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Introduction

There are a wide variety of different bacterial regulatory RNAs 
ranging from riboswitches that require complex secondary- and 
tertiary-structure motifs for function1 to sRNAs that typi-
cally act predominantly through base-pairing interactions.2,3 
Some of the first regulatory RNAs to be described are those 
that autogenously regulate ribosomal protein biosynthesis in 
Escherichia coli.4 These regulatory RNAs typically occur within 
5'-untranslated or intergenic regions of transcripts encoding 
ribosomal proteins. When transcribed, these RNA sequences 
form secondary structures that interact with a specific ribosomal 
protein binding partner to regulate an entire ribosomal pro-
tein operon.5 The mechanism of gene regulation can be either 
transcriptional6 or translational,7-9 thus allowing these mRNA 
structures to act as a means of feedback inhibition. To date, 
over 10 such RNAs regulating more than half of ribosomal pro-
tein genes have been described in E. coli. However, recent work 
has shown that most of these RNAs are narrowly distributed to 
Gammaproteobacteria.10

Progress toward understanding the regulation of ribosomal 
protein biosynthesis in gram-positive bacteria, including model 
organisms such as Bacillus subtilis, has been much more limited. 
Ribosomal proteins are typically universally distributed and well 
conserved across bacterial phyla.11 In addition, the over 50 genes 
encoding ribosomal proteins occur in long multi-gene oper-
ons whose structure is largely, but not completely, conserved.12 
Despite the universal nature of these proteins, their regulation 
does not appear to be conserved. Of the E. coli ribosomal pro-
tein regulatory RNAs, only two (interacting with ribosomal 
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proteins L1 and L10)10,13 are widely present in Firmicutes (> 85% 
of all sequenced Firmicutes). A third RNA structure (interact-
ing with ribosomal protein S2) has been identified in > 50% of 
sequenced Firmicutes.10,14 In addition to these widely distributed 
RNAs, RNA structures interacting with ribosomal proteins S4, 
S15 and L20 have been identified and experimentally validated 
in the Firmicute class Bacilli.15-17 While each of these ribosomal 
proteins is also a regulator in E. coli, the RNAs show little or no 
homology to the E. coli RNAs with the same function. Currently, 
Rfam alignments are only available for one of these RNAs (L20, 
RF00558).18 While several additional putative RNA struc-
tures associated with ribosomal proteins have been identified in 
comparative genomic studies,19 none have been experimentally 
validated.

We utilized the RNA homology search program Infernal,20 
coupled with our high-capacity genomic context visualization 
tool,21 to identify homologs of the three experimentally validated 
ribosomal-protein autogenous regulatory RNAs found in Bacilli. 
The alignments produced in this work assess the phylogenetic 
distribution of these RNA structures, and integrate experimen-
tal data with comparative genomics to gain new insight into the 
structure and function for these RNAs.

Results

L20-interacting RNA. The RNA structure interacting with 
ribosomal protein L20 to regulate the infC-L30-L20 operon was 
discovered independently by two studies at approximately the 
same time. One study experimentally analyzed the RNA,17 while 
the other identified the RNA structure through a comparative 
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in most Bacilli, and many Clostridia species. A few homologs of 
the L20-interacting RNA are also identified in Thermotogae and 
Actinobacteria. While Thermotogae are relatively closely related 
to Firmicutes,22 the presence in Actinobacteria species suggests 
possible horizontal transfer events.

S15-interacting RNA. The mRNA structure interacting with 
ribosomal protein S15 regulates only rpsO.23 Like its E. coli coun-
terpart,24 the RNA structure identified in Bacilli overlaps with 
the beginning of the coding region for rpsO.23 The RNA was 
first identified in B. stearothermophilus (subsequently reclassi-
fied as Geobacillus stearothermophilus),25 and RNA-protein inter-
action was experimentally validated initially utilizing in vitro 
approaches. Regulatory activity of the RNA was subsequently 
demonstrated using E. coli as a surrogate organism.23 There is no 
Rfam alignment for this RNA, nor has it been identified in previ-
ous comparative genomic works.

For this study, we manually constructed a starting alignment 
consisting of the 3-helix junction necessary for binding and reg-
ulation16,23 using BLAST to identify the initial homologs. The 
starting alignment contained sequences from several Geobacillus 
species, as well as a hand-aligned portion of the genomic region 
preceding rpsO in B. subtilis and Caldicellulosiruptor bescii DSM 
6725 (a member of Clostridia). Utilizing this initial alignment 
we were able to identify the S15-binding RNA in most Bacilli 
species, and in both sequenced Negativiticutes species (Fig. 2). 
However, its incidence in Clostridia is considerably lower, result-
ing in a lower overall frequency in Firmicutes. We also identi-
fied sequences in Deinococci and Fusobacteria (two sequences in 
each phylum), suggesting potential horizontal transfer. However, 
it is difficult to make a definitive conclusion in this matter due to 
the small number of putative homologs and lack of any experi-
mental data to verify them.

genomics approach.19 In contrast to the L20-interacting RNA 
present in Gammaproteobacteria, the L20-interacting RNA in 
B. subtilis regulates transcription rather than translation, and 
does not directly precede the gene encoding its binding partner, 
rplT.7 Instead, the protein-binding site is located at the start of the 
operon, preceding and regulating the genes infC, rpmI and rplT.17 
The current Rfam alignment for this RNA (Rfam: RF00558) 
(generated by comparative genomics in Yao et al.19), representing 
the L20-bound form, was used as the starting alignment for this 
study.

The L20-interacting RNA structure consists of three pair-
ing elements (Fig. 1; Fig. S1), including a terminator stem that 
was experimentally confirmed using in vitro transcription ter-
mination assays.17 A fourth pairing element directly preceding 
the terminator was noted in previous studies.17 This fourth stem 
is present in > 75% of species in the alignment, but shows no 
conservation of individual nucleotides. In addition, nuclease 
footprinting assays indicate it is unlikely to be involved in L20 
binding (Fig. 1).17

Toe-printing and RNase probing assays have determined that 
L20 binds specifically at the junction of Helices 1 and 2, stabi-
lizing Helix 2 in the process.17 This region of the RNA bears 
striking resemblance to the L20 binding site on the 23S rRNA, 
and our studies show that this region is highly conserved, with 
few or no mutations. The terminator stem does not appear to be 
involved in L20 binding,17 and there is co-variation throughout 
the stem, indicating that the secondary structure, rather than the 
sequence, is important for function. There is also a rigorously 
conserved pair of adenosines before the start of the first helix, but 
their effect on binding is unknown.

Of the RNAs examined here, the L20-binding RNA has the 
greatest penetration in sequenced Firmicutes (Fig. 2). It is found 

Figure 1. Consensus sequence and secondary structures of Bacilli ribosomal regulatory elements. Start codons (AUG) are depicted inside a black 
box when occurring within the RNA structure. Gray boxes indicate areas of high conservation and possible binding. Dotted boxes surround areas 
proposed to be important for binding. Co-varying base pairs are shaded red or green only when Watson-Crick base pairing is in > 95% of the aligned 
sequences. Helix numbering is consistent with previously published data for each RNA.
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We also performed homology searches with the original align-
ment derived from comparative genomics by Yao and cowork-
ers,19 as this structure has the potential to be an alternative 
non-interacting conformation for the RNA. The final alignments 
of the two possible structures share significant taxonomic over-
lap, 172 out of 177 species, indicating that both structures are 
possible in most species. The majority of the alternative structure 
is quite similar to the S4-binding structure. H1 is largely intact 
in the alternative structure, with a conserved “GUAA” bulge near 
the top of the stem, as well as similarly conserved loops. There 
are some minor changes to the base pairing of H1, causing the 
protein binding site (“GUAA”) and the top loop to be smaller 
than their correlates in the S4-binding structure. More dramati-
cally, the alternative structure lacks the H2 stem, and instead has 
an elongated H1 stem that partially overlaps the existing H2. In 
order to elongate the H1 stem, the alternative structure includes 
a 5' extension of 25–30 nucleotides. Although this 5' extension 
corresponds exactly with the transcriptional start in B. subtilis,27 
deletion of this region was shown to have no impact on S4 pro-
tein binding.29 An alignment and secondary structure diagram 
for this alternative structure are included in the Supplemental 
data (Figs. S4 and S5).

Although alternative structures may exist, our final second-
ary structure is presumably stabilized by interactions with S15 
(Fig. 1; Fig. S2).16 Consistent with deletion studies suggesting 
the length of Helix 1 may vary,23 the sequence and length of 
Helix 1 in naturally occurring examples can range from nine to 
17 base pairs. The putative “AUG” start codon within the loop of 
that helix (Fig. 1, black box) is highly conserved, appearing in > 
97% of all sequences. Similarly to Helix 1, Helix 2 shows nucleo-
tide sequence variability, but base pairing throughout the stem is 
largely maintained. While deletion studies have shown that the 
H2 helix may be reduced to 29 nucleotides and still retain func-
tionality,16 our alignment shows that the full-length stem is main-
tained in > 90% of all sequences. A consecutive set of “G-C” and 
“G·U” pairs in H2, appearing as “G-C” and “R·Y” base pairs in 
Figure 1 due to sequence variability, were both expected to be 
highly conserved, as both base pairs are reported to be important 
for binding.16 However, only the “G-C” pair showed > 90% con-
servation, while the “G·U” pair (“R·Y” in Fig. 1) exhibited much 
greater sequence variability, though base pairing was maintained. 
Helix 3 includes a conserved “GGAGG” that based on its loca-
tion relative to the conserved “AUG,” is likely part of the Shine-
Delgarno sequence.

S4-interacting RNA. The B. subtilis S4-interacting RNA 
regulates only the gene encoding S4, rpsD. In E. coli, the operon 
containing S4 also contains four additional ribosomal genes, and 
the S4 protein regulates the synthesis of all of them.26 In B. subti-
lis, this gene cluster does not include rpsD.27,28 Rather rpsD is at a 
different location in the genome and is likely to be the only gene 
regulated by this RNA. B. subtilis S4 represses its own synthesis 
post-transcription initiation, but the mechanism of action remains 
unknown. The S4 protein is known to interact with 16S rRNA, 
and parts of the B. subtilis 5'-UTR (5'-untranslated region) have 
sequence and structural similarity to 16S.29 The S4-interacting 
RNA is found in only Firmicutes, Tenericutes and Thermotogae, 
although within Firmicutes, the RNA does not appear in 
Clostridia or in the two Negativiticute genomes analyzed (Fig. 2).

The starting alignment used here originated from the supple-
mentary material of a comparative genomic screen of Firmicutes.19 
However, the structure derived from comparative genomics did 
not match the experimental structure proposed by Grundy et al.29 
In particular, the proposed structure incorporates sequence dem-
onstrated to have no regulatory activity. For the work presented 
here, the structure was manually edited to match the structural 
prediction based on experimental data.29

This structure contains two hairpins with variable bulges and 
stems (Fig. 1; Fig. S3). We found the hairpin branching from 
the first helix to be especially variable, both in sequence and in 
presence. The “GUAA” bulge (Fig. 1, gray box) remains con-
served and is proposed to interact with the S4 protein,15,29 as it has 
sequence identity to a similar bulge on the 16S rRNA.30,31 Also, 
in most sequences aligned, the Shine-Dalgarno sequence follows 
relatively closely downstream of the second variable helix of the 
RNA (Fig. 1). We evaluated the presence of two pseudoknots 
proposed in the original description of this RNA structure.15 
Mutations to these pseudoknots did not affect regulation,29 and 
our alignment shows no support for them.

Figure 2. Phylogenetic distribution of Bacilli autogenous ribosomal 
regulators. (A) Distribution of autogenous regulators of ribosomal 
protein synthesis in eubacterial phyla. (B) Distribution of autogenous 
regulators of ribosomal protein synthesis for classes within the phylum 
Firmicutes.
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RNA was downloaded from the Rfam database (Rfam families: 
RF00558), the S4-binding RNA was obtained via Yao et al. 
(2007) supplementary material19 and the S15-binding RNA was 
created manually via BLAST (completed genomes only) matches 
to the G. stearothermophilus sequence of interest and hand align-
ments of a few selected sequences as noted in the main text. The 
alignments were all manually edited to remove sequences not 
compatible with published experimental data and to adjust base 
pairing. Any changes to base paring are discussed in the main 
text.

Covariance models for each RNA were constructed and cali-
brated using Infernal 1.0 (cmbuild, cmcalibrate), and homologs 
identified for each RNA (cmsearch).20 Cmsearch was performed 
against a custom sequence database as described in Fu et al.10 
using a lenient e-value cut-off. Potential homologs were assessed 
on the basis of genomic context, using a custom visualization 
tool (GenomeChart),21 and for fit to the existing alignment. 
Alignments were manually adjusted as necessary when sequences 
with variable-length helices and/or loops were added.

The search process was repeated three to four times per mul-
tiple sequence alignment, to expand sequence diversity. The 
counts for Figure 2 were calculated from the number of com-
pleted genomes within refseq46 based on the final alignments 
utilizing queries to our custom database. Consensus secondary 
structure diagrams were created from the alignments using GSC-
weighting in R2R.34
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Discussion

Scientists have been aware of autogenous regulators of ribosomal 
protein synthesis since 1980.4 While there is a good understand-
ing of the RNA structures that regulate ribosomal protein regula-
tion in E. coli, our knowledge of these elements outside of E. coli 
is sorely lacking. While three of the E. coli RNA regulators are 
widely distributed, the majority are not. In Bacilli, experimen-
tally validated RNA structures interacting with S4, S15, and L20 
are known to regulate ribosomal proteins. These structures show 
no homology to RNAs interacting with homologous proteins 
from E. coli.

This study created alignments for two of the three RNAs 
unique to Bacilli and assessed the homologs in the context of 
previous experimental results. We have found that the three regu-
latory elements examined—interacting with S4, S15 and L20—
have a narrow evolutionary distribution, even so narrow as to 
exclude the Firmicute class Clostridia from the S4 distribution. 
Based on various experimental analyses it is apparent that there are 
multiple evolutionarily distinct regulatory RNAs responding to 
the same ribosomal protein in different bacterial phyla.7,16,17,26,29,32 
Furthermore, most of the characterized RNA structures respon-
sible for regulating ribosomal protein biosynthesis appear to be 
narrowly distributed,10 and comparative genomic studies have 
discovered a number of putative RNA structures associated with 
ribosomal proteins in Firmicutes and other bacterial species that 
have yet to be verified.19,33 The combination of these observations 
suggests strongly that there are many distinct RNA structures 
responsible for ribosomal protein regulation that have yet to be 
identified and experimentally characterized. In the future, iden-
tifying and validating non-homologous regulatory RNAs that 
likely have the same function in non-model organisms will lead 
to a more comprehensive understanding of each RNA-protein 
interaction and to elucidation of the evolutionary trajectories for 
these regulatory RNAs.

Materials and Methods

Initial multiple sequence alignments were obtained as described 
below for each RNA. The seed alignment for the L20-binding 
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