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ABSTRACT

6S RNA is an abundant noncoding RNA in Escherichia coli that binds to ¢”° RNA polymerase holoenzyme to globally regulate
gene expression in response to the shift from exponential growth to stationary phase. We have computationally identified >100
new 6S RNA homologs in diverse eubacterial lineages. Two abundant Bacillus subtilis RNAs of unknown function (BsrA and
BsrB) and cyanobacterial 6Sa RNAs are now recognized as 6S homologs. Structural probing of E. coli 6S RNA and a B. subtilis
homolog supports a common secondary structure derived from comparative sequence analysis. The conserved features of 6S
RNA suggest that it binds RNA polymerase by mimicking the structure of DNA template in an open promoter complex.
Interestingly, the two B. subtilis 6S RNAs are discoordinately expressed during growth, and many proteobacterial 6S RNAs could
be cotranscribed with downstream homologs of the E. coli ygfA gene encoding a putative methenyltetrahydrofolate synthetase.

The prevalence and robust expression of 6S RNAs emphasize their critical role in bacterial adaptation.
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INTRODUCTION

Escherichia coli survives nutrient limitation by compacting
its nucleoid, altering the promoter specificity of RNA poly-
merase (RNAP), and sequestering ribosomes in inactive
100S dimers to globally reduce and adapt gene expression
(Ishihama 1999). Levels of the perhaps ~1000 growth-
related genes expressed in an exponentially dividing bacte-
rium generally decrease, while ~100 genes are specifically
activated for stationary phase maintenance. Much of this
adaptation is accomplished by increasing the population
and activity of RNAP holoenzymes that direct transcription
initiation with the stationary phase promoter-specific sigma
factor (0°) relative to the housekeeping sigma factor (c7°).
Changes in cytoplasmic solute composition, an increase in
o° levels, and expression of Rsd, an anti-o”° factor, all con-
tribute to this overall shift in promoter specificity (Ishihama
2000).
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E. coli 6S RNA participates in the transcriptional response
to starvation by binding to ¢’%-containing RNAP holoen-
zyme (Wassarman and Storz 2000). Its expression increases
11-fold during stationary phase to a maximum of ~10,000
copies per cell when >75% of ¢’° holoenzymes are associ-
ated with 6S RNA. The molecular details of this recognition
are unknown, but the extended hairpin structure proposed
for 6S RNA resembles DNA template in an open promoter
complex with RNAP (Wassarman 2002). 6S RNA is neces-
sary for the repression of o’’-dependent promoters that
contain extended —10 sequences under nutrient limitation
and concomitant activation of certain o°-dependent pro-
moters (Trotochaud and Wassarman 2004). Despite this
widespread regulatory role, 6S RNA knockouts exhibit only
subtle growth defects. Deletion of 6S RNA causes reduced
viability compared to wild-type cells after >20 d of continu-
ous culture, and cells lacking 6S are at a competitive disad-
vantage when cocultured with wild-type cells after several
days of growth (Wassarman 2002).

Although E. coli 6S RNA was the first noncoding RNA to
be sequenced >30 yr ago (Brownlee 1971), additional 6S
RNA homologs have only been reported in Pseudomonas
aeruginosa (Vogel et al. 1987) and Haemophilus influenzae
(Brosius 1996). All currently known 6S RNA sequences
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identified by bioinformatics in the Rfam database are like-
wise restricted to species of +y-proteobacteria (Griffiths-
Jones et al. 2003). We have computationally identified nu-
merous additional homologs of 6S RNA in >100 bacterial
species representing diverse eubacterial lineages. A com-
parative analysis of 6S RNAs has allowed us to elaborate on
how this RNA could mimic an open promoter to bind
RNAP holoenzyme, to examine the evolution of two func-
tionally divergent copies of 6S in some Gram-positive bac-
teria, and to predict that 6S RNA is cotranscribed with the
reading frame for a protein regulating folate levels in many
proteobacteria.

RESULTS AND DISCUSSION
Identification of 6S RNA homologs

In the course of investigating new RNA motifs in Bacillus
subtilis by genomic comparisons of intergenic regions (Bar-
rick et al. 2004), we rediscovered two noncoding RNAs,
BsrA and BsrB. BsrA RNA had been isolated as a highly
expressed transcript in total B. subtilis RNA separated on
polyacrylamide gels (Suzuma et al. 2002). The 201-nt BsrA
RNA, encoded by the aspS-yrvM intergenic region, is slowly
processed into a 190-nt RNA by the removal of 11 nt from
its 5" end. At the same time, an abundant 203-nt transcript
from the yocl-yoc] intergenic region of B. subtilis was re-
covered and named BsrB (Ando et al. 2002). Preliminary
biochemical investigations did not reveal the functions of
BsrA or BsrB. We manually aligned BLAST hits between the
aspS-yrvM intergenic region and sequences upstream of
yrvM homologs in other Gram-positive species. The com-
mon secondary structure model for this RNA family was
essentially the same as that predicted previously for BsrA by
thermodynamic calculations (Suzuma et al. 2002).

We used covariance models (Eddy and Durbin 1994)
trained on this alignment to search the complete and un-
finished microbial genomes available in GenBank for more
divergent BsrA homologs. Surprisingly, BsrB was present in
the expanded collection of hits from Gram-positive organ-
isms even though the secondary structure predicted for
BsrB RNA is completely different (Ando et al. 2002). These
searches also uncovered convincing similarity to cyanobac-
terial genomes that overlapped annotations of an RNA
named 6Sa. Reminiscent of BsrA and BsrB, 6Sa RNA was
identified as an abundant noncoding transcript of unknown
function with a size of 185 nt from Synechococcus sp.
PCC6301 (Watanabe et al. 1997). Note, however, that all
genomic annotations of 6Sa RNA in cyanobacterial ge-
nomes are on the incorrect strand (e.g., Nostoc sp. PCC
7120, GenBank accession NC_003272.1). The suggestive
name of 6Sa RNA, presence of this RNA family in distant
bacterial lineages, and common ~200 nt length of these
RNAs encouraged us to look for similarity between these
noncoding RNAs and E. coli 6S RNA.

Indeed, 6S RNA was originally isolated >35 yr ago as a

small stable RNA of 184 nt that formed a distinct band after
polyacrylamide gel electrophoresis (PAGE) of E. coli total
RNA (Hindley 1967), and its function was entirely cryptic
until recently. Despite an average pairwise similarity be-
tween 6S RNA and the B. subtilis BsrA and BsrB RNAs of
only 46%, conservation of key secondary structure and
nucleotide sequence elements provide strong evidence that
these noncoding RNAs are structural homologs (Fig. 1). An
improved covariance model, trained with known 6S se-
quences from the Rfam database (Griffiths-Jones et al.
2003) and with our original sequences from Gram-positive
bacteria and cyanobacteria, identified 6S RNA sequences in
almost every major group of Eubacteria.

6S RNA sequences from a-proteobacteria species were
conspicuously absent from these expanded results. We ini-
tially investigated the presence of 6S RNA in this clade by
isolating total RNA from Caulobacter cresentus cultures
grown to mid-log and stationary phase and looking for
~200-nt bands on polyacrylamide gels stained with
ethidium bromide. These experiments revealed a likely 6S
candidate. An abundant ~180-nt RNA did not match the
predicted sizes of annotated noncoding RNAs, and its ex-
pression increased during stationary phase (data not shown).

With this indication that our bioinformatics searches
were not identifying all 6S homologs, we adopted a targeted
strategy. Alignments of the other 6S RNA matches indicated
that a conserved bulge in the terminal loop of 6S RNA was
missing in certain lineages (Figs. 1, 2). We used an align-
ment of only these sequences from [B-proteobacteria, 8-pro-
teobacteria, and spirochetes to create covariance models
with the diverse terminal loops explicitly modeled as vari-
able insertions and conducted unfiltered searches against
selected a-proteobacterial genomes. Among the matches in
C. cresentus and Agrobacterium tumafaciens were sequences
that clearly matched the consensus features of 6S RNA but
had terminal loops truncated to a single stem—loop. Incor-
porating these sequences and a similar loop-truncated 6S
RNA from Aquifex into the multiple sequence alignment
and repeating the search readily identified other high-scor-
ing 6S homologs from a-proteobacteria with this variation.

Figure 1 is an alignment of 17 representative 6S RNA
homolog sequences. Our final curated alignment contains
121 sequences, and covariance models built from this align-
ment find hundreds of additional 6S RNA sequences in
microbial genomes and environmental sequences (Venter et
al. 2004). The curated seed alignment and an automated
alignment of all matches are available upon request. Addi-
tionally, the seed alignment has been submitted to the Rfam
database (Griffiths-Jones et al. 2003) to update the model
for the 6S RNA family (accession RF00013).

6S RNA nomenclature

Independent descriptions of unrecognized 6S RNA ho-
mologs in different bacteria and the presence of multiple

www.rnajournal.org 775



Barrick et al.

Secondary Structure
Consensus

5' Closing Stem A R R 5' Central Bubble fe= —
R AR LB < sss<R gk« T LR ¥ AR S <<
...... CU’T......E’R(' $6: s sauuang iy y i sRiusanains s b s sGGR.R. o000

Bacillus/
Clostridium

Bacillus subtilis 6Sa
Bacillus subtilis 8Sb
Lactococeus lactis

Actinobacteria

Symbiobacterium thermophilum

Cyanobacteria

Nostoc sp. PCC 7120
Synechococcus sp. PCC 6301

y-Proteobacteria

Escherichia coli
Haemophilus influenzae
Pseudomonas aeruginosa
Xanthomonas axonopodis

B-Proteobacteria

Ralstonia solanacearum
Neisseria meningitidis

d-Protecbacteria

Geobacter sulfurreducens

Spirochetes

Borrelia burgdorferi

a-Protecbacteria

Agrobacterium tumefaciens
Caulobacter crescentus

J-UUUAAGCUGUAAUA TTAUUAUA-~ -
?'Gucnuuuuuuumuuu- PGGG! ¢ R
EGACUAUAU’UUGUAWGCAUA‘ e~ SAUGAGAC
- humc;xcm:uc;mcm-- B GGCLIGCCU L) -
. ZUAUGUCUUUAAGARAAA - - ~ S ALCIEARACG - - -

ORI Uouach-—-ccia-
mcm---m@--msmwww

) UCAC%GGUAAGA- =
€ ——= —EGUGACUGCCAUC-—~~

s

AUCUGGCUGCGRERACCURUGI T TSIV LU UAUACCUUUCGARGUU -~ - ~EEeCEHELCUCGCAGA
AU PR AUGULCGCY GGCCAGU AUAUUUCAUACCACAA- - ~ X[ eGRECUC- -
ARUU, 3- -~ EIEURHT CAGUAGGCUAU AUACUUUAAAUCUUAU- - -FEY, jucc—--
[ - = UG CAGUCGGUCAY -~ —— - - — GECAGIES

-- -@Wq ,.g‘guc“gahﬁ“éauuc- ECGAC -~~~
ele JUAUGC|

GGG

GoGCUCUTT T

EEEIGsl CHCCU %@—-Uw unuuqccm

Aquifex ‘Aquitex aeolicus VARG - - ~SIEIUETEL - - GGUGCEGE -GEUUGCAA.
Secondary Structure
Consensus

Bacillus! Bacillus subtilis 6Sa

Clostridium Bacillus subtilis 6Sb
Lactococcus lactis

Actinobacteria Symbiobacterium thermophilum

Cyanobacteria Nostoc sp. PCC 7120

Synechococcus sp. PCC 6301

y-Proteobacteria

Escherichia coli
Haemophilus influenzae
Pseudomonas aeruginosa
Xanthomonas axonopodis

B-Protecbacteria

Ralstonia solanacearum
Neisseria meningitidis

d-Proteobacteria

Geobacter sulfurreducens

Spirochetes

Borrelia burgdorferi

a-Proteobacteria

Agrobacterium tumefaciens
Caulobacter crescentus

GA- cmg-mcgce'saxg-
--uumg \C-GA-

GGL quﬁ
GGUGU - -GUAGGEUU. U~
W 1ri"!%g:’cc;x.w;u--gmrcﬁﬁgﬂﬁqgv - GGUCY
----GRAGECGGGUGU- -GCARGUCEGT GCGGEA- A@q—--cm%dcﬁc—-
CGUGU- -~ B0GCGAGCEEGUCVUGCAGTECAC - - AGGAGGEGACGAAAGUCGUGUGECCCUGUGECOEU -G
- -AGUAGUGGGCGCGAGCGUCE
------ GCCGUGGUGU-GE-UGCECCA -
UAGUCAA-~ -~ -UGAUA-GC - -~

Gaacee
--UGGEAUUUGE - cucmaggg;-__-
GCAAUUCA- - - -GAGGUUAAGAA

Aquifex Aquifex aeolicus UCGesa -—,q;-— :
S — 3' Closing Stem

Secondary Structure 355>, _
Consenstls: .~ L esdiessss X.¥cH R

Bacillus/ Bacillus subtilis 6Sa = ——cmixcu Ui:c AGGAG-ngG

Clostridium Bacillus subtilis 6Sh L - *ACC-UGCU-GAG-AGCG
Lactococcus lactis -- ccaﬁ%}xcc -UGGCGUUUUAGCG-|

Actinobacteria Symbiobacterium thermophifum | ========C{ZelZsAIEACC~UGU~GGAGA -

Cyanobacteria Nostoc sp. PCC 7120 - AMUCMACC—L{;GU -UUA-ACC

Synechococcus sp. PCC 6301

y-Proteobacteria

Escherichia coli
Haemophilus influenzae
Pseudomonas aeruginosa
Xanthomonas axonopodis

3-Protecbacteria

Ralstonia solanacearum
Neisseria meningitidis

8-Proteobacteria

Geobacter sulfurreducens

Spirochetes

Borrelia burgdorferi

a-Proteobacteria

Agrobacterium tumefaciens
Caulobacter crescentus

Aquifex

Aquifex aeolicus

- B msa;accum-mw—-gqs—
Acaamx-cu GA--ACC--CCG-_
mag;ncucﬁmccnuncuus- ;i

UCY - ATHE{THE - - AEEI e

= 5~ - VEEE
hCG e GGUGGAGAGAL
% GGGA
- —AUCGUAAAUCHQQ- -C’uc e ucgc ATCGCAl
GUGGAUUGAARACGUCUUC--TXe -[CUUE - VU TEcCGe
oo CGGCACUUCCUGCACY -~ Te - - - TACUC

FIGURE 1. 6S RNA sequence alignment. Representative 6S RNAs from diverse bacterial groups were aligned to common primary sequence and
secondary structure features. The three structural domains of 6S RNA (closing stem, central bubble, and terminal loop) and the conserved “bulge”
present in the terminal loop sequences of certain bacterial lineages are labeled. Letters in the consensus line identify nucleotides that are conserved
in >80% (gray) and >95% (black) of all 6S RNA sequences. Purine (R = A or G) and pyrimidine (Y = C or U) designations are used when a single
nucleotide is not >80% conserved. Putative base pairing in individual sequences is highlighted with shaded backgrounds corresponding to paired
angle brackets in the consensus secondary structure line.

copies of 6S RNA within a single genome complicate 6S
RNA nomenclature. We suggest using the E. coli 6S RNA
and ssrS gene designations for all organisms. The Synecho-
coccus ssaA gene and 6Sa RNA names can be directly re-
placed with E. coli equivalents in this naming scheme. We
discriminate between multiple 6S sequences within one ge-
nome by appending a single letter to each name in order of
6S RNA gene distance from the genomic origin. Accord-
ingly, sstSA and ssrSB are updated synonyms for the B.
subtilis bsrB and bsrA genes, and they encode 6Sa RNA and
6Sb RNA, respectively. These nomenclature recommenda-
tions are used throughout the remainder of this report.
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Conserved 6S RNA features

The overall structure of 6S RNA (Fig. 2A) can be divided
into three conserved domains separated by variable stems:

1. The closing stem is the outer boundary of the 6S RNA
hairpin. It consists of a =15-nt-long stem with con-
served base pairs and bulges. The identities of both
nucleotides in eight of these base pairs are constrained,
including two G-U wobble base pairs. The 1-nt bulge
interrupting the inner stretch of conserved bases on the
5" side is highly conserved, and a bulged nucleotide on
the 3’ side between the conserved base pairs is com-
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FIGURE 2. 6S RNA consensus secondary structure compared with
open promoter DNA. (A) Consensus secondary structure model for 6S
RNA. Nucleotide symbols and shading are the same as in Figure 1
(consensus line). Certain nucleotides whose identity is not conserved
but are present in >60% of sequences are represented as empty circles.
Solid lines represent variable regions of the structure. Three parallel
insets show lineage-specific terminal loop structures and sequence
conservation, and the boxed nucleotides on the 3’ side of the central
bubble can alternately form the pictured base-paired stem in many
sequences. Annotated nucleotide distances are the median lengths be-
tween conserved segments. (B) Schematic of DNA template in the
open promoter complex with RNA polymerase (RP,) as described
elsewhere (Murakami et al. 2002).

monly present. The outer margin of the closing stem
pairing is highly variable in individual sequences.

2. The central bubble is a large internal loop. The 5’ side of
the bubble appears to be completely single-stranded and
does not contain conserved sequences. However, its
length is relatively constant, ranging from 12-21 nt with
a median length of 15 nt. The poor secondary structure
potential of this stretch of nucleotides is underscored by

its abnormally low guanosine content of only 10.9%
compared with an overall frequency of 25.1% in the
entire alignment. In contrast, the 3" side of the central
bubble includes four conserved bases on its inner
side, and the remainder can fold into a short stem-loop
in many sequences. Two conserved G-C base pairs
surround the central bubble on both sides. There is ad-
ditional conservation of the identities of nucleotides
forming three base pairs further along the outer
stem, and a common purine-purine mismatch as the
fourth base pair of the inner stem in certain groups of
bacteria.

3. The terminal loop is a lineage-specific extension of the
innermost base pairing elements of the 6S hairpin. In
y-proteobacteria, cyanobacteria, and the Bacillus/Clos-
tridium group, there is a variable penultimate base-
paired stem and bulge separating the central bubble
from a final conserved stem. This final stem contains a
characteristic purine-rich asymmetric bulge with 3 nt on
the 5" side and 2 nt on the 3’ side surrounded by pre-
ferred base pairs. Spirochetes, B-proteobacteria, and
d-proteobacteria preserve this general arrangement but
do not have the cosnerved bulge in their final stems. In
a-proteobacteria, the terminal loop is truncated to a
single, short stem without any apparent sequence con-
servation.

The most recently published secondary structure model for
E. coli 6S (Wassarman and Storz 2000) must be modified
slightly to match the conserved structure. Specifically, the
previously proposed pairing of CAA to UUG on the inner
side of the central bubble must be disrupted, and the op-
tional stem—loop on the 3’ side of the central bubble also
can be formed by the E. coli variant.

Two features of 6S RNA conservation are unusual for a
bacterial noncoding RNA. First, much of 6S primary se-
quence conservation occurs in canonical base-paired stems.
Assuming that the central bubble’s facultative stem—loop
does not form and excluding the lineage-specific conserva-
tion in the terminal loop, 88% of the highly-conserved po-
sitions (=80% conservation of a specific nucleotide) are in
putative base pairs. For comparison, only 47% and 59% of
conserved nucleotides within the aptamer domains of the
metabolite-binding glycine (Mandal et al. 2004) and coen-
zyme B, (Nahvi et al. 2004) riboswitches are paired, re-
spectively. Second, large unconstrained loops like the cen-
tral bubble 5’ strand are rare in structured bacterial RNAs.
Typically, a putative single-stranded region of a functional
RNA has conserved nucleotides that actually mediate the
formation of a pseudoknot or tertiary packing. For example,
all four of the single-stranded regions in the consensus
minimal structure of bacterial RNAse P RNAs of compa-
rable size to the 5’ central bubble strand of 6S RNA contain
universally conserved nucleotides, and two combine in a
pseudoknot (Frank and Pace 1998).
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6S RNA resembles open promoter DNA

The conserved features of 6S RNA homologs support the
hypothesis that 6S RNA mimics the structure of DNA tem-
plate in an open promoter complex (RP,) with RNAP
(Wassarman 2002), and suggest further possibilities for
more detailed binding models (Fig. 2B). RNAP holoenzyme
melts double-stranded DNA template around the —10 ele-
ment from position —11 to +4 relative to the transcription
initiation site at +1 so that the template strand can weave
through the polymerase active site (Murakami et al. 2002).
The 15 nt of single-stranded nucleic acid in RP, correspond
remarkably well to the dimensions of the central bubble in
6S RNA homologs. The unstructured 5 side has 15 nt, and
unwinding the optional 3" strand’s stem—loop would free a
total of 14 nt (median lengths).

Presenting a premelted promoter bubble may give 6S
RNA a general affinity for core RNAP (lacking a o-factor).
Similar DNA templates constructed with arbitrary nonpro-
moter sequences and ~10-bp single-stranded bubbles are
capable of directing RNA synthesis with core RNAP (Hel-
mann and deHaseth 1999). Much of the affinity of RNAP
for DNA templates is mediated by electrostatic interactions
with the phosphate backbone that will be preserved by an
RNA template. For example, single abasic substitutions at
positions —11 to —7 on the nontemplate strand of fork
junction DNA do not reduce its affinity for RNAP, although
they do extenuate the subsequent formation of heparin-
resistant complexes (Fenton and Gralla 2003). It is thought
that RNAP recognizes the geometry of single-stranded/
double-stranded DNA junctions in bubble templates. The
observed conservation of two strong G-C base pairs flank-
ing each side of the 6S central bubble might enforce its
boundaries to favor these interactions. If the 6S central
bubble binds core RNAP like an open promoter, then its
surrounding base-paired stems will naturally follow the
paths of upstream and downstream DNA template over
basic surfaces in the polymerase structure (Murakami et al.
2002).

It is possible that the closing stem of 6S RNA acts as a
replacement for the upstream DNA template so that its
sequence conservation can interact with o”°. The spacing
between the central bubble and consensus elements in 6S
RNA is broadly reminiscent of a typical DNA promoter
(Fig. 2B). The conserved UGR/UCR base pairs located di-
rectly outside the central bubble might engage ¢’° like an
extended —10 element. However, there is no corresponding
sequence similarity between the 6S closing stem and the
usual —35 TTGACA consensus box. It seems more likely
that ¢’° forms a novel distal contact with 65 RNA’s closing
stem conservation. Unlike the other possible interactions
we have described, this contact could directly contribute to
the observed specificity of 6S RNA for ¢’ holoenzyme and
its inability to bind o° holoenzyme.

Orienting 6S RNA within RNAP with the closing stem in
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the direction of the DNA promoter is also appealing be-
cause it distinguishes the conserved 3’ side of the central
bubble as the DNA template strand mimic. This architec-
ture positions its conserved RCCU sequence near the site
where transcription initiates on a DNA promoter. In this
context, the optional stem—loop might masquerade as the
short DNA/RNA hybrid helix normally present within the
transcription bubble during elongation. Its placement also
resembles that of stem-loops formed within the nascent
RNA during the process of intrinsic transcription termina-
tion (Yarnell and Roberts 1999). Finally, this choice of tem-
plate strand relegates the flexible 5" strand of the bubble to
a role as nontemplate strand and suggests that its length
(and not its sequence) is conserved because it does not
traverse the active site of RNAP.

It is not clear how the lineage-specific 6S RNA terminal
loop could contribute to holoenzyme recognition. The pu-
rine-rich asymmetric bulge of the y-proteobacterial loop
type resembles a tertiary interaction motif far more than
any other conservation in 6S RNA and might interact with
a downstream site on RNAP or fold back on 6S RNA. On
the other hand, terminal loops from other bacterial groups
appear to lack any sequence conservation and would there-
fore seem incapable of participating in specific interactions.
We also note that there is no obvious evolutionary corre-
lation between the type of terminal loop and the domain
structure of RNAP in different bacterial lineages (Iyer et al.
2004).

Specific binding of bacterial DNA-dependent RNAPs to
templates composed of ribonucleotides is not unprec-
edented. In fact, some RNAs are able to act as true promot-
ers to direct the synthesis of complementary RNA tran-
scripts. Certain RNA sequences selected from random co-
polymer mixtures are capable of autocatalytic replication by
E. coli RNAP holoenzyme through unknown intermediates
(Wettich and Biebricher 2001). Also, a stem—loop derived
from the peach latent mosaic viroid can initiate efficient in
vitro transcription by E. coli RNAP from one strand of its
hairpin in a reaction thought to recapitulate the natural
replication of this single-stranded RNA in plants (Pelchat et
al. 2002).

Recently, mouse B2 RNAs have been shown to repress
general transcription in heat-shocked cells by binding di-
rectly to RNAP II (Allen et al. 2004; Espinoza et al. 2004).
Although B2 RNA is similar in size and function to 6S RNA,
these RNAs do not appear to be evolutionarily related. B2
RNAs are encoded by SINE elements that are thought to be
derived from Ser-tRNA (Deininger and Daniels 1986), and
they do not have the consensus features of known 6S RNA
homologs. Both RNAs halt transcription before initiation,
but B2 RNA binds to a remote docking site on Pol II and
stalls polymerase while it is engaged to DNA template at the
active site (Espinoza et al. 2004) whereas 6S RNA probably
directly competes with DNA template for RNAP binding. It
will be interesting to compare the molecular mechanisms of
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FIGURE 3. In-line probing of 6S RNA structures. (A) Sequence, secondary structure, and
in-line probing data for E. coli 6S-184 RNA. Levels of spontaneous RNA cleavage at backbone
linkages within the construct depicted to the right were measured by separating 5’-radiolabeled
degradation products on a polyacrylamide gel. In-line probing gel lanes are as follows: NR, no
incubation; T1, partial digestion with RNase T1 (cleaves 3" of G nucleotides); “OH, partial
alkaline digestion; P, spontaneous cleavage during a 40-h in-line probing reaction incubated at
25°C. Pre identifies the full-length RNA. Bands corresponding to certain T1 cleavage products
are identified as position markers. In the secondary structure model, shaded circles identify
nucleotides whose 3’ linkage undergoes a high level of spontaneous cleavage relative to most
other linkages. Filled triangles mark the extent of the region where cleavages were mapped.
Lowercase letters identify unnatural guanosine nucleotides added for efficient in vitro tran-
scription with T7 RNAP. (B) Sequence, secondary structure, and in-line probing data for B.
subtilis 6Sb-201 RNA. Details as in A. Slow in vivo processing of 201 nt 6Sb RNA cleaves off
11 nucleotides (gray), resulting in the 190-nt form of 6Sb RNA.

bone conformations with the correct ge-
ometry for in-line attack of each ribose
2'-OH on the adjacent bridging phos-
phate (Soukup and Breaker 1999). Flex-
ible regions of the RNA such as bulges
and loops allow nucleotides to sample
the in-line conformation and yield RNA
degradation products (identified as
bands upon autoradiography after
PAGE), while base-paired regions are
rigidly held in a structure that precludes
in-line attack and are consequently re-
sistant to degradation.

Both RNAs produce in-line probing
patterns that agree with their predicted
secondary structures. Cleavage at posi-
tions 5658 in the E. coli construct (Fig.
3A) supports the omission predicted by
comparative sequence analysis of three
base pairs on the inner side of the cen-
tral bubble in the previous structural
model (Wassarman and Storz 2000).
Reduced spontaneous cleavage of
nucleotide linkages on the 3’ side of the
bubble indicates that the optional stem—
loop forms in both 6S RNAs, although it
is difficult to precisely map pairing in
this region of the in-line probing gels. In
contrast, the RNA backbone in the ex-
tended internal loop on the 5" side of
the central bubble is consistently suscep-
tible to spontaneous cleavage in both
constructs. As predicted for mimicking
an open promoter, this region is single-
stranded in isolated 6S RNA and not
involved in any higher-order structure.
Overall, the agreement of the in-line
probing patterns clearly indicates that
the E. coli 6S and B. subtilis 6Sb RNAs
adopt the same consensus structure de-
rived from comparative sequence analysis.

these convergent solutions to widely inhibit transcription
under stress conditions while allowing specific subsets of
promoters to escape repression.

Structural probing of 6S RNAs

We subjected the 184-nt E. coli (65-184) and B. subtilis
(6Sb-201) 6S RNAs to in-line probing to verify that they
folded into the structures predicted by comparative se-
quence analysis (Fig. 3). In this assay, spontaneous trans-
esterification of 5’ radiolabeled RNA produces an RNA
cleavage pattern that reflects the relative sampling of back-

Phylogenetic distribution of 6S
RNA homologs

We constructed a distance-based phylogenetic tree from the
curated multiple sequence alignment, restricting the analy-
sis to majority ungapped positions and excluding highly-
variable regions like the terminal loop (Fig. 4). This tree
supports an ancient origin and uninterrupted evolution for
6S RNA within the Eubacteria. The 6S RNA phylogenetic
tree generally reproduces the standard bacterial taxonomy
based on 16S ribosomal RNA (Cole et al. 2003), and there
are no obvious cases of horizontal gene transfer. The clus-
tering of 65 RNA terminal loop synapomorphies into
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FIGURE 4. Phylogenetic tree of 6S RNA homologs. An unrooted phylogenetic tree was constructed from the final seed alignment of 121
sequences using distance methods. Symbols represent the taxonomic classification of the genomes containing each 6S RNA sequence. They are
Bacillus/Clostridium (filled squares), actinobacteria (filled diamond), spirochetes (shaded diamonds), cyanobacteria (filled triangles), a-proteo-
bacteria (open squares), B-protebacteria (shaded squares), y-proteobacteria (filled circles), 3-proteobacteria (shaded circles), other proteobacteria
(open diamonds), and Aquifex (open triangle). Groups with the same shading share terminal loop types as shown in Figure 2. Lowercase letters
identify multiple 6S RNA sequences within one genome, and 6S RNA genes that are upstream of E. coli ygfA homologs are starred. Certain bacterial
species are labeled with abbreviations as follows: Aae, Aquifex aeolicus; Aci, Acinetobacter sp. ADP1; Atu, Agrobacterium tumefaciens; Ban, Bacillus
anthracis; Bbr, Bordetella bronchiseptica; Bbu, Borrelia burgdorferi; Bha, Bacillus halodurans; Bja, Bradyrhizobium japonicum; Bme, Brucella
melitensis; Bsu, Bacillus subtilis; Cac, Clostridium acetobutylicum; Cbu, Coxiella burnetii; Ccr, Caulobacter crescentus; Cvi, Chromobacterium
violaceum; Eco, Escherichia coli; Gsu, Geobacter sulfurreducens; Mag, Magnetococcus sp. MC-1; Mma, Magnetospirillum magnetotacticum; Nme,
Neisseria meningitidis; Nos, Nostoc sp. PCC 7120; Oih, Oceanobacillus iheyensis; Pae, Pseudomonas aeruginosa; Pma, Prochlorococcus marinus; Sth,
Symbiobacterium thermophilum; Tde, Thiobacillus denitrificans; Tte, Thermoanaerobacter tengcongensis; Rpr, Rickettsia prowazekii; Rso, Ralstonia
solanacearum; Spy, Streptococcus pyogenes; Sy6, Synechococcus sp. PCC 6301; Vch, Vibrio cholerae; and Xax, Xanthomonas axonopodis. Other species

names are omitted for clarity.

branches corresponding to evolutionarily related bacteria—
even though this portion of the sequence was not included
in tree calculations—further supports the large-scale fea-
tures of this tree topology. It also suggests that the expanded
terminal loop with the conserved bulge present in E. coli 6S
RNA is the ancestral state, since the alternative hypothesis
that an identical structure evolved separately in the cyano-
bacteria, y-proteobacteria, and low-GC Gram-positive bac-
teria (Bacillus/Clostridium group) is unlikely. Presumably,
the terminal loop has atrophied or become modified in
other lineages. As has been the case with identifying micro-
bial RNase P RNAs (Li and Altman 2004), further targeted
experimental and bioinformatic efforts are likely to detect
6S sequence variants in other genomes, but we currently
lack proof of such RNAs.

Generally, there is one copy of 6S RNA per microbial
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genome. However, two divergent 6S RNAs are present in
several low-GC Gram-positive bacteria, including B. subtilis,
Bacillus halodurans, Clostridium acetobutylicum, Oceanoba-
cillus iheyensis, and Thermoanaerobacter tengcongensis. The
probable phylogenetic relationships of these multiple copies
in the context of all 6S RNAs from this clade indicate that
at least one gene duplication must have occurred within this
lineage (Fig. 4, e.g., Bsu 6Sa and 6Sb). The presumptive
functional diversification in these select instances seems to
have been accompanied by more widespread loss of the
second 6S RNA copy in most branches. In contrast, the
almost identical copies of 6S RNA in Bacillus anthracis, and
C. acetobutylicum (which contains a total of three 6S ho-
mologs) are probably the result of very recent gene dupli-
cations. The only bacteria where we have identified multiple
6S RNA copies outside of the Bacillus/Clostridium group are
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Magnetococcus sp. MC-1 and Magnetospirillum magneto-
tacticum sp. MS-1. Each of these unfinished genomes en-
codes at least two divergent 6S sequences, and one Mag-
netococcus homolog is duplicated.

Growth phase-dependent expression of B. subtilis
6S RNAs

We wondered how encoding two copies of 6S RNA could
benefit some bacteria enough to be preserved during evo-
lution. It had been previously reported that B. subtilis 6Sa
RNA levels dramatically decrease during saturating growth
after fresh innoculation (Ando et al. 2002). Since this pat-
tern is opposite the normal increase in E. coli 6S RNA
during stationary phase, and the timing of B. subtilis 6Sb
expression was unknown, we probed Northern blots of total
RNA isolated after different intervals of growth for both 6S
homologs (Fig. 5).

The total levels of 6Sb RNA increase ~18-fold between
early log and stationary phase growth (Fig. 5B). Precursor
6Sb-201 RNA transiently accumulates relative to processed
190-nt RNA (6Sb-190) as overall 6Sa levels increase, peak-
ing at 60% of the total 6Sb RNA in mid-log phase under
these growth conditions (Suzuma et al. 2002). In lag phase
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FIGURE 5. Expression of B. subtilis 65 RNAs during growth. (A)
Growth curve for cultures from which total RNA was extracted to
measure 6S RNA abundance. (B) Expression of 6Sb RNA. Northern
blots were hybridized with radiolabeled probes specific for this 6S
RNA and 5S RNA. Band intensities were quantitated, corrected for 5S
RNA loading controls, and normalized to the 3-h time point. Levels of
the 201-nt precursor and 190-nt processed 6Sb RNA bands are dis-
played as unfilled and filled bars, respectively. (C) Expression of 6Sa
RNA. Details as in B except RNA levels were normalized to the 24-h
time point.
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cells recovering from stationary phase in the culture used
for innoculation (1-h time point) >90% of the 6Sb RNA has
been cleaved to 190 nt. We observe a peak in 6Sa expression
during mid-log phase where two to three times as much
RNA is present as in early log phase under our growth
conditions (Fig. 5C). After this point, the previously re-
ported decrease in 6Sa RNA levels occurs, and stationary
phase 6Sa RNA levels are reduced to at most one-eighth of
the mid-log peak. Regardless, 6Sb RNA is the major 6S RNA
species in B. subtilis. At the peak of 6Sa expression (5 h)
there is still roughly twice as much 6Sb RNA as determined
by ethidium bromide staining of gels (data not shown).

We conclude that B. subtilis 6Sb RNA is the ortholog of
E. coli 6S RNA. B. subtilis 6Sa has functionally diverged at
least with respect to the timing of its expression during
growth, perhaps to more finely tune the transcriptional re-
sponse to the approach of nutrient limitation.

Conservation of a 6S RNA-ygfA operon

There is experimental evidence that E. coli 6S RNA is rapidly
cleaved by an unknown mechanism from the 5’ end of a
transcript that includes the coding region for the ygfA gene
(Hsu et al. 1985). We noticed that despite the marked di-
vergence between the a- and vy-proteobacterial 6S RNA
sequences, there is a widespread occurrence of ygfA ho-
mologs directly downstream of ssrS in both groups as well
as some P-proteobacteria (Fig. 4). In other bacterial ge-
nomes, there is no apparent conservation of the genes
found adjacent to 6S RNA homologs. The conserved jux-
taposition of 6S RNA and ygfA in E. coli and other proteo-
bacteria implies that it has functional relevance, most likely
as a way of linking ygfA and 6S RNA expression. It is in-
teresting in this respect that microarray experiments indi-
cate that ygfA expression increases five- to eightfold in E.
coli cells growing as biofilms (Ren et al. 2004), which rep-
resent another condition where poor nutrients availability
may limit growth.

YgfA proteins share sequence similarity with eukaryotic
methenyltetrahydrofolate synthetases (MTHESs). These en-
zymes have been implicated in folate degradation and con-
vert 5-formyltetrahydrofolate, which is believed to be a
stable storage form of reduced folate, into 5,10-methenyl-
tetrahydrofolate. In human cell culture, increased MTHES
activity correlates with a decrease in cellular folate pools
that cannot be overcome by increased folate concentrations
in the growth medium (Anguera et al. 2003). Since folate
derivatives shuttle one-carbon units from degradative path-
ways into the synthesis of key metabolic intermediates such
as purines, thymidylate, SAM, and formylmethionine-
tRNA, depletion of folate may be a way for cells to globally
restrict metabolic flux. If MTHES serves a similar function
in prokaryotic folate regulation, then many proteobacteria
may adapt to nutrient limitation in stationary phase by the
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concerted expression of YgfA and 6S RNA to slow one-
carbon metabolism and RNA transcription.

Comparison of 6S RNA homologs

Previously studied noncoding RNAs of unknown function
that we have recognized as 6S RNA homologs appear to
differ in some respects from E. coli 6S RNA. Preliminary
experiments have investigated the expression, processing,
and dispensability of B. subtilis 6Sa RNA (Suzuma et al.
2002), B. subtilis 6Sb RNA (Ando et al. 2002), and Synecho-
coccus sp. PCC6301 6S RNA (Watanabe et al. 1997). Nota-
bly, Synechococcus 6S RNA is abundant during exponential
growth and later decreases in stationary phase. This timing
is at odds with the normal regulation of E. coli 6S RNA and
our observation that although B. subtilis expresses 6Sa RNA
with an unusual timing, expression of the more abundant
6Sb RNA increases in stationary phase. A more detailed
analysis will be necessary in all cases to determine whether
regulation of other 6§ RNAs is accomplished by producing
transcripts from two promoter sites as in E. coli (Kim and
Lee 2004). No growth defects have been detected in deletion
mutants of B. subtilis 6Sa and Synechococcus 6S RNA under
conditions where E. coli 6S RNA knockouts grow normally.
In contrast, growth of B. subtilis 6Sb RNA deletion mutants
is compromised during exponential phase, and mutant cul-
tures are unable to reach densities as high as wild-type
cultures during stationary phase. This is the first known
instance where a defective 6S RNA results in a phenotype
that is potentially useful for genetic studies.

The diversity of observed 6S RNA processing suggests
that it is not important for functional maturation. Rather,
exonuclease trimming of neighboring unstructured RNA
regions up to the stable 6S closing stem could be incidental,
as this mechanism is common for other stable bacterial
RNAs (Li et al. 1998). RNase E and/or RNase G cleave E. coli
6S RNA at its 5" end to produce a mixture of mature 6S
RNA sequences with 5" ends at positions —1, +1, and +2
(Kim and Lee 2004), and cleavage by an uncharacterized
mechanism liberates its 3’ end from the 5’ untranslated
region of an mRNA encoding the YgfA protein (Hsu et al.
1985). B. subtilis 6Sb RNA accumulates as a 201-nt tran-
script that is slowly cleaved to 190 nt by the loss of 11 nt
from the 5 end by an unknown RNase. Only the 185-nt
version of Synechococcus 6S RNA has been observed. Simi-
larly, no intermediates have been observed for B. subtilis
6Sa, although it atypically retains an extra 3’ stem—loop
after its closing stem. This hairpin is probably the remnant
of an intrinsic transcription terminator, and putative ter-
minators are common directly downstream of 6S RNA se-
quences in certain groups of bacteria (data not shown).

Conclusion

The absence of a strong deletion phenotype and lack of
comparative sequence information have historically been
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obstacles to understanding the function of E. coli 6S RNA.
We have shown that 6S RNA is an ancient and conserved
regulator of RNAP function. Only a small number of non-
coding RNAs with critical cellular roles, including rRNAs,
55 RNA, tRNA, RNAse P RNA, SRP RNA, tmRNA, and
some riboswitches, are as widely distributed as 6S RNA
across different bacterial groups. An analysis of 6S RNA
sequences suggests more detailed models for how it might
mimic an open DNA promoter. It also raises new questions
about the purposes of multiple 6S homologs in some ge-
nomes and the significance of conserved cotranscription
with a downstream methylenetetrahydrofolate synthetase
gene. The recognition of a 6S RNA homolog in B. subtilis
whose deletion causes a dramatic growth defect and knowl-
edge of conserved regions within the structure of 65 RNA
should greatly enable future genetic and molecular studies
of its interactions with the transcriptional machinery.

MATERIALS AND METHODS

Covariance model searches

Manual multiple alignments of 6S RNA sequences were used to
construct covariance models (Eddy and Durbin 1994) using the
Infernal v.0.55 software package. Filtering techniques were applied
to accelerate searches of covariance models against sequence da-
tabases (Weinberg and Ruzzo 2004a,b). Score thresholds that re-
liably predicted new 6S RNA homologs were determined by scor-
ing the input sequences and examining marginally scoring
matches for false positives that overlapped conserved genes. A
complete alignment of all 6S RNA homologs was generated by
using Infernal to automatically align reliable matches to a covari-
ance model trained on a seed alignment of 121 sequences. The
final seed and complete alignments are available in Stockholm
format from the authors. Sequences in the seed alignment were
weighted before calculating the reported consensus sequence,
length, and composition statistics to reduce biases from similar
sequences with Infernal’s internal implementation of the GSC al-
gorithm (Gerstein et al. 1994).

Phylogenetic tree

We created a covariance model from the final seed alignment with
133 manually annotated consensus columns, encompassing con-
served stems and the central bubble, and used it to automatically
realign this set of 121 sequences. The same consensus columns
were extracted from the new alignment and input into the dnadist
and fitch programs from the Phylip (Phylogeny Inference Pack-
age) v.3.62 software package (University of Washington, Seattle)
using the Jukes-Cantor distance method and all other parameters
set to their default values to create an unrooted phylogenetic tree
of 6S RNA homologs. The complete tree data file is available upon
request.

In-line probing

DNA templates for the in vitro transcription of 6S RNAs were
amplified by whole-cell PCR from E. coli strain MG1655 and B.
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subtilis strain 168 (BGSC no. 1A1; Bacillus Genetic Stock Center,
Columbus, OH). Details of the in-line probing analysis have been
reported elsewhere (Soukup and Breaker 1999).

Northern blotting

B. subtilis 168 was grown at 37°C in Difco nutrient broth (Becton,
Dickinson and Company) starting from an overnight culture di-
luted to an initial ODgg, of 0.02. At each time point, 3 ODy,, of
cells were collected and stored at —80°C. Cell pellets were resus-
pended in 100 pL of 4 mg/mL lysozyme in TE buffer (10 mM
Tris-HCl at pH 7.5 and 25°C; 1 mM EDTA) and incubated for 10
min at 25°C before isolating total RNA with 1 mL of TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions.
Total RNA samples (2 pg) were heated at 90°C for 2 min in 1x gel
loading buffer (45 mM Tris-borate, 4 M urea, 10% sucrose [w/v],
5 mM EDTA, 0.05% SDS, 0.025% xylene cyanol FF, 0.025% bro-
mophenol blue), separated on a denaturing 10% (8 M urea) poly-
acrylamide gel, and transferred overnight to a nylon Hybond-N+
membrane (Amersham Biosciences). Blots were simultaneously
probed at 37°C with 5’ [**P]-labeled oligonucleotides specific for
B. subtilis 5S RNA (5'-AACGGGTGTGACCTCTTCGCTATCGCCA)
and 6Sa RNA (5-CGCTACGTCTTGCCGTATGCAAGTAAGAAA),
or 55 RNA and 6Sb RNA (5'-TTCCTTTGTTTTGAACCCGCT
CTCAGCAGQG) in Rapid-hyb buffer (Amersham Biosciences) and
analyzed with a PhosphorImager (Molecular Dynamics).
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