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Abstract

Background: Riboswitches are noncoding RNA structures that appropriately regulate genes in
response to changing cellular conditions. The expression of many proteins involved in fundamental
metabolic processes is controlled by riboswitches that sense relevant small molecule ligands.
Metabolite-binding  riboswitches that recognize adenosylcobalamin (AdoCbl), thiamin
pyrophosphate (TPP), lysine, glycine, flavin mononucleotide (FMN), guanine, adenine, glucosamine-
6-phosphate (GIcN6P), 7-aminoethyl 7-deazaguanine (preQ,), and S-adenosylmethionine (SAM)
have been reported.

Results: We have used covariance model searches to identify examples of ten widespread
riboswitch classes in the genomes of organisms from all three domains of life. This data set
rigorously defines the phylogenetic distributions of these riboswitch classes and reveals how their
gene control mechanisms vary across different microbial groups. By examining the expanded
aptamer sequence alignments resulting from these searches, we have also re-evaluated and refined
their consensus secondary structures. Updated riboswitch structure models highlight additional
RNA structure motifs, including an unusual double T-loop arrangement common to AdoCbl and
FMN riboswitch aptamers, and incorporate new, sometimes noncanonical, base-base interactions
predicted by a mutual information analysis.

Conclusion: Riboswitches are vital components of many genomes. The additional riboswitch
variants and updated aptamer structure models reported here will improve future efforts to
annotate these widespread regulatory RNAs in genomic sequences and inform ongoing structural
biology efforts. There remain significant questions about what physiological and evolutionary forces
influence the distributions and mechanisms of riboswitches and about what forms of regulation
substitute for riboswitches that appear to be missing in certain lineages.
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Background

Riboswitches are autonomous noncoding RNA elements that
monitor the cellular environment and control gene expres-
sion [1-4]. More than a dozen classes of riboswitches that
respond to changes in the concentrations of specific small
molecule ligands ranging from amino acids to coenzymes are
currently known. These metabolite-binding riboswitches are
classified according to the architectures of their conserved
aptamer domains, which fold into complex three-dimen-
sional structures to serve as precise receptors for their target
molecules. Riboswitches have been identified in the genomes
of archaea, fungi, and plants; but most examples have been
found in bacteria.

Regulation by riboswitches does not require any macromo-
lecular factors other than an organism's basal gene expres-
sion machinery. Metabolite binding to riboswitch aptamers
typically causes an allosteric rearrangement in nearby mRNA
structures that results in a gene control response. For exam-
ple, bacterial riboswitches located in the 5' untranslated
regions (UTRs) of messenger RNAs can influence the forma-
tion of an intrinsic terminator hairpin that prematurely ends
transcription or the formation of an RNA structure that
blocks ribosome binding. Most riboswitches inhibit the pro-
duction of unnecessary biosynthetic enzymes or transporters
when a compound is already present at sufficient levels. How-
ever, some riboswitches activate the expression of salvage or
degradation pathways when their target molecules are
present in excess. Certain riboswitches also employ more
sophisticated mechanisms involving self-cleavage [5], coop-
erative ligand binding [6], or tandem aptamer arrangements

[71.
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Many aspects of riboswitch regulation have not yet been crit-
ically and quantitatively surveyed. To forward this goal, we
have compiled a comparative genomics data set from system-
atic database searches for representatives of ten metabolite-
binding riboswitch classes (Table 1). The results define the
overall taxonomic distributions of each riboswitch class and
outline trends in the mechanisms of riboswitch-mediated
gene control preferred by different bacterial groups. The
expanded riboswitch sequence alignments resulting from
these searches include newly identified variants that provide
valuable information about their conserved aptamer struc-
tures. Using this information, we have re-evaluated the con-
sensus secondary structure models of these ten riboswitch
classes. The updated structures reveal that certain riboswitch
aptamers utilize previously unrecognized examples of com-
mon RNA structure motifs as components of their conserved
architectures. They also highlight new base-base interactions
predicted with a procedure that estimates the statistical sig-
nificance of mutual information scores between alignment
columns.

Results and discussion

Riboswitch identification overview

Metabolite-binding riboswitch aptamers are typical of com-
plex functional RNAs that must adopt precise three-dimen-
sional shapes to perform their molecular functions. A
conserved scaffold of base-paired helices organizes the over-
all fold of each aptamer. The identities of bases within most
helices vary during evolution, but changes usually preserve
base pairing to maintain the same architecture. In contrast,
the base identities of nucleotides that directly contact the tar-

Sources of riboswitch sequence alignments and molecular structures

References

Riboswitch class Rfam accession

Seed alignment

Other alignments Molecular structures

Thiamine pyrophosphate (TPP) RF00059
Adenosylcobalamin (AdoCbl) RF00174
Lysine RF0O0168
Glycine RF00504
S-Adenosylmethionine class | (SAM-I) RFO0162
Flavin mononucleotide (FMN) RF00050
Guanine and adenine (purine) RF00167
Glucosamine-6-phosphate (GIcN6P) RF00234
7-Aminoethyl 7-deazaguanine (preQ)) RF00522
S-Adenosylmethionine class 2 (SAM-II) RF00521

[41] [48] [71-73]
[39] [20]

[37] [21]

(€]

[94] [9.52] [78]
[>6]

[22] [95-97]
[23] [28,30]
[40]

[18]

Riboswitches are named for the metabolite that they sense with standard abbreviations in parentheses. Rfam database numbers are provided for
each riboswitch along with references to the seed alignments we used to train covariance models for database searches in this study, other published

multiple sequence alignments, and three-dimensional molecular structures.
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get molecule or stabilize tertiary interactions necessary to
assemble a precise binding pocket are highly conserved even
in distantly related organisms. Additionally, many ribos-
witches tolerate long nonconserved insertions at specific sites
within their structures. These 'variable insertions' typically
adopt stable RNA stem-loops that do not interfere with fold-
ing of the aptamer core.

Nearly all of the riboswitches discovered to date are cis-regu-
latory elements. For example, bacterial riboswitches are
almost always located upstream of protein-coding genes
related to the metabolism of their target molecules. There-
fore, the genomic contexts of putative hits returned by an
RNA homology search can be used to recognize legitimate
riboswitches even when a search algorithm returns many
false positives. Using this tactic, one can iteratively refine the
description of a riboswitch aptamer by incorporating authen-
tic low scoring hits into a new structure model and then re-
searching the sequence database.

Several riboswitches were first identified as widespread RNA
elements based on the presence of a highly conserved 'box’'
sequence within their structures. BLAST searches for the B12
box [8], S box [9], and THI box [10] sequences are effective
for discovering many examples of the adenosylcobalamin
(AdoCbl), S-adenosylmethionine (SAM)-I, and thiamin pyro-
phosphate (TPP) riboswitches, respectively. Other search
techniques score how well a sequence matches a template of
conserved bases and base-paired helices that the user manu-
ally devises from known examples of the riboswitch aptamer.
The RNAmotif program performs this sort of generalized pat-
tern matching [11]. A third strategy computationally defines
and then searches for ungapped blocks of sequence conserva-
tion that are characteristic of a given riboswitch and spaced
throughout its structure [12]. While these methods can be
effective, they generally do not fully exploit the information
contained in multiple sequence alignments of functional RNA
families to efficiently identify highly diverged members.

Covariance models (CMs) are generalized probabilistic
descriptions of RNA structures that offer several advantages
over other homology search methods [13]. CMs can be
directly trained on an input sequence alignment without
time-consuming manual intervention. They also provide a
more complete model of the sequence and structure conser-
vation observed in functional RNA families that incorporates:
first-order sequence consensus information; second-order
covariation, where the probability of observing a base in one
alignment column depends on the identity of the base in
another column; insert states that allow variable-length
insertions; and deletion states that allow omission of consen-
sus nucleotides. This complexity comes at a computational
cost, but several filtering techniques have recently been
developed that make CM searches of large databases practical
[14-16]. For example, CMs have been used to find divergent
homologs of Escherichia coli 6S RNA [17] and define a variety
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of regulatory RNA motifs in a-proteobacteria [18]. The Rfam
database [19] maintains hundreds of covariance models for
identifying a wide variety of functional RNAs, including
riboswitches.

In the present study, we used covariance models to systemat-
ically search for ten classes of metabolite-binding ribos-
witches in microbial genomes, environmental sequences, and
selected eukaryotic organisms. The riboswitch sequence
alignments used to train these CMs were derived from a vari-
ety of published and unpublished sources (Table 1). The
genomic contexts of prospective riboswitch hits were exam-
ined to confirm that each was appropriately positioned to
function as a regulatory element. In general, CMs trained on
the input alignments were able to discriminate valid ribos-
witch sequences from false positive hits on the basis of CM
scores alone. The most common exceptions were spuriously
high-scoring AU-rich matches to the smaller riboswitch mod-
els (for example, the purine riboswitch) and bona fide low-
scoring hits with variable insertions at unusual positions in
the more structurally complex riboswitch classes.

Prospective riboswitch matches were also examined to ensure
that they conformed to known aptamer structure constraints.
In certain cases, it was necessary to manually correct portions
of the automated sequence alignments defined by the maxi-
mally scoring path of each hit through the states of the CM.
For example, CMs model only hierarchically nested base pairs
for algorithmic speed [13]. Consequently, the pseudoknotted
helices and pairings present in several riboswitches were
aligned by hand to achieve the desired accuracy. The auto-
mated CM alignments also tend to incorrectly shift nucleo-
tides when deletions of consensus positions result in
ambiguity concerning the optimal placement of remaining
sequences. The alignments of new RNA structure motifs and
base-base interactions described later that were not present
in the seed alignments used to train the covariance models
were also manually adjusted. Multiple sequence alignments
of the resulting curated riboswitch hits are available as Addi-
tional data files 1 and 2.

Riboswitch distributions

The phylogenetic distributions of the ten riboswitch classes
were mapped from these search results (Figure 1). Members
of the TPP riboswitch class are the only metabolite-binding
RNAs known to occur outside of eubacteria. TPP riboswitch
representatives are found in euryarchaeal, fungal, and plant
species. The AdoCbl riboswitch is the most widespread class
in bacteria, but TPP, flavin mononucleotide (FMN), and
SAM-I riboswitches are also common in many groups. Gly-
cine and lysine riboswitches have more fragmented distribu-
tions. They are widespread in certain bacterial groups, but
appear to be missing from others. Finally, the glucosamine-6-
phosphate (GIcN6P), purine, 7-aminoethyl 7-deazaguanine
(preQ,), and SAM-II riboswitches were identified in only a
few groups of bacteria. Interestingly, the SAM-I and SAM-II
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Riboswitch distributions. The dimensions of each square are proportional to the frequency with which a given riboswitch occurs in the corresponding

taxonomic group. A phylogenetic tree with the standard accepted branching order for each group of organisms is shown on the left. For bacteria, this tree
is adapted from [92] with the addition of Fusobacteria [93]. On the right is a graph depicting the total number of nucleotides from each taxonomic division

in the sequence databases that were searched.
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aptamer distributions overlap slightly. Examples of both
SAM-sensing riboswitch classes were found in a-Proteobac-
teria, y-Proteobacteria, and Bacteroidetes, but no single bac-
terial species was found to carry both SAM-I and SAM-II
riboswitch classes.

It is possible that many of the relatively isolated examples
where riboswitches occur only sporadically in certain clades
(for example, SAM-I, SAM-II, purine, and preQ, in y-Proteo-
bacteria) may be examples of horizontal DNA transfer. There
is some evidence that this process has been important for the
dispersal of riboswitches into new bacterial genomes. Entire
transcriptional units containing AdoCbl riboswitches and
their associated biosynthetic operons appear to have been
transferred from Bacillus/Clostridium species to enterobac-
teria at some point [20]. In contrast, no evidence of recent
horizontal transfer was observed in phylogenetic trees of
lysine riboswitch aptamers, despite their disjointed distribu-
tion across different taxonomic groups [21].

Firmicutes (low G+C Gram-positive bacteria) appear to make
the most extensive use of the riboswitch classes examined in
this study. Every riboswitch except SAM-II is widespread in
this clade, and most aptamer classes occur multiple times per
genome. For example, Bacillus subtilis carries at least 29
riboswitches (5 TPP, 1 AdoCbl, 2 FMN, 1 glycine, 11 SAM-I, 2
lysine, 1 GIcN6P, 4 guanine, 1 adenine, and 1 preQ,) control-
ling approximately 73 genes. Experimental and computa-
tional efforts to identify riboswitches have been focused
specifically on B. subtilis [22,23], so it is possible that the
overrepresentation of these ten riboswitch classes in Firmi-
cutes reflects a discovery bias. Indeed, new computational
searches are beginning to identify riboswitch classes that are
predominantly used by other groups of bacteria [18,24].

As a whole, y-Proteobacteria employ a mixture of these ten
riboswitch classes that is comparable to the diversity found in
Firmicute species. However, individual species usually carry
fewer riboswitch classes overall and fewer representatives of
each class. For example, E. coli has six riboswitches (three
TPP, one AdoCbl, one FMN, and one lysine) from the ten
classes examined, which regulate a total of sixteen genes.

Deeply branched bacteria such as Deinococcus/Thermus and
Thermotoga species also appear to utilize a variety of ribos-
witches. However, no riboswitch sequences have yet been
identified in Aquifex species, and riboswitches also seem to
occur only rarely in Chlamydia species, Cyanobacteria, and
Spirochetes. However, the sequence database sizes for many
of these bacterial groups are relatively small so the observed
frequencies will probably need to be revised as more genomic
sequences become available.

As expected, representatives of almost all ten riboswitch
classes are found in sequences from shotgun cloning projects
that target environments supporting diverse bacterial com-
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munities. These sources of additional sequences have been
helpful in some cases for defining consensus structure models
and adding statistical merit to mutual information calcula-
tions (see below). It is notable that glycine and SAM-II ribos-
witches are unusually common in Sargasso Sea metagenomic
sequences [25]. This data set appears to be contaminated with
some non-native Shewanella and Burkholderia sequences
[26], but the large number of SAM-II matches probably accu-
rately reflects the abundance of o-Proteobacteria in this
environment.

Riboswitch mechanism overview

GlcN6P riboswitches are ribozymes that harness a self-cleav-
age event to repress expression of downstream glmS genes
[5]. Members of this class are unique compared to other
riboswitches because they adopt a preformed binding pocket
for glucosamine-6-phosphate [27,28] and use the metabolite
target as a cofactor to accelerate RNA cleavage [28-30]. The
nine other riboswitch classes studied here utilize ligand-
induced changes in 'expression platform' sequences to con-
trol a variety of gene expression processes [1]. The architec-
tures of riboswitch expression platforms can be used to
predict their gene control mechanisms on a genomic scale, as
described below.

Riboswitches typically contain disordered regions in their
conserved aptamer cores that become structured upon
metabolite binding. These changes may trigger rearrange-
ments in additional expression platform structures located
outside of the aptamer, such that two alternative conforma-
tions with mutually exclusive base-paired architectures exist
for the entire riboswitch. Some riboswitches operate at ther-
modynamic equilibrium [31]. They are able to interconvert
between these ligand-bound and ligand-free structures in the
context of the full-length RNA. Regulation by other ribos-
witches is kinetically controlled [32-35]. The relative speeds
of transcription and co-transcriptional ligand binding domi-
nate a one-time decision as to which folding pathway to fol-
low. The active and inactive conformations of these
riboswitches are trapped in the final RNA molecule and do
not readily interconvert on a time scale that is relevant to the
gene control system.

In most riboswitches, bases from the aptamer's outermost P1
'switching' helix, which is enforced in the ligand-bound con-
formation, pair to expression platform sequences to form an
alternative structure in the absence of ligand, for example,
[36,37]. However, some riboswitches harness shape changes
elsewhere in their aptamers to regulate gene expression.
AdoCbl riboswitches usually rely on the ligand-dependent
formation of a pseudoknot between a specific C-rich loop and
sequences outside the aptamer core to exert gene control
[20,38,39]. SAM-II aptamers enforce a distal pseudoknot to
interface with their expression platforms [18], and preQ,
riboswitches sequester conserved 3' tail sequences upon
metabolite binding [40].

Genome Biology 2007, 8:R239
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Riboswitches can use ligand-induced structure changes to
control gene expression in a variety of contexts. For example,
the TPP riboswitches found in eukaryotes reside in introns
located near the 5' ends of fungal pre-mRNAs [41-43] or in
the 3' UTRs of plant pre-mRNAs [41]. Ligand binding modu-
lates splicing of these introns, generating alternative-proc-
essed mRNAs that are expressed at different levels. In each
example studied, a portion of the P4-P5 stem region pairs
near a 5' splice-site, and this pairing is displaced when TPP is
bound [43] (A Wachter, M Tunc-Ozdemir, BC Grove, PJ
Green, DK Shintani, RRB, unpublished data). In contrast,
almost all bacterial riboswitches occur in the 5' UTRs of
mRNAs. Metabolite binding to these riboswitches generally
regulates either transcription or translation of the encoded
genes.

Bacterial riboswitches that regulate transcription usually
control the formation of intrinsic terminator stems located
within the same 5' UTR. Intrinsic terminators are stable GC-
rich stem-loops followed by polyuridine tracts that cause
RNA polymerase to stall and release the nascent RNA with
some probability [44,45]. Certain glycine [6] adenine [46],
and lysine [21] riboswitches with ON genetic logic use struc-
tural rearrangements triggered by metabolite binding to bury
pieces of terminator stems in alternative pairing interactions.
However, most riboswitches controlling transcription are
OFF switches that add an extra folding element to reverse this
logic. Metabolite binding to these riboswitches disrupts an
antiterminator, which normally sequesters bases required to
form the terminator stem, allowing the terminator to form
and repress gene expression. Similar antiterminator/termi-
nator trade-offs occur in bacterial RNAs regulated by protein-
or ribosome-mediated transcription attenuation mechanisms

[47].

Bacterial riboswitches that regulate translation typically use
ligand-induced structure changes to block translation initia-
tion. Unlike riboswitches with transcription control mecha-
nisms, which require very specific terminator structures in
their expression platforms, the RNA structures that prevent
translation initiation may be more varied. Sometimes, they
rely on simple hairpins that sequester the ribosome binding
site (RBS) of the downstream gene in a base-paired helix. In
these cases, a riboswitch with OFF genetic logic can harness
metabolite binding to disrupt a mutually exclusive antise-
questor pairing, allowing the sequestor hairpin to form and
attenuate translation. More convoluted base-pairing trade-
offs and shape changes may operate in other expression plat-
forms to alter the efficiency of translation initiation in
response to ligand binding.

Two variants of these mechanisms that dispense with or com-
bine the elements of a typical bacterial riboswitch expression
platform are worth noting. Some riboswitches bury the RBS
of the downstream gene within their conserved aptamer cores
[48,49]. Thus, ligand binding directly attenuates translation
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without the involvement of any additional expression plat-
form sequences. Other riboswitches regulate the formation of
a transcription terminator located so close to the adjacent
open reading frame that its RBS resides within the 3' side of
the terminator hairpin [48]. Riboswitches with these dual
expression platforms could attenuate transcription and, if
termination does not occur, could also inhibit translation.

Metabolite-dependent inhibition of ribosome binding has
been proven in vitro for the E. coli AdoCbl riboswitch located
upstream of the btuB gene [50]. In addition, in vivo expres-
sion assays using translational fusions between AdoCbl ribos-
witches and reporter genes indicate that control of translation
is occurring [38]. However, other co- or post-transcription
mechanisms might also contribute to the observed gene
expression changes. For example, AdoCbl riboswitches from
E. coli and B. subtilis can be cleaved by RNase P [51]. Such
findings raise the interesting possibility that differential RNA
processing or degradation caused by ligand-induced confor-
mational changes might be the primary mechanism by which
some riboswitches regulate gene expression.

There is one interesting instance where a Clostridium aceto-
butylicum SAM-I riboswitch appears to regulate protein
expression through an antisense RNA intermediate [52]. This
riboswitch is located immediately downstream, and in the
opposite orientation from, an operon encoding a putative sal-
vage pathway for converting methionine to cysteine. It has an
expression platform, consisting of a typical terminator/anti-
terminator arrangement, with OFF genetic logic. Presumably,
when SAM (and consequently methionine) pools are low,
transcription of the full-length antisense RNA causes inhibi-
tion and degradation of the sense mRNA as is observed in
some bacterial regulatory systems that employ small RNAs
[53]. When SAM levels are high, the SAM-I riboswitch will
prematurely terminate the antisense transcript, allowing
expression of this operon to recycle excess methionine.

In some instances, riboswitches or their components are
found in tandem arrangements. Almost all glycine ribos-
witches consist of two aptamers that regulate a single down-
stream expression platform [6]. In the genomic sequences
searched here, 88% of the mRNA leaders containing one gly-
cine aptamer also carry a second aptamer. Cooperative bind-
ing of two ligand molecules by these glycine riboswitches
yields a genetic switch that is more 'digital’, that is, more
responsive to smaller changes in ligand concentration, than a
single aptamer.

Far less common are tandem arrangements of other ribos-
witch classes such as TPP [7,54,55] or AdoCbl [55]. Fewer
than 1% of the UTRs regulated by these riboswitch classes
contain multiple aptamers. In these cases, each aptamer
appears to function as an independent riboswitch that regu-
lates its own expression platform to yield a more digital, com-
pound genetic switch [7]. Also rare are tandem arrangements

Genome Biology 2007, 8:R239
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wherein representatives of two different riboswitches are in
the same UTR. In the metE mRNA leader from Bacillus
clausii, a SAM-I and an AdoCbl riboswitch independently
control transcription termination to combinatorially regulate
expression of this gene in response to two different metabo-
lite inputs [55].

Riboswitch mechanisms

A decision tree was established for computationally classify-
ing the gene control mechanisms of microbial riboswitches
(Figure 2). The five categories assigned are: transcription
attenuation; dual transcription and translation attenuation;
translation attenuation; direct translation attenuation; and
antisense regulation. The same mechanisms have been pre-
dicted for TPP [48], AdoCbl [20], FMN [56], and lysine [21]
riboswitches in previous comparative studies. The use of the
term attenuation here does not imply that a switch operates
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with OFF genetic logic, that is, gene expression may be atten-
uated in the ligand-free state and relieved by metabolite
binding. Overall, computational assignments by this proce-
dure have an accuracy of 88% when compared to expert pre-
dictions of TPP riboswitch mechanisms [48].

It is important to note that the decision tree does not explic-
itly predict RBS-hiding structures in expression platforms.
Rather, it assumes that control of translation initiation is the
most likely mechanism for riboswitches not classified into the
other categories. It is possible that these riboswitches could
operate by mechanisms other than the five assigned by this
procedure (as described above). Another caveat is that this
prediction scheme considers only intrinsic terminator struc-
tures consisting of RNA stem-loops followed by polyuridine
tails. These are currently the only structures that riboswitches
with transcription attenuation mechanisms are known to reg-

Riboswitch Aptamers

and not overlapping the aptamer by
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Riboswitch mechanism prediction scheme. The decision tree used to classify riboswitch mechanisms into five categories is shown. Depicted are OFF

switches in their ligand-bound state where a P| switching helix has formed. See

the main text and Materials and methods for additional details.
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ulate. However, some bacteria appear to be able to utilize
other structures that may lack a canonical U-tail or consist of
tandem hairpins to terminate transcription [57].

Mapping riboswitch mechanism predictions onto a phyloge-
netic tree (Figure 3) reveals that transcription attenuation
dominates in Firmicutes and that translation attenuation is
most common in other bacterial groups. The phylogenetic
distribution of SAM-II riboswitch mechanisms is an excep-
tion. It is the only riboswitch aptamer that appears to be most
often associated with regulatory transcription terminators in
a- and B-Proteobacteria, although the mechanisms by which
SAM-II aptamers control gene expression have not yet been
experimentally established [18]. Transcription attenuation
mechanisms may also be generally overrepresented in Fuso-
bacteria, 8/e-Proteobacteria, Thermatogae, and Chloroflexi
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species, although smaller sample sizes make these conclu-
sions less certain.

Mechanisms that rely on sequestering the RBS within the
conserved aptamer core are most common for the TPP, preQ,,
and SAM-I riboswitches. In the first two cases, purine-rich
conserved regions near the 3' ends of the riboswitch
substitute for RBS sequences. In SAM-I riboswitches, the
RBS is incorporated into the 3' side of the P1 stem. Other
riboswitch classes also have purine-rich conserved regions
near their 3' ends with consensus sequences close to ribosome
binding sites. It is not clear why direct regulation of transla-
tion attenuation is not more common in these other classes.
Perhaps access to the RBS-like sequences in these aptamers is
not modulated by ligand binding. Riboswitch regulation by
direct translation attenuation appears to be most frequent in

TPP  AdoCbl FMN Glycine SAM-lI Lysine preQ1 Purine SAM-II
1 1 1 1 1 1 1 1 1
73/20/18/1 40/4/4/0 35/7/10/1 14/5/10/1 108/11/7/2 48/6/6/0 12/2/10/12 45/1/30/1 Firmicutes
Bacteria SR | ST, f—r ]
1/1/0/0 1/0/1/0_ 2/0/1/0  0/1/0/0  3/0/0/0  0/0/1/0  1/0/0/0  2/0/0/0 Fusobacteria
0/2/16/38 0/0/32/6. 0/0/11/1_ 1/0/16/1_ _2/0/3/6 Actinobacteria
[ [ i 1
0/0/4/8 2/0/6/1 0/0/1/0 Cyanobacteria
0/1/0/0 0/0/1/0 _0/0/1/0 Acidobacteria
8/3/7/5 4/3/9/0 1/0/3/0 _0/0/3/0  _4/0/1/0 0/0/1/0__0/0/0/1 §/e—Proteobacteria
0/0/32/4 1/2/81/0 0/0/10/0  1/0/22/0 _0/0/0/1 15/3/4/2 - i
L ] L — iy C-Proteobacteria
- 1/1/24/0 3/1/40/2 0/0/9/0 .3/0/22/1 0/0/0/3 7/0/2/1  B_Proteobacteria
1 ] |
0/3/64/5 1/1/45/3 .4/1/22/0 .2/0/17/1 0/0/1/0 .2/3/25/0 0/0/1/5_ _0/0/3/0__0/0/3/0  y-Proteobacteria
1 ] 11 ] ]
0/0/1/1 1/1/3/0 Spirochetes
0/0/1/0 Chlamydia
1 /0/6/0 4/0/1 71 0/0/5/3 Chlorobi
0/0/4/3 3/0/1 4/0 0/0/3/0 0/0/3/0 _ Bacteroidetes
1/1/4/0 0/0/4/0 0/0/1/1 0/0/4/1 Deinococcus/Thermus
1/0/3/0 4/0/0/0  _0/0/1/0 Chloroflexi
1/0/0/0  0/0/0/1_ 1/0/0/0 1/0/0/0 Thermotogae
Archaea
0/0/1/5 Euryarchaeota
I 1. Transcription attenuation
I 2. Dual transcription and translation attenuation
[ 3. Translation attenuation (or other mechanism)
I 4. Direct translation attenuation
Figure 3

Riboswitch mechanisms. The mechanisms that riboswitches from different taxonomic groups use to regulate gene expression were classified on the basis
of expression platform features (Figure 2). The fractions of riboswitch expression platforms in each category are displayed visually as shaded bars with the
actual numbers observed written above in the order given in the legend. The phylogenetic tree on the left is described in the legend to Figure .

Genome Biology 2007, 8:R239



http://genomebiology.com/2007/8/1 /R239

Actinobacteria and Cyanobacteria, except for the preQ, ribos-
witch where this mechanism is unusually prevalent, even in
Firmicutes and Proteobacteria.

There do not appear to be any additional examples of ribos-
witches positioned for antisense regulation in this data set.
An antisense arrangement may be rare because it inverts the
gene control logic of the riboswitch and requires the evolu-
tionary maintenance of a second promoter. A handful of high-
scoring hits were found that appear to be functional aptamers
even though they are not located upstream of genes related to
the cognate metabolite. It is possible that these riboswitches
affect their target genes by regulating the production or func-
tion of trans-acting antisense RNAs or that they have been
recently orphaned by genomic rearrangements and are now
pseudo-regulatory sequences.

Evaluating structure models

Constructing an RNA secondary structure model using phyl-
ogenetic sequence data requires identifying possible base-
paired stems and adjusting a sequence alignment to deter-
mine whether each proposed stem appears reasonable for all
representatives. This recursive refinement process has been
used to create detailed comparative models of many func-
tional RNA structures that accurately reflect later genetic,
biochemical and biophysical data. However, the presence of
stretches of unvarying nucleotides within an RNA structure,
the tolerance of stems to some non-canonical base pairs or
mismatches, and the non-negligible frequency of sequencing
errors in biological databases can introduce enough uncer-
tainty that multiple structures may seem to agree with a
sequence alignment and incorrect base-paired elements may
be proposed. This problem is compounded if the multiple
sequence alignment is incomplete and does not yet capture all
of the variation that truly exists at each nucleotide position.

Inconsistencies and ambiguities in some riboswitch aptamer
models motivated us to evaluate the statistical support for
base pairs in their proposed structures. We chose to use
mutual information (MI) scores [58] to mathematically for-
malize the interdependence between sequence alignment col-
umns that is indicative of base interactions. MI is a
normalized version of covariance that represents the amount
of information (in bits) gained about what base occurs at a
given position from knowing the identity of a base at another
position. The prediction of RNA secondary structures and
tertiary interactions from covariation in sequence alignments
has a long history, and the nuances of calculating and inter-
preting MI scores have been comprehensively covered else-
where [59,60].

Fundamentally, columns of interacting bases must be cor-
rectly aligned and there must be variation within each column
(that is, it cannot be completely conserved) in order to detect
mutual information. Even when these preconditions are met,
there are two difficulties with directly comparing MI scores to
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determine which columns in a sequence alignment truly cov-
ary. First, sequence conservation derived from the shared
evolutionary histories of sequence subsets in an alignment
may result in a high residual background MI score between
many columns whether or not they are functionally linked.
Second, alignments with fewer sequences will have more col-
umn pairs with elevated MI scores simply by chance. Simula-
tions addressing the expected magnitudes of these two
sources of error in different data sets have been explored
recently in the context of protein sequence alignments [61].

In order to better gauge whether MI scores support proposed
base interactions in an RNA alignment, we developed a
procedure for empirically estimating their statistical signifi-
cance (Figure 4). First, a phylogenetic tree is inferred from the
observed RNA sequence alignment according to a model that
assumes independent evolution at each position and allows
for varying per-column mutation rates. Then, resampled
alignments with the same topology, branch lengths, and evo-
lutionary rates are generated. MI scores between columns in
these test alignments reflect the null hypothesis that there is
no covariation between positions. They implicitly correct for
the evolutionary history and sample size of the real sequence
alignment. Therefore, the p value significance for an observed
MI score in the real alignment is the fraction of test align-
ments with higher MI scores between these two columns.

Riboswitch structures

The consensus secondary structure models of the ten ribos-
witch classes (Figure 5) have been updated to reflect informa-
tion from newly identified aptamer variants. The purine, TPP,
SAM-I, and GIcN6P riboswitch consensus structures have
been drawn in accordance with their molecular structures
(references in Table 1). Other riboswitch structures have been
revised to be consistent with the new predictions of structure
motifs and base-base interactions explained below. In all
cases, previous numbering schemes for the paired helical ele-
ments (designated P1, P2, P3, and so on, beginning at the 5'
end of each the aptamer) have been maintained, even when
these stems do not occur in a majority of the sequences in the
updated alignment. Newly discovered paired elements that
do not appear in most examples of a riboswitch aptamer have
not been assigned numbers.

The results of the mutual information analysis are shown
superimposed on the consensus riboswitch structures. Most
base-paired helices are supported by at least one contiguous
base pair with a highly significant MI (p < 0.001), and almost
all contain a base pair with at least a marginal MI significance
(p < 0.01). No significant MI scores are present within the
P2.1 and P2.2 stems observed in the crystal structures of the
GlcN6P-dependent ribozyme [28,30]. However, most of the
predicted base pairs in the P2.1 and P2.2 helices are between
highly conserved bases that may not vary enough to produce
significant covariation with their pairing partners. The MI
analysis also does not support an alternative P1.1 pseudoknot
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Procedure for estimating Ml significance between alignment columns. See
the main text and Materials and methods for a complete description of the
procedure used to estimate the statistical significance of Ml scores
between columns in a multiple sequence alignment in order to evaluate
riboswitch secondary structures and predict new base-base interactions.
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(not shown) proposed on the basis of biochemical experi-
ments where the register of the regions involved in making
the P2.1 pairing is slightly shifted [29,62,63].

MI significance scores do resolve a conflict between two pair-
ing models that have been proposed for the highly conserved
B12 box of the AdoCbl riboswitch (Figure 6). One model pos-
its that a 'facultative stem loop' forms by pairing nucleotides
within the Bi12 box [20]. The other model proposes long-
range pairings between portions of the B12 box and nucleo-
tides more distant in RNA sequence [39]. There is only a sin-
gle, marginally significant MI score that supports the
formation of the 'facultative stem loop', even though this
region was correctly aligned to optimally discover such inter-
actions. The MI analysis strongly supports several base pairs
in the alternative proposed structure wherein portions of the
conserved B12 box form the 3' sides of the short P3 and P6
helical stems.

RNA structure motifs

Several riboswitches contain common RNA structure motifs
that are recognizable from their consensus features. A GNRA
tetraloop [64] that favors a pyrimidine at its second position
caps Pga of most GIcN6P ribozymes. A K-turn [65,66]
between P2 and P2a is conserved in SAM-I riboswitch aptam-
ers [66]. The asymmetric bulge between helices P2a and P2b
in the lysine riboswitch also fits a K-turn consensus in most
sequences [67], but a number of variants appear to lack this
motif. A sarcin-ricin motif [68] (a specific type of loop E
motif) in the asymmetric bulge between the P2 and P2a heli-
ces of the lysine riboswitch is more highly conserved [37,67].

We also find examples of other RNA structure motifs that
have not previously been reported in these riboswitch classes.
The consensus features of the three terminal loops capping
P2, P3, and P5 in the FMN riboswitch and the P4 loop and P6-
P7 bulge in the AdoCbl riboswitch are remarkably similar.
Each has two closing G-C base pairs with a strand bias, a pos-
sible U-A pair separated from the helical stem by two bulged
nucleotides on the 3' side, and a terminal GNR triloop
sequence that is sometimes interrupted at a specific position
by an intervening base-paired helix. These characteristics
strongly suggest that they adopt T-loop structures (named for
the T-loop of tRNA) where the U-A forms a key trans Watson-
Crick/Hoogsteen pair [69].

Sequence conservation in the UNR loop that closes the P5
stem in the TPP aptamer suggests that it forms a conserved U-
turn [70]. As expected, there is a sharp reversal of backbone
direction following this uridine, subsequent bases stack on
the 3' side of the loop, and the uracil base can hydrogen bond
with the phosphate group 3' of the third U-turn nucleotide in
the X-ray crystal structures of E. coli [71,72] and Arabidopsis
thaliana [73] riboswitches. Also, in the TPP aptamer, the
conserved UGAGA sequence 3' of the P3 helix fits the UGNRA
consensus for a type R1 lonepair triloop [74]. The crystal
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structures confirm that this motif is present with the
characteristic trans Watson-Crick/Hoogsteen U-A closing
pair around the triloop. Commonly, a tertiary interaction
between the triloop G base and an outside A leads to a
composite GNRA tetraloop structure. However, in this case,
the pyrimidine ring from the TPP ligand intercalates into the
triloop at an equivalent position.

New base-base interaction predictions

In addition to supporting almost all of the helical elements in
the riboswitch structure models, the MI analysis predicts
eleven additional base-pairing interactions (Figures 5 and 7).
Significant MI scores between two alignment columns should
be interpreted with caution. They represent a statistical cor-
relation and do not necessarily imply hydrogen bonding
between nucleobases. Correlations between adjacent nucleo-
tides that probably represent favored base stacking patterns
in helices and column pairs with many gaps where MI scores
can be dominated by the presence and absence of nucleotides
rather than their base identities have been ignored. It is also
possible to observe high mutual information between two
bases that do not interact if several separate structure motifs
with their own specific sequence requirements can substitute
for each other in a functional RNA, as is seen for GNRA,
UNCG, and CUUG tetraloops in 16S rRNA [59].

Furthermore, the estimates of MI significance rely on a phyl-
ogenetic tree reconstruction method that may not adequately
capture the evolution of these RNA sequences, especially for
the shorter riboswitch alignments. Even assuming that the
estimated p values are completely accurate, there are 4,950
possible combinations of columns in an alignment with 100
columns, and that would imply that, on average, 5 pairs with
a MI significance of <0.01 will be observed by chance. Some
columns that are known to be base paired do not have MI
scores this significant. In light of this noisy background, we
manually screened MI predictions and concentrated on inter-
acting columns that seem to have structural relevance.

The identities of interacting bases in a functional RNA are
constrained during evolution. They can mutate only to other
base pairs that preserve the local geometry of the sugar-phos-
phate backbone and any hydrogen bonds that are important
for maintaining structure and function. Generally, only one of
the three planar edges of a nucleobase participates in any
given interaction: the Watson-Crick face (WC), Hoogsteen
face (H), or sugar edge (SE). A systematic study of RNA struc-
tures has produced isostericity matrices [75] that tabulate
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which of the possible 16 base pairs should be interchangeable
(in terms of C1'-C1' distances) when two nucleobases are
interacting between different combinations of these three
base edges and when the glycosidic bonds on both sides of the
pair are cis or trans with respect to each other. The pairs of
bases conserved at some of the new correlated positions in
riboswitches suggest unusual non-Watson-Crick interac-
tions, and this isostericity framework can be used to tenta-
tively assign possible geometries to the newly predicted base
pairs (Figure 7).

In the TPP riboswitch, there is significant MI between the two
bases directly 5' of P3 and 3' of P3a that could bridge this hel-
ical junction. This correlation was highly significant (p =
0.0002) in an alignment of all TPP riboswitch sequences.
However, re-examination of the alignment showed that the
predominant A-G and U-A pairs mainly occurred in the 552
sequences that have the optional P3a stem-loop. In fact, there
is no correlation between these columns in the remaining 355
sequences that lack P3a. Exchange of U-A and A-G pairs is
most consistent with a cis H/WC edge interaction between
these two bases. These pairs are also isosteric in a trans H/H
geometry, but this configuration involves only a single hydro-
gen bond, and there are four other isosteric nucleobase com-
binations that are not observed. Both pair geometries imply
that either the sugar-phosphate backbones of the interacting
bases are in a parallel orientation or that they are anti-paral-
lel, with one of the bases adopting a rare syn glycosidic bond
rotation. It may be necessary for these bases to assume an
unusual geometry to accommodate the P3a helix at this
location.

The molecular resolution structures of TPP riboswitches do
not impinge on this prediction, as each of these constructs
lacks P3a [71-73]. On the basis of the consensus structure, it
is possible to further predict that when the P3a helix is
present it will coaxially stack on the P2 helix as part of a type
C three-way helical junction [76] wherein P3a, P2, and P3 are
assigned P1, P2, and P3 roles, respectively. The molecular
structures show a diagnostic feature of this configuration
even in the absence of P3a: the J13 motif sequence (corre-
sponding to the conserved UGAGA) forms a pseudohairpin
that makes adenine base contacts to the minor groove of the
motif's P1 helix (P2 of the riboswitch). Furthermore, there is
space in the crystal structure to accommodate P3a cohelically
stacking on P2, and this would place P3a parallel to and offset
from P3, as is expected for this common three-way junction
geometry.

Figure 5 (see following page)

Riboswitch aptamer structures. The consensus secondary structure models based on expanded riboswitch sequence alignments are depicted according to
the symbols defined in the inset. Each structure is further annotated with RNA structure motifs and the statistical significances (p values) of the mutual
information scores between base-paired alignment columns. New predictions of interacting bases from the Ml analysis are numbered and indicated by
asterisks. More detailed descriptions of these predictions are provided in Figure 7.
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Comparison of BI2 box structure models. In addition to the model of the
AdoCbl riboswitch aptamer structure presented here [39], an alternative
model that folds the highly conserved B12 box sequence (highlighted in
red) into a 'facultative stem-loop' has been proposed [20]. The core of the
AdoCbl riboswitch aptamer is shown with abbreviated peripheral helices
and without the optional P8-P10-P| | domain for comparison with the
alternative secondary structure model. The upper model is supported by
multiple base pairs with significant M| scores between B12 box bases and
remote positions. In it, a portion of the BI2 box also forms part of an
internal T-loop motif between P6é and P7. Each diagram uses the symbols
described in the legend to Figure 5.

Three new base interactions are predicted in AdoCbl ribos-
witch aptamers. A lone WC base pair (p < 0.0001) seems to
enclose the conserved A-rich sequence between the P2 and P3
helices. A highly significant MI score (p < 0.0001) also
supports a WC pair with purine/pyrimidine strand bias
between the nucleotide directly 3' of the P4 helix and a posi-
tion within the two nucleotide 3' bulge of the P6-P7 T-loop
motif. The adjacent nucleotides in this strand and the T-loop
bulge could form a highly conserved, cohelical C-G base pair.
Similar long-range Watson-Crick base-pairing interactions to
these two bulged nucleotides are common with 'type-II' T-
loops [69]. The final new prediction in the AdoCbl riboswitch
is a non-canonical G-A or A-G pair (p = 0.0001) that probably
assumes a cis WC/WC geometry to continue base stacking
with the P6 helix. These pairs are also isosteric in a cis H/H
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geometry, but this geometry seems less likely to be conserved
because it involves only a single hydrogen bond.

The FMN riboswitch may contain a strikingly similar T-loop
interaction. The nucleotide directly 3' of its P5 helix can form
a Watson-Crick pair (p = 0.009) with a pyrimidine/purine
strand bias to the 3' bulge of the T-loop motif that caps P3. An
adjacent G-C base pair is also possible here between highly
conserved nucleotides in the strand and T-loop bulge. In both
the AdoCbl and FMN riboswitches, the stem-loops adjacent
to this predicted interaction have exactly five paired nucleo-
tides and are capped by a second T-loop motif. Although the
second T-loop does not seem to be directly relevant to this
predicted pairing interaction, the double T-loop substructure
that these riboswitches have in common suggests that signif-
icant similarity exists between their overall tertiary folds even
though they recognize very different ligand molecules.

The MI analysis suggests two new base-base interactions in
the glycine riboswitch. The first is a WC pair (p = 0.005) with
purine/pyrimidine strand bias at the base of the P2 stem of
the first aptamer. If this pair cohelically stacks with the P2
stem, then it would often require a bulged nucleotide on the
5' side of the composite helix. The second interaction is a pre-
dicted G-G or A-A homopurine pair (p = 0.002) that might
adopt a cis bifurcated geometry within the central bulge of the
second aptamer. Bifurcated pairs hydrogen bond between an
exocyclic functional group on one base and the edge of the
other base, and they are consequently intermediate between
two edge geometries (possibly cis WC/WC and trans WC/H
in this case). If this pair forms, it suggests that the two bases
on each strand between it and the P1 stem may form G-A and
A-G pairs. Both of these putative interactions are maintained
in the opposite aptamer of the glycine riboswitch. However,
the nucleotides at the corresponding positions are less varia-
ble, which may explain why they were not detected a second
time by the MI analysis.

Two new base-pairing contacts are predicted for SAM-I ribos-
witches. The first occurs at the end of the P2 helix adjacent to
the conserved G-A and A-G pairs of the K-turn motif. This
pair has a highly significant MI score (p = 0.0006) and mainly
varies from G-A to C-C, which is most compatible with a trans
SE/H base interaction within this cohelical stacking context.
Noncanonical pairs with this configuration are known to
occur frequently adjacent to K-turns in other functional RNA
structures [77]. The second predicted interaction (p =
0.0003) is an unexpected long-range cis WC/WC base pair
between the base directly upstream of the 5' side of the P2b
pseudoknot and the base directly upstream of the P1 3' strand.
After originally discovering these new interactions from
sequence analysis, we were able to verify that both interac-
tions occur with the predicted configurations in the X-ray
crystal structure of a minimized version of the Thermoa-
naerobacter tengcongensis metF SAM-I riboswitch [78].
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Figure 7 (see previous page)

New base-base interaction predictions. For each numbered and asterisked prediction in Figure 5 the statistical significance (p value) of the mutual
information between the two alignment columns is shown, followed by the relative frequencies with which specific combinations of bases are observed in
those columns. Base pair geometries and isostericity groups compatible with the asterisked pairs are described in more detail elsewhere [75]. These
descriptions include the relative orientations of the glycosidic bonds across the pair (cis or trans), the edges of each base that interact (WC, Watson-Crick;
H, Hoogsteen; SE, sugar edge; bifurcated, intermediate between two edges), and the relative backbone strand geometry (parallel or anti-parallel) assuming

both glycosidic bonds are in default anti conformations.

The MI analysis predicts two new base-base interactions in
the SAM-II riboswitch. A homopurine G-G or A-A pair (p =
0.0002) could form between two positions in the bulge
between P1 and the 5' strand of the P2 pseudoknot. This pair
may adopt a cis bifurcated geometry. A Watson-Crick base
pair (p < 0.0001) may also exist between the last nucleotide
in the central loop that is contained within the P1 stem and a
downstream position. This pair could be extended into a short
helical element (P1a) if the adjacent, conserved C-G and G-C
base pairs also form canonical WC pairs and an intervening
base is bulged out.

Conclusion

The ten metabolite-sensing riboswitch classes surveyed here
are widespread and versatile gene control elements. The con-
served secondary structure models of these riboswitch
aptamers have been revised to include information from
additional sequence variants. These models incorporate
newly recognized RNA structure motifs, including a double T-
loop substructure that is conserved in AdoCbl and FMN
aptamers, and specify new sites where the insertion of uncon-
served RNA domains is possible. Furthermore, an analysis of
mutual information scores using an evolutionarily informed
background model has enabled the prediction of new base-
base interactions in several riboswitch aptamers. These
refinements should improve the accuracy of future computa-
tional searches for riboswitches as the automated annotation
of functional RNAs in genomic sequences becomes more rou-
tine [19]. They will also inform and validate ongoing efforts to
determine the molecular resolution structures of riboswitch
aptamers.

It is believed that some metabolite-binding riboswitch classes
may be descended from the RNA World [79] and that others
may be more recent evolutionary innovations [80], but the
exact provenance of each riboswitch class is unclear. Signifi-
cant uncertainty also remains about what physiological and
evolutionary forces affect riboswitch use by modern organ-
isms. Particularly, there are unexplained differences in the
distributions and preferred regulatory mechanisms of
riboswitches across contemporary bacteria. Riboswitches
found in Firmicutes (low G+C Gram-positive bacteria) pre-
dominantly regulate transcription attenuation, whereas
translation attenuation mechanisms are most prevalent in
other groups. Overall, riboswitches also appear to be more
common in Firmicutes than other bacterial groups.

One of the more interesting aspects of the riboswitch phylo-
genetic profile is that it outlines gaps and holes in the known
distributions of riboswitch classes. Some of these apparently
vacant regulatory niches may be occupied by regulatory pro-
teins that fulfill the same role or by extreme structural vari-
ants of these riboswitch classes that are not detectable with
current RNA homology search techniques. Other gaps could
harbor new aptamer classes that recognize the same metabo-
lite as a known riboswitch class. The discovery of SAM-II
riboswitches in a-Proteobacteria [18], which are almost
devoid of SAM-I riboswitches, sets a precedent for this latter
scenario. The existence of a third SAM riboswitch in some lac-
tic acid bacteria species [81], a subdivision of the Firmicutes,
suggests that new riboswitch classes may occupy empty regu-
latory niches that exist at an even finer taxonomic resolution.

Materials and methods

Computational analysis

In-house Perl scripts were used to organize the execution of
other software tools, compute various statistics, and maintain
local relational databases of genome and gene information.
Many of these scripts rely on Bioperl [82], and the
Bio::Graphics module was particularly useful for visualizing
the genomic contexts of riboswitch matches.

Riboswitch identification

Covariance models were trained on sequence alignments
adapted from various sources (Table 1) using the Infernal
software package (version 0.55) [83]. Heuristic filtering tech-
niques [16] were used to accelerate CM searches of microbial
sequences in the RefSeq database (version 12) [84] and envi-
ronmental shotgun sequences from an acid mine drainage
community [85], the Sargasso Sea [25], and Minnesota soil
and whale fall sites [86]. CM searches for TPP riboswitches
were also conducted against the plant and fungal portions of
the RefSeq database (version 13).

The regulatory potentials of putative riboswitch aptamers
were assessed by examining their genomic contexts. To uni-
formly predict gene functions, protein domains were assigned
to COGs (orthologous gene clusters) [87] using RPS-BLAST
and scoring matrices from the Conserved Domain Database
(CDD) [88]. The plausibility of putative aptamer structures
was assessed by computationally aligning hits to the original
CM with Infernal and manually examining divergent RNA
structures. Using these two complementary criteria, we
established trusted CM score cutoffs. All hits in the microbial
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RefSeq database above these thresholds were judged to be
functional riboswitches. Since gene context information is
not available for most environmental sequences, hits from
these data sets were included only if they had CM scores
above the trusted threshold. Additional low-scoring
sequences from the RefSeq database were also included when
their genomic contexts and alignments strongly indicated
that they were functional riboswitches.

To verify that this approach efficiently recovers known ribos-
witches, the final results were compared to a list of TPP ribos-
witches compiled in a comparative genomics analysis of
thiamin metabolic genes and this regulatory RNA element
[48]. The new searches successfully found all TPP ribos-
witches that had been previously identified in the set of com-
plete microbial genomes analyzed in both studies. They also
discovered a small number of TPP riboswitches upstream of
thiamin-related genes (for example, a pnuC homolog in Heli-
cobacter pylori and thiM in Lactococcus lactis) in genomes
examined by the former study that had not yet been reported.

For the glycine riboswitch, a single aptamer covariance model
and a tandem model containing both the first and second
aptamers were used to separately identify matches. Every
aptamer that is part of a tandem configuration was found by
the single aptamer CM search, and cases of lone aptamers
were noted. For consensus structure and MI calculations only
the tandem glycine aptamer alignment was considered, but
the complete set of lone and tandem aptamer glycine
riboswitches were included in the expression platform analy-
sis. Expression platform counts for other riboswitch classes
that rarely occur in tandem were not corrected.

Mechanism classification

Expression platforms were classified according to the scheme
in Figure 2 for a subset of the riboswitch matches found in
complete and unfinished microbial genomes. Aptamer
sequences with more than 95% pairwise identity at reference
columns (positions where >50% of the weighted sequences in
the alignment do not contain a gap) were omitted to avoid
biasing statistics with duplicate sequences. Riboswitches with
suspect gene annotations where >60 nucleotides (nt) of an
open reading frame (ORF) on the same strand overlapped the
aptamer or >700 nt separated the aptamer and the nearest
downstream ORF were also screened out. Most of these cases
appear to result from incorrect start codon choices, overpre-
dictions of hypothetical ORFs, or missing annotation of real
genes. The remaining sequences constituted the expression
platform data set, and sequences beginning at the 5' end of
each aptamer and continuing through the first 120 nt of the
downstream ORF were extracted for further analysis.

Riboswitches where the downstream gene was on the oppo-
site strand were examined as candidates for antisense regula-
tion. Other riboswitches were classified as directly regulating
translation initiation when the downstream gene's start
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codon was within 15 nt of the end of the conserved aptamer
core structure (usually the P1 paired element). The remaining
expression platforms were scanned with the local RNA sec-
ondary structure prediction program Rnall (version 1.1) [89]
for intrinsic transcription terminators with a scanning win-
dow of 50 nt, a U-tail weight threshold of 4.0, a U-tail pairing
stability cutoff of -8.3 kcal/mol, and default settings for other
parameters. Riboswitches with a terminator predicted in
their expression platform sequence were assigned transcrip-
tion attenuation mechanisms. These riboswitches were clas-
sified as also regulating translation if the distance between
the terminator hairpin and the gene's start codon is no more
than 10 nt. Expression platforms that did not match any of the
above criteria are assumed to employ translation attenuation
mechanisms.

Rnall and distance parameters were calibrated by comparing
expression platform predictions to expert predictions for a
large and phylogenetically diverse collection of TPP ribos-
witches [48]. Rnall correctly predicts 46 out of 52 terminators
in this data set with only 3 predictions of terminators in
sequences not manually evaluated as containing a terminator
(a sensitivity of 88% and an accuracy of 94%). The three false
positives resemble terminators and may be functional,
whereas the terminators that Rnall misses usually have large
hairpins with poor thermodynamic stabilities. Overall, the
decision tree classifies 159 out of 180 TPP riboswitch expres-
sion platforms (88%) correctly into the category assigned in
the control set.

Consensus secondary structures

We manually adjusted the covariance model alignments of
riboswitch aptamers while refining their consensus second-
ary structures. In particular, bases taking part in pseudoknot-
ted pairings that cannot be represented by CMs were shifted
to accurately represent these interactions. Bases flanking
gapped consensus columns, which are sometimes ambigu-
ously spread out across many possible positions by the align-
ment algorithm, were also systematically condensed into a
minimum number of overall consensus columns. As new
structure motifs and base-base interactions became evident,
the alignments were adjusted to reflect these new constraints.
Riboswitch sequences in the final alignments were weighted
using Infernal's internal implementation of the GSC algo-
rithm [90] to reduce biases from duplicate and similar
sequences before calculating consensus structure statistics.

Mutual information significance

Duplicate sequences were purged and columns with >50%
gaps were removed from riboswitch alignments prior to the
MI analysis, and, if necessary, alignments were further
pruned to the 300 most diverse sequences (as judged by pair-
wise base differences). A customized version of the program
Rate4Site (version 2.01) [91] with modified output options
was used to simultaneously estimate distances and per-col-
umn rates of evolution according to a gamma distributed
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model with at least 16 rate categories and a phylogenetic tree
created with Jukes-Cantor distances that treated gaps as
missing information. The resulting trees, rates, and distances
were used to simulate 10,000 resampled alignments starting
from an arbitrary ancestral sequence. Then, gaps and
sequence weights were re-inserted into each of these deriva-
tive alignments at the same positions that they occupied in
the original alignment.

Mutual information was calculated between column pairs for
all alignments according to standard formulas [60], taking
into account sequence weights and treating gaps as a fifth
character state. The resampled alignments were used to esti-
mate what the MI score distribution would have been if the
bases present in each column had evolved independently,
without covariation constraints. The p value significance of
the actual MI between two columns is the fraction of the resa-
mpled alignments that have a greater MI score than the value
observed between those two columns in the real alignment.
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flavin mononucleotide; GIcN6P, glucosamine-6-phosphate;
H, Hoogsteen face; MI, mutual information; nt, nucleotides;
ORF, open reading frame; preQ,, 7-aminoethyl 7-deazagua-
nine; RBS, ribosome binding site; SAM, S-adenosylmethio-
nine; SE, sugar edge; TPP, thiamin pyrophosphate; UTR,
untranslated region; WC, Watson-Crick face.

Authors' contributions

JEB designed the computational analyses, carried out the
comparative studies, and created the figures. JEB and RRB
interpreted the results and wrote the manuscript.

Additional data files

The following additional data files are available with the
online version of this article. Additional data file 1 contains
sequence alignments of the riboswitch aptamer data sets
annotated with new base-base interactions in Stockholm for-
mat. Additional data file 2 contains sequence alignments of
the riboswitch aptamer data sets annotated with new base-
base interactions in HTML format.

Acknowledgements

We thank BC Grove for early work on the programs used for mutual infor-
mation calculations, GM Emilsson for assistance drafting Figure 2, and other
members of the Breaker lab for helpful discussions. We also thank E West-
hof for detailed feedback on an early draft, X-F Wan for porting RNALL to
MacOS X at our request, and | Mayrose and T Pupko for answering ques-
tions regarding Rate4Site. JEB was supported by a Howard Hughes Medical
Institute Predoctoral Fellowship. RRB is supported by the Howard Hughes
Medical Institute and this project was also funded by NIH grants GM068819
and DK070270.

Genome Biology 2007,

Volume 8, Issue | |, Article R239 Barrick and Breaker

References

l.
2.
3.

20.

21.

22.

23.

24.

Mandal M, Breaker RR: Gene regulation by riboswitches. Nat Rev
Mol Cell Biol 2004, 5:451-463.

Winkler WC, Breaker RR: Regulation of bacterial gene expres-
sion by riboswitches. Annu Rev Microbiol 2005, 59:487-517.
Winkler WC: Metabolic monitoring by bacterial mMRNAs. Arch
Microbiol 2005, 183:151-159.

Tucker BJ, Breaker RR: Riboswitches as versatile gene control
elements. Curr Opin Struct Biol 2005, 15:342-348.

Winkler WC, Nahvi A, Roth A, Collins JA, Breaker RR: Control of
gene expression by a natural metabolite-responsive
ribozyme. Nature 2004, 428:281-286.

Mandal M, Lee M, Barrick JE, Weinberg Z, Emilsson GM, Ruzzo WL,
Breaker RR: A glycine-dependent riboswitch that uses cooper-
ative binding to control gene expression. Science 2004,
306:275-279.

Welz R, Breaker RR: Ligand binding and gene control charac-
teristics of tandem riboswitches in Bacillus anthracis. RNA
2007, 13:573-582.

Richter-Dahlfors AA, Andersson DI: Cobalamin (vitamin B,,)
repression of the Cob operon in Salmonella typhimurium
requires sequences within the leader and the first translated
open reading frame. Mol Microbiol 1992, 6:743-749.

Grundy FJ, Henkin TM: The S box regulon: a new global tran-
scription termination control system for methionine and
cysteine biosynthesis genes in Gram-positive bacteria. Mol
Microbiol 1998, 30:737-749.

Miranda-Rios ], Morera C, Taboada H, Davalos A, Encarnacion S,
Mora |, Soberén M: Expression of thiamin biosynthetic genes
(thiCOGE) and production of symbiotic terminal oxidase
cbb; in Rhizobium etli. | Bacteriol 1997, 179:6887-6893.

Macke TJ, Ecker D), Gutell RR, Gautheret D, Case DA, Sampath R:
RNAMotif, an RNA secondary structure definition and
search algorithm. Nucleic Acids Res 2001, 29:4724-4735.
Abreu-Goodger C, Merino E: RibEx: a web server for locating
riboswitches and other conserved bacterial regulatory
elements. Nucleic Acids Res 2005, 33:W690-W692.

Eddy SR, Durbin R: RNA sequence analysis using covariance
models. Nucleic Acids Res 1994, 22:2079-2088.

Weinberg Z, Ruzzo WL: Faster genome annotation of non-cod-
ing RNA families without loss of accuracy. In Proceedings of the
Eighth Annual International Conference on Computational Molecular Biol-
ogy (RECOMB). San Diego, CA. March 27-31, 2004 Edited by: Philip E.
Bourne ACM Press, New York, NY; 2004:243-251.

Weinberg Z, Ruzzo WL: Exploiting conserved structure for
faster annotation of non-coding RNAs without loss of
accuracy. Bioinformatics 2004, 20:i334-i341.

Weinberg Z, Ruzzo WL: Sequence-based heuristics for faster
annotation of non-coding RNA families. Bioinformatics 2006,
22:35-39.

Barrick JE, Sudarsan N, Weinberg Z, Ruzzo WL, Breaker RR: 6S
RNA is a widespread regulator of eubacterial RNA polymer-
ase that resembles an open promoter. RNA 2005, 11:774-784.
Corbino KA, Barrick JE, Lim J, Welz R, Tucker BJ, Puskarz |, Mandal
M, Rudnick ND, Breaker RR: Evidence for a second class of S-
adenosylmethionine riboswitches and other regulatory RNA
motifs in alpha-proteobacteria. Genome Biol 2005, 6:R70.
Griffiths-Jones S, Moxon S, Marshall M, Khanna A, Eddy SR, Bateman
A: Rfam: annotating non-coding RNAs in complete genomes.
Nucleic Acids Res 2005, 33:D121-D124.

Vitreschak AG, Rodionov DA, Mironov AA, Gelfand MS: Regulation
of the vitamin B,, metabolism and transport in bacteria by a
conserved RNA structural element. RNA 2003, 9:1084-1097.
Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS: Regulation
of lysine biosynthesis and transport genes in bacteria: yet
another RNA riboswitch? Nucleic Acids Res 2003, 3 1:6748-6757.
Mandal M, Boese B, Barrick JE, Winkler WC, Breaker RR: Ribos-
witches control fundamental biochemical pathways in Bacil-
lus subtilis and other bacteria. Cell 2003, 113:577-586.
Barrick JE, Corbino KA, Winkler WC, Nahvi A, Mandal M, Collins |,
Lee M, Roth A, Sudarsan N, Jona |, et al.: New RNA motifs suggest
an expanded scope for riboswitches in bacterial genetic
control. Proc Natl Acad Sci USA 2004, 101:6421-6426.

Weinberg Z, Barrick JE, Yao Z, Roth A, Kim JN, Gore J, Wang JX, Lee
ER, Block KF, Sudarsan N, et dl.: ldentification of 22 candidate
structured RNAs in bacteria using the CMfinder compara-
tive genomics pipeline. Nucleic Acids Res 2007, 35:4809-4819.

Genome Biology 2007, 8:R239


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15173824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15750802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15919195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15919195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15029187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15029187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15029187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15472076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15472076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17307816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1374146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1374146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1374146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10094622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10094622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10094622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9371431
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15980564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15980564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15980564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8029015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8029015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15262817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15262817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15262817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16267089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16267089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16086852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16086852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16086852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12923257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12923257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14627808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14627808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14627808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12787499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15096624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15096624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15096624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17621584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17621584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17621584

http://genomebiology.com/2007/8/1 /R239

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,
45,
46.

47.

48.

49.

50.

Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D, Eisen
JA, Wu DY, Paulsen |, Nelson KE, Nelson W, et al.: Environmental
genome shotgun sequencing of the Sargasso Sea. Science
2004, 304:66-74.

Delong EF: Microbial community genomics in the ocean. Nat
Rev Microbiol 2005, 3:459-469.

Hampel K], Tinsley MM: Evidence for preorganization of the
glmS ribozyme ligand binding pocket. Biochemistry 2006,
45:7861-7871.

Klein D), Ferre-D'Amare AR: Structural basis of gImS ribozyme
activation by glucosamine-6-phosphate. Science 2006,
313:1752-1756.

McCarthy TJ, Plog MA, Floy SA, Jansen JA, Soukup JK, Soukup GA:
Ligand requirements for gimS ribozyme self-cleavage. Chem
Biol 2005, 12:1221-1226.

Cochrane JC, Lipchock SV, Strobel SA: Structural investigation of
the GImS ribozyme bound to its catalytic cofactor. Chem Biol
2007, 14:97-105.

Rieder R, Lang K, Graber D, Micura R: Ligand-induced folding of
the adenosine deaminase A-riboswitch and implications on
riboswitch translational control. Chembiochem 2007, 8:896-902.
Gilbert SD, Stoddard CD, Wise §), Batey RT: Thermodynamic and
kinetic characterization of ligand binding to the purine ribos-
witch aptamer domain. | Mol Biol 2006, 359:754-768.
Wickiser JK, Winkler WC, Breaker RR, Crothers DM: The speed of
RNA transcription and metabolite binding kinetics operate
an FMN riboswitch. Mol Cell 2005, 18:49-60.

Wickiser JK, Cheah MT, Breaker RR, Crothers DM: The kinetics of
ligand binding by an adenine-sensing riboswitch. Biochemistry
2005, 44:13404-13414.

Lemay JF, Penedo JC, Tremblay R, Lilley DM, Lafontaine DA: Folding
of the adenine riboswitch. Chem Biol 2006, 13:857-868.

Winkler W, Nahvi A, Breaker RR: Thiamine derivatives bind
messenger RNAs directly to regulate bacterial gene
expression. Nature 2002, 419:952-956.

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

Nahvi A, Sudarsan N, Ebert MS, Zou X, Brown KL, Breaker RR:
Genetic control by a metabolite binding mRNA. Chem Biol
2002, 9:1043-1049.

Nahvi A, Barrick JE, Breaker RR: Coenzyme B, riboswitches are
widespread genetic control elements in prokaryotes. Nucleic
Acids Res 2004, 32:143-150.

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

Sudarsan N, Barrick JE, Breaker RR: Metabolite-binding RNA
domains are present in the genes of eukaryotes. RNA 2003,
9:644-647.

Kubodera T, Watanabe M, Yoshiuchi K, Yamashita N, Nishimura A,
Nakai S, Gomi K, Hanamoto H: Thiamine-regulated gene
expression of Aspergillus oryzae thiA requires splicing of the
intron containing a riboswitch-like domain in the 5-UTR.
FEBS Lett 2003, 555:516-520.

Cheah MT, Wachter A, Sudarsan N, Breaker RR: Control of alter-
native RNA splicing and gene expression by eukaryotic
riboswitches. Nature 2007, 447:497-500.

Yarnell WS, Roberts JW: Mechanism of intrinsic transcription
termination and antitermination. Science 1999, 284:611-615.
Gusarov |, Nudler E: The mechanism of intrinsic transcription
termination. Mol Cell 1999, 3:495-504.

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

Merino E, Yanofsky C: Transcription attenuation: a highly con-
served regulatory strategy used by bacteria. Trends Genet
2005, 21:260-264.

Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS: Compara-
tive genomics of thiamin biosynthesis in procaryotes: new
genes and regulatory mechanisms. | Biol Chem 2002,
277:48949-48959.

Vitreschak AG, Rodionov DA, Mironov AA, Gelfand MS: Ribos-
witches: the oldest mechanism for the regulation of gene
expression? Trends Genet 2004, 20:44-50.

Nou XW, Kadner R]: Adenosylcobalamin inhibits ribosome
binding to btuB RNA. Proc Natl Acad Sci USA 2000, 97:7190-7195.

Genome Biology 2007,

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.
77.

Volume 8, Issue | |, Article R239 Barrick and Breaker

Altman S, Wesolowski D, Guerrier-Takada C, Li Y: RNase P
cleaves transient structures in some riboswitches. Proc Natl
Acad Sci USA 2005, 102:11284-11289.

Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS: Compara-
tive genomics of the methionine metabolism in Gram-posi-
tive bacteria: a variety of regulatory systems. Nucleic Acids Res
2004, 32:3340-3353.

Gottesman S: Stealth regulation: biological circuits with small
RNA switches. Genes Dev 2002, 16:2829-2842.

Rodionov DA, Dubchak I, Arkin A, Alm E, Gelfand MS: Reconstruc-
tion of regulatory and metabolic pathways in metal-reducing
delta-proteobacteria. Genome Biol 2004, 5:R90.

Sudarsan N, Hammond MC, Block KF, Welz R, Barrick JE, Roth A,
Breaker RR: Tandem riboswitch architectures exhibit com-
plex gene control functions. Science 2006, 314:300-304.
Vitreschak AG, Rodionov DA, Mironov AA, Gelfand MS: Regulation
of riboflavin biosynthesis and transport genes in bacteria by
transcriptional and translational attenuation. Nucleic Acids Res
2002, 30:3141-3151.

Unniraman S, Prakash R, Nagaraja V: Conserved economics of
transcription termination in eubacteria. Nucleic Acids Res 2002,
30:675-684.

Chiu DK, Kolodziejczak T: Inferring consensus structure from
nucleic acid sequences. Comput Appl Biosci 1991, 7:347-352.
Gutell RR, Power A, Hertz GZ, Putz EJ, Stormo GD: Identifying
constraints on the higher-order structure of RNA: continued
development and application of comparative sequence anal-
ysis methods. Nucleic Acids Res 1992, 20:5785-5795.

Lindgreen S, Gardner PP, Krogh A: Measuring covariation in RNA
alignments: physical realism improves information
measures. Bioinformatics 2006, 22:2988-2995.

Gloor GB, Martin LC, Wahl LM, Dunn SD: Mutual information in
protein multiple sequence alignments reveals two classes of
coevolving positions. Biochemistry 2005, 44:7156-7165.

Soukup GA: Core requirements for gimS ribozyme self-cleav-
age reveal a putative pseudoknot structure. Nucleic Acids Res
2006, 34:968-975.

Jansen JA, McCarthy TJ, Soukup GA, Soukup JK: Backbone and
nucleobase contacts to glucosamine-6-phosphate in the gim$S
ribozyme. Nat Struct Mol Biol 2006, 13:517-523.

Heus HA, Pardi A: Structural features that give rise to the unu-
sual stability of RNA hairpins containing GNRA loops. Science
1991, 253:191-194.

Klein D), Schmeing TM, Moore PB, Steitz TA: The kink-turn: a new
RNA secondary structure motif. EMBO J 2001, 20:4214-4221.
Winkler WC, Grundy FJ, Murphy BA, Henkin TM: The GA motif:
an RNA element common to bacterial antitermination sys-
tems, rRNA, and eukaryotic RNAs. RNA 2001, 7:1165-1172.
Grundy FJ, Lehman SC, Henkin TM: The L box regulon: Lysine
sensing by leader RNAs of bacterial lysine biosynthesis
genes. Proc Natl Acad Sci USA 2003, 100:12057-12062.

Leontis NB, Stombaugh |, Westhof E: Motif prediction in ribos-
omal RNAs: lessons and prospects for automated motif pre-
diction in homologous RNA molecules. Biochimie 2002,
84:961-973.

Nagaswamy U, Fox GE: Frequent occurrence of the T-loop
RNA folding motif in ribosomal RNAs. RNA 2002, 8:1112-1119.
Gutell RR, Cannone JJ, Konings D, Gautheret D: Predicting U-
turns in ribosomal RNA with comparative sequence analysis.
J Mol Biol 2000, 300:791-803.

Serganov A, Polonskaia A, Phan AT, Breaker RR, Patel DJ: Structural
basis for gene regulation by a thiamine pyrophosphate-sens-
ing riboswitch. Nature 2006, 441:1167-1171.

Edwards TE, Ferre-D'Amare AR: Crystal structures of the Thi-
box riboswitch bound to thiamine pyrophosphate analogs
reveal adaptive RNA-small molecule recognition. Structure
2006, 14:1459-1468.

Thore S, Leibundgut M, Ban N: Structure of the eukaryotic thia-
mine pyrophosphate riboswitch with its regulatory ligand.
Science 2006, 312:1208-1211.

Lee JC, Cannone J), Gutell RR: The lonepair triloop: a new motif
in RNA structure. | Mol Biol 2003, 325:65-83.

Leontis NB, Stombaugh ], Westhof E: The non-Watson-Crick
base pairs and their associated isostericity matrices. Nucleic
Acids Res 2002, 30:3497-3531.

Lescoute A, Westhof E: Topology of three-way junctions in
folded RNAs. RNA 2006, 12:83-93.

Lescoute A, Leontis NB, Massire C, Westhof E: Recurrent struc-

Genome Biology 2007, 8:R239


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15001713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15001713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15886695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16784238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16990543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16990543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16298301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17196404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17196404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17440909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17440909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17440909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16650860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15808508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15808508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15808508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16201765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16201765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16931335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16931335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12410317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12410317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12410317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14597663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14597663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14597663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12323379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12323379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17384645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17384645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12756322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12756322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14675766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14675766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17468745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17468745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17468745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10213678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10213678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10230402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10230402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15851059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15851059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12376536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12376536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12376536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14698618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14698618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14698618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10852957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16061811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16061811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15215334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15215334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15215334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12435626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12435626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15535866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15535866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15535866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12136096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12136096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12136096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11809879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11809879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1913217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1913217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1454539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1454539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1454539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17038338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15882054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15882054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15882054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16464827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16464827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16699515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1712983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1712983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11483524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11483524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11497434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11497434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11497434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14523230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14523230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14523230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12458088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12458088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12458088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12358430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12358430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10891269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10891269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16728979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16728979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16728979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16962976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16675665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16675665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12473452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12473452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12177293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12177293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16373494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16373494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15860776

http://genomebiology.com/2007/8/1 /R239 Genome Biology 2007,  Volume 8, Issue ||, Article R239 Barrick and Breaker R239.19

tural RNA motifs, isostericity matrices and sequence
alignments. Nucleic Acids Res 2005, 33:2395-2409.

78. Montange RK, Batey RT: Structure of the S-adenosylmethionine
riboswitch regulatory mRNA element. Nature 20086,
441:1172-1175.

79. Breaker RR: Riboswitches and the RNA World. In The RNA
World 3rd edition. Edited by: Gesteland RF, Cech TR, Atkins JF.
Woodbury, NY: Cold Spring Harbor Laboratory Press; 2005:89-108.

80. Gold L, Brody E, Heilig J, Singer B: One, two, infinity: Genomes
filled with aptamers. Chem Biol 2002, 9:1259-1264.

8l. Fuchs RT, Grundy FJ, Henkin TM: The Syk box is a new SAM-
binding RNA for translational regulation of SAM synthetase.
Nat Struct Mol Biol 2006, 13:226-233.

82. Stajich JE, Block D, Boulez K, Brenner SE, Chervitz SA, Dagdigian C,
Fuellen G, Gilbert ]G, Korf I, Lapp H, et al.: The Bioperl toolkit:
Perl modules for the life sciences. Genome Res 2002,

12:1611-1618.
83. Infernal: Inference of RNA Alignments [http:/infernal.jane
lia.org/]

84. Pruitt KD, Tatusova T, Maglott DR: NCBI Reference Sequence
(RefSeq): a curated non-redundant sequence database of
genomes, transcripts and proteins. Nucleic Acids Res 2005,
33:D501-504.

85. Tyson GW, Chapman ], Hugenholtz P, Allen EE, Ram R}, Richardson
PM, Solovyev VV, Rubin EM, Rokhsar DS, Banfield JF: Community
structure and metabolism through reconstruction of micro-
bial genomes from the environment. Nature 2004, 428:37-43.

86. Tringe SG, von Mering C, Kobayashi A, Salamov AA, Chen K, Chang
HW, Podar M, Short JM, Mathur EJ, Detter JC, et al.: Comparative
metagenomics of microbial communities. Science 2005,
308:554-557.

87. Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, Koonin
EV, Krylov DM, Mazumder R, Mekhedov SL, Nikolskaya AN, et al.:
The COG database: an updated version includes eukaryotes.
BMC Bioinformatics 2003, 4:41.

88. Marchler-Bauer A, Anderson B, Cherukuri PF, DeWeese-Scott C,
Geer LY, Gwadz M, He S, Hurwitz DI, Jackson |D, Ke Z, et al.: CDD:
a Conserved Domain Database for protein classification.
Nucleic Acids Res 2005, 33:D192-196.

89. Wan XF, Xu D: Intrinsic terminator prediction and its applica-
tion in Synechococcus sp. WH8102. | Comput Sci Tech 2005,
20:465-482.

90. Gerstein M, Sonnhammer ELL, Chothia C: Volume changes in
protein evolution. | Mol Biol 1994, 236:1067-1078.

91. Mayrose |, Graur D, Ben-Tal N, Pupko T: Comparison of site-spe-
cific rate-inference methods for protein sequences: empiri-
cal Bayesian methods are superior. Mol Biol Evol 2004,
21:1781-1791.

92. Madigan MT, Martinko JM, Parker J: Brock Biology of Microorganisms
10th edition. Upper Saddle River, NJ: Pearson Education, Inc; 2003.

93. Mira A, Pushker R, Legault BA, Moreira D, Rodriguez-Valera F: Evo-
lutionary relationships of Fusobacterium nucleatum based on
phylogenetic analysis and comparative genomics. BMC Evol
Biol 2004, 4:50.

94. Winkler WC, Nahvi A, Sudarsan N, Barrick JE, Breaker RR: An
mRNA structure that controls gene expression by binding S-
adenosylmethionine. Nat Struct Biol 2003, 10:701-707.

95. Batey RT, Gilbert SD, Montange RK: Structure of a natural gua-
nine-responsive riboswitch complexed with the metabolite
hypoxanthine. Nature 2004, 432:411-415.

96. Serganov A, Yuan YR, Pikovskaya O, Polonskaia A, Malinina L, Phan
AT, Hobartner C, Micura R, Breaker RR, Patel D): Structural basis
for discriminative regulation of gene expression by adenine-
and guanine-sensing mRNAs. Chem Biol 2004, 11:1729-1741.

97. Noeske J, Richter C, Grundl MA, Nasiri HR, Schwalbe H, Wohnert J:
An intermolecular base triple as the basis of ligand specificity
and affinity in the guanine- and adenine-sensing riboswitch
RNAs. Proc Natl Acad Sci USA 2005, 102:1372-1377.

Genome Biology 2007, 8:R239


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15860776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15860776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16810258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16810258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12498875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12498875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16491091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16491091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368254
http://infernal.janelia.org/
http://infernal.janelia.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14961025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14961025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14961025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15845853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15845853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12969510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12969510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8120887
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8120887
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15201400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15201400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15201400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15566569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12910260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12910260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15610857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15665103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15665103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15665103

	Abstract
	Background
	Results
	Conclusion

	Background
	Results and discussion
	Riboswitch identification overview
	Riboswitch distributions
	Riboswitch mechanism overview
	Riboswitch mechanisms
	Evaluating structure models
	Riboswitch structures
	RNA structure motifs
	New base-base interaction predictions

	Conclusion
	Materials and methods
	Computational analysis
	Riboswitch identification
	Mechanism classification
	Consensus secondary structures
	Mutual information significance

	Abbreviations
	Authors' contributions
	Additional data files
	Acknowledgements
	References

