cis-encoded anti-
sense RNAs generally operate by extensive base-pairing,
because they are completely complementary to their tar-
get RNA, trans-encoded regulatory RNAs are only par-
tially complementary to their targets, and target bind-
ing can have a variety of effects on target RNA struc-
ture, translation and stability. Binding of trans-encoded
regulatory RNAs often requires the RNA chaperone
protein Hfq. Most small RNAs negatively affect gene
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FIGURE 1 Models for sensing of regulatory signals by leader
RNAs. A. Transcription termination control. Interaction of a regu-
latory molecule (a translating ribosome, an RNA binding protein,
a small RNA or a small molecule) modulates the structure of the
nascent RNA as it emerges from RNAP. This structural modulation
determines whether the transcript folds into the helix of an intrin-
sic terminator, resulting in premature termination of transcription,
or a competing antiterminator that sequesters sequences neces-
sary for formation of the terminator, resulting in continued tran-
scription and expression of the downstream coding sequence.
B. Translational control. Interaction of a regulatory molecule, or
changes in temperature, determine whether the RNA transcript
folds into a structure that sequesters the SD sequence of the
downstream coding region. Sequestration of the SD results in in-
hibition of translation, while release of the SD, either directly or by
folding of the RNA into a competing structure that allows access
of the translational machinery to the SD, allows expression of the
downstream coding sequence.

expression, either by directly sequestering the transla-
tion initiation region of target mRNA, as in the case
of repression of the hns global regulator by the DsrA
RNA in E. coli, or by causing rapid degradation of their
target mRNAs, which can occur as a consequencce of
creating a recognition determinant for cellular endori-
bonucleases, or by loss of protection of the mRNA by
translating ribosomes. There are also examples of posi-
tive effects on gene expression, including the activation
of rpoS translation by binding of DsrA RNA to a re-
gion of the mRNA that would otherwise sequester the
ribosome binding site. As noted above, small RNAs
can also modulate gene expression by titrating an RNA
binding protein, as in the CsrA system. Small RNA reg-
ulators have been reviewed recently (Majdalani et al.,
2005; Storz et al., 2005) and will not be discussed fur-

ther here. Regulation generally operates at the level of
small RNA synthesis; use of tRNA as a regulator in the
T box mechanism represents a special case where the
activity of the RNA is modulated by aminoacylation,
and this system is considered separately below.

RIBOSWITCH RNAs
A number of systems have recently been described in

which sequence elements in the 5′ region of a transcript
can directly monitor a physiological signal. Recogni-
tion of the signal results in a transition in the structural
arrangement of the leader RNA that impacts expres-
sion of the downstream coding sequence(s) (reviewed
by Grundy & Henkin, 2004; Tucker & Breaker, 2005).
The most common effects occur at the level of prema-
ture termination of transcription or translation initia-
tion; one system exhibits RNA cleavage in response to
the effector, which probably affects mRNA stability. In
each of these systems, the leader RNAs have in common
the ability to sense their signal in the absense of any ad-
ditional regulatory factor, such as an RNA binding pro-
tein or a translating ribosome. The signals that can be
sensed range from physical parameters, such as tempera-
ture, to cellular metabolites, such as nucleotides, amino
acids and cofactors, to tRNA. Each class of riboswitch
RNA responds specifically to its cognate signal, and
with the exception of the RNA thermosensors, each
class exhibits a set of conserved sequence and struc-
tural elements that are involved in signal recognition
and the regulatory response. The ability of these RNA
elements to respond directly to their signal without a re-
quirement for trans-acting cellular components is likely
to be responsible for their widespread dissemination
by horizontal gene transfer. Artificial versions of these
regulatory elements have also been designed to allow
controlled gene expression in vivo by molecules such as
tetracycline (Suess et al., 2003; Hanson et al., 2005).

RNA Thermosensors
The RNA thermosensors represent the simplest class

of riboswitch RNAs. These regulatory elements form
structures that sequester the translation initiation re-
gion of the target gene under standard growth condi-
tions, and unfold to allow translation in response to in-
creased temperature. Regulatory elements of this type
are used to control the heat shock response in E. coli,
as well as a key regulator of pathogenesis in Listeria
(Morita et al., 1999; Johansson et al., 2002). These RNA
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elements have no specific recognition properties, and
appear instead to have their intrinsic stability calibrated
to allow the default state of the mRNA to maintain fold-
ing under growth conditions where the regulated gene
is repressed; increased temperature is sufficient to desta-
bilize the RNA structure so that the ribosome binding
site of the downstream coding sequence becomes acces-
sible to the translational machinery. The simplicity of
these systems is beautifully suited to the regulatory sig-
nal being monitored, and allows a very rapid response to
changes in growth temperature as the mRNA is already
present in the cell. It also seems likely that this type of
mechanism has the potential to be reversible, since a
reduction in growth temperature can result in refolding
of the mRNA into the inhibitory structure, preventing
further translation. It remains possible that similar ther-
mosensitive RNA structures could act at levels of gene
expression other than translation initiation, such as by
the presence of a temperature-sensitive RNase binding
element or intrinsic terminator helix, but no system of
this type has been reported to date.

Metabolite-Sensing Riboswitches
Recent studies have revealed a growing list of systems

in which elements within the 5′ region of a transcript can
directly and specifically bind a small molecule within
the cell, resulting in an RNA structural rearrangement
that impacts gene expression. Each of these systems
represents a family of genes that are usually involved
in biosynthesis or transport of a particular metabo-
lite which feedback regulates the expression of those
genes. Expression of genes involved in utilization of a
compound can also be induced by that compound, so
that these systems can act either positively or negatively,
although negative systems appear to predominate.

Nou and Kadner (2000) provided the first clear ev-
idence of a direct interaction of an effector molecule
(adenosylcobalamin) with a target mRNA (E. coli btuB),
and also showed that binding of the effector to the
RNA inhibited ribosome binding to the SD sequence.
Subsequent studies showed that the conserved B12 box
identified in the initial studies is part of a larger ele-
ment conserved in a number of genes involved in cobal-
amin biosynthesis and transport (Vitreschak et al., 2003),
and that RNAs in this family exhibit structural alter-
ations in response to effector binding (Nahvi et al.,
2002). Similar studies of genes involved in biosynthesis
and transport of thiamine (Miranda-Rios et al., 2001;

Rodionov et al., 2002; Winkler et al., 2002b), flavin
mononucleotide (Gelfand et al., 1999; Vitreschak et al.,
2002; Mironov et al., 2002; Winkler et al., 2002), gua-
nine (Johansen et al., 2003; Mandal et al., 2003), ade-
nine (Johansen et al., 2003; Mandal & Breaker, 2004),
S-adenosylmethionine (SAM; Grundy et al., 1998; Mc-
Daniel et al., 2003; Ephstein et al., 2003; Winkler et al.,
2003), lysine (Grundy et al., 2003; Sudarsen et al., 2003),
glucosamine-6-phosphate (Winkler et al., 2004), glycine
(Mandal et al., 2004), and magnesium (Cromie et al.,
2006) have quickly revealed that mechanisms of this
type are widespread in bacteria, and can regulate gene
expression at several different levels. Three different
classes of SAM-binding riboswitch RNAs have been
identified: the S box, which is found predominantly in
Bacillus, Clostridium and Staphylococcus sp. (Grundy and
Henkin, 1998, 2002); the SMK box, which is found in
SAM synthetase (metK) genes in members of the Lac-
tobacillales (Fuchs et al., 2006); and the SAM-II box,
which is in alpha-proteobacteria (Corbino et al., 2005).

Each system of this type is characterized by a con-
served RNA element required for specific effector bind-
ing, and binding results in an RNA rearrangement
that affects formation of a terminator helix or a helix
that sequesters the SD sequence; the glucosamine-6-
phosphate system is unique so far in that effector bind-
ing stimulates self-cleavage of the RNA, which may af-
fect mRNA stability. In general, systems that regulate
at the level of premature termination of transcription
tend to predominate in low G+C Gram-positive bac-
teria, while systems that regulate at the level of trans-
lation initiation are more common in Gram-negative
and high G+C Gram-positive bacteria, although there
are exceptions to this pattern. Thiamine-binding RNA
elements have also been identified in eukaryotic organ-
isms, where it has been suggested that effector binding
may inhibit mRNA splicing (Kubodera et al., 2003).

The most remarkable feature of the metabolite bind-
ing riboswitch RNAs is the very high specificity of each
RNA for its cognate effector molecule. High-resolution
structural information is currently available for purine
and thiamine binding riboswitches (Batey et al., 2004;
Serganov et al., 2004; Serganov et al., 2006; Thore
et al., 2006), and these structures demonstrate binding
of the effector within a highly structured pocket formed
at a junction between three helices, with extensive inter-
actions with the surface of the ligand, consistent with
the high specificity of ligand recognition. Discrimina-
tion between guanine and adenine by their respective
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RNA elements was shown to depend on a single C
to U substitution (Mandal & Breaker, 2004; Serganov
et al., 2004; Noeske et al., 2005). The basis for the speci-
ficity and selectivity of more complex riboswitch RNAs
remains to be determined, but all of them have been
shown to effectively differentiate between the natural
ligand and related compounds.

Another crucial feature of the metabolite binding
RNAs is their affinity for their respective ligands, which
must be matched to the intracellular concentration of
the metabolite for an appropriate regulatory response.
For example, the S box SAM-binding riboswitches ex-
hibit efficient SAM-dependent transcription termina-
tion in vitro at low micromolar concentrations of SAM
(McDaniel et al., 2003). Total SAM concentrations in
B. subtilis, in which the S box system is found, have
been measured at 80 to 400 µM (Wabiko et al., 1988);
since a large proportion of the SAM is likely to be
bound to other cellular components, the effective SAM
concentration in vitro is probably within the range of
the free SAM pool in vivo. In contrast, the B. subtilis
L box riboswitch requires approximately 3 mM lysine
for efficient lysine-dependent transcription termination
in vitro (Grundy et al., 2003), consistent with the in-
tracellular lysine pool of 2 to 4 mM (Tempest et al.,
1970). Modulation of effector concentration in vivo (e.g.,
by mutation or overproduction of SAM synthetase for
S box genes) has the predicted effect on gene expres-
sion (McDaniel et al., 2003, 2006), consistent with the
hypothesis that these regulatory RNAs are sensitive to
variations in effector pools.

A tRNA-Sensing Riboswitch: The
T Box Mechanism

Analysis of the B. subtilis tyrS gene, encoding tyrosyl-
tRNA synthetase, revealed that readthrough of a leader
region termination site requires binding of uncharged
tRNATyr to the nascent transcript (Grundy & Henkin,
1993). Specific recognition of tRNATyr depends on
base-pairing of the tRNA anticodon with a tyrosine
codon, designated the “specifier sequence,” located in
an unpaired domain of the leader RNA; a second base-
pairing interaction between the acceptor end of the
tRNA and residues within an antiterminator element
stabilizes the antiterminator and prevents formation
of the competing terminator helix. Codon-anticodon
pairing occurs with either uncharged or charged tRNA,
while tRNA acceptor end-antiterminator pairing, and

antitermination, occurs only with uncharged tRNA, al-
lowing the system to monitor the relative amounts of
charged and uncharged tRNA (Grundy et al., 1994). The
T box mechanism is utilized for a wide range of amino
acid-related genes, with each gene responding specifi-
cally to the cognate tRNA. All T box genes exhibit a
common pattern of sequence and structural elements
in the leader region of the mRNA, although primary
sequence conservation is low. Variation of the codon
found at the position of the specifier sequence in tyrS
dictates the identity of the regulatory tRNA for each
gene in the family.

Biochemical analyses demonstrated that tRNA-
dependent antitermination can take place in a minimal
in vitro transcription system using purified components
(Grundy et al., 2002; Putzer et al., 2002). Antitermina-
tion requires a match between the specifier sequence
in the leader RNA and the anticodon of the tRNA, so
that the nascent transcript mediates codon-anticodon
recognition in the absence of a ribosome. T box leader
RNA transcribed in vitro by T7 RNAP can specifically
bind the cognate tRNA in solution, allowing mapping
of structural alterations in each partner in the complex
(Yousef et al., 2005). Multiple changes were detected in
the leader RNA in response to binding of the uncharged
tRNA; binding of an RNA that is a mimic of charged
tRNA confers protection of the specifier loop but no
other changes, indicating that the remaining structural
changes require the acceptor end-antiterminator inter-
action that is blocked by charging of the tRNA. tRNA-
leader RNA binding results in protection of the anti-
codon loop of the tRNA, as expected, as well as pro-
tection of G19 in the D loop. The tRNA-dependent
structural switch between the terminator and antitermi-
nator forms of the leader RNA was also demonstrated.
Together, these studies demonstrated that T box leader
RNAs can specifically interact with the cognate un-
charged tRNA in the absence of any other cellular com-
ponents, and that they can also discriminate against
non-cognate tRNA and differentiate between charged
and uncharged tRNA.

The T box mechanism is found in all groups of Gram-
positive bacteria, and is especially prominent in the Fir-
micutes (e.g., Bacillus and Clostridium). The system is
found more rarely in high G+C Gram-positive bacteria,
and has been identified sporadically in Gram-negative
organisms (Grundy & Henkin, 2003). In the high G+C
Gram-positive and Gram-negative T box genes, it ap-
pears that regulation occurs at the level of translation
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initiation rather than transcription termination, as the
intrinsic terminator helix is replaced by a helical ele-
ment that sequesters the SD sequence of the down-
stream coding sequence. In genes of this type, binding
of uncharged tRNA to the leader RNA is predicted to
stabilize an element analogous to the antiterminator el-
ement of T box leaders that are regulated by transcrip-
tion termination, preventing formation of the helix that
sequesters the SD sequence. No biochemical studies
have yet been carried out to verify this prediction.

The most remarkable aspect of the T box mecha-
nism is its adaptability to genes of different amino acid
classes by minor changes in the leader sequence (primar-
ily the specifier sequence itself, although other deter-
minants contribute to leader RNA-tRNA recognition).
This adaptability is analogous to systems (like E. coli
trp) that monitor tRNA charging through leader pep-
tide translation. In that case, a switch in amino acid
specificity is mediated by changing the peptide coding
sequence, so that ribosome stalling occurs in response
to limitation for the appropriate charged tRNA. The
high conservation of tRNA structure is likely to have
facilitated dispersion of the T box system by horizontal
gene transfer, as the regulatory element is cis-encoded
and the signal being sensed exhibits low variability in
different bacterial systems.

EFFECTOR SENSING BY RNAP
The regulatory system for the B. subtilis pyrG gene,

which encodes CTP synthase, represents a special ex-
ample of gene regulation by alternate RNA structures.
The pyrG leader RNA contains an intrinsic terminator
but no competing antiterminator, and only the first 4 nt
of the transcript (GGGC) are required in conjunction
with the terminator for readthrough of the terminator in
response to limitation for CTP (Meng & Switzer, 2002).
The leader region terminator is active when CTP is high,
resulting in premature termination and repression of ex-
pression. The readthrough transcript is generated when
CTP is limiting by pausing of RNAP before addition
of the C residue at the +4 position; pausing results in
the nontemplated addition of multiple G residues by
reiterative transcription, and the resulting poly(G) se-
quence in the transcript pairs with a run of pyrimidines
present in the 5′ side of the terminator, preventing for-
mation of the terminator helix (Meng et al., 2004). The
antiterminator element is therefore not encoded in the
DNA template, and is instead generated by “misbehav-

ior” of RNAP during transcription of the initial portion
of the gene. The transcriptional machinery itself senses
the effector molecule (CTP), resulting in the synthesis
of two different RNA species (terminator vs. antitermi-
nator) that differ in their 5′ sequence, depending on
the concentration of the effector. This unique system
should serve as a warning that not all RNA elements
can be predicted based on genomic sequence, and that
the gene expression machinery can play clever tricks on
those of us who like to make such predictions!

CONCLUSIONS AND PERSPECTIVES
Recent studies have revealed that the ability of RNA

sequences to act in cis to modulate gene expression ex-
tends beyond a few isolated examples to a very large
number of genes in many experimental systems. Many
of these types of systems can be recognized by searching
for conserved patterns in raw genomic sequence, while
others (like the pyrG system) are more difficult to predict
a priori. Nevertheless, our ability to identify likely regu-
latory patterns by comparison with known systems pro-
vides new tools for predicting regulatory mechanisms.
In some cases, recognition of a regulatory RNA pattern
can provide important insight not only in terms of gene
regulation but also in terms of the function of the down-
stream gene. For example, identification of a leader pep-
tide with a particular set of codons signals regulation in
response to the matching tRNA, as does identification
of the specifier sequence in a T box leader; similarly,
identification of the S box RNA pattern upstream of a
set of genes of unknown function in B. subtilis was used
to predict roles in a previously unknown methionine
recycling pathway (Grundy & Henkin, 2002; Murphy
et al., 2002). Improvements in bioinformatics ap-
proaches and recognition of new classes of RNA pat-
terns will provide a continually growing set of tools
and paradigms that will be enhanced by the wealth
of genomic sequence data. It is clear that biological
systems have explored a large variety of RNA arrange-
ments to control gene expression, and our understand-
ing of the roles of these arrangements is limited only by
our ability to recognize them and determine how they
work.
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