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ABSTRACT

By an experimental RNomics approach, we have gen-
erated a cDNA library from small RNAs expressed
from the genome of the hyperthermophilic bacterium
Aquifex aeolicus. The library included RNAs that were
antisense to mRNAs and tRNAs as well as RNAs
encoded in intergenic regions. Substantial steady-
state levels in A.aeolicus cells were confirmed for
several of the cloned RNAs by northern blot analysis.
The most abundant intergenic RNA of the library was
identified as the 6S RNA homolog of A.aeolicus.
Although shorter in size (150 nt) than its y-proteo-
bacterial homologs (~185 nt), it is predicted to have
the most stable structure among known 6S RNAs. As
in the y-proteobacteria, the A.aeolicus 6S RNA gene
(ssrS) is located immediately upstream of the ygfA
gene encoding a widely conserved 5-formyltetra-
hydrofolate cyclo-ligase. We identifed novel 6S RNA
candidates within the vy-proteobacteria but were
unable to identify reasonable 6S RNA candidates in
other bacterial branches, utilizing mfold analyses of
the region immediately upstream of ygfA combined
with 6S RNA blastn searches. By RACE experiments,
we mapped the major transcription initiation site
of A.aeolicus 6S RNA primary transcripts, located
within the pheT gene preceding ygfA, as well as
three processing sites.

INTRODUCTION

Aquifex aeolicus is a microaerobic, hyperthermophilic bac-
terium that grows at temperatures of up to 95°C. The genus

Aquifex has been proposed to be the deepest branch of the
bacterial phylogenetic tree on the basis of 16S rRNA as well
elongation factor Tu and G phylogenies (1-3). However, a
closer relationship of Aquifex to the &/ division of proteo-
bacteria and the Chlamydia—Cytophaga group of bacteria is
suggested by phylogenies based on RNA polymerase 3, B’ and
6’0 subunits (4,5) as well as conservation analyses of small
insertions and deletions in a variety of proteins (6).

The approach termed experimental RNomics (7) has laid
the foundation for the boom-like discovery of novel non-
messenger RNAs in very recent years [(8) and references
therein]. Our motivation to apply this method to A.aeolicus
was fueled by unsuccessful attempts to identify a ribonuclease
P (RNase P) enzyme in this bacterium. RNase P, an ubiquitous
ribonucleoprotein enzyme that catalyzes tRNA 5" end matura-
tion in all kingdoms of life, is composed of a single protein
and a catalytic RNA in bacteria, with no exceptions known so
far. In A.aeolicus however, neither have candidate genes for
the protein (rnpA) and RNA subunit (rnpB) of RNase P been
identified in the sequenced genome (9,10), nor have biochem-
ical experiments revealed any RNase P (or RNase P-like)
activity in cell lysates (11). From the idea that a putative
A.aeolicus RNase P RNA might have escaped detection due
to genome sequencing mistakes or functional idiosyncrasies,
we scrutinized a cDNA library generated from small RNAs in
the size range of 100-450 nt (8,12). While no putative RNase P
RNA candidate could be revealed, the presented experimental
RNomics study of A.aeolicus has identified a variety of
expressed sequence tags, which comprise fragments of mRNA
encoding protein genes of unknown function, novel non-
messenger RNA candidates encoded in intergenic regions,
and potential antisense RNAs including tRNA antisense tran-
scripts. Strikingly, ~10% of the cDNA library clones—almost
twice as many as those derived from tmRNA—represented
an RNA originating from the intergenic region between the
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reading frames for the B-subunit of phenylalanyl-tRNA syn-
thetase (pheT) and the ygfA homolog ag 1731.1In E.coli, ygfA,
encoding a 5-formyltetrahydrofolate cyclo-ligase, is part of a
dicistronic primary transcript with 6S RNA, a regulator of ¢’°
RNA polymerase holoenzyme activity during stationary phase
(13). Together with similarities in sequence and structure to
known bacterial 6S RNAs, this led us to conclude that we have
identified the putative 6S RNA homolog of A.aeolicus. By
5'-RACE, we further identified its major transcription initi-
ation as well as processing sites. Processing of the primary
transcript generates a mature product predicted to form the
rod-like secondary structure with a central bulge region typical
of bacterial 6S RNAs.

MATERIALS AND METHODS

Bacterial strain

A.aeolicus cells, kindly provided by R. Huber and K.O. Stetter,
were grown as described (9). A.aeolicus liquid cell cultures
were harvested in the early stationary growth phase (0.5—
1.0x 108 cells per ml; Robert Huber, personal communication)
to compensate for the low yields of cell mass obtained from
laboratory cultures of A.aeolicus.

Construction of a cDNA library encoding small stable
RNAs of A.aeolicus

A cDNA library was constructed from A.aeolicus total RNA
essentially as described previously (14). The size range of
RNAs excised from a preparative polyacrylamide gel for lib-
rary construction covered 100—450 nt, excluding the 5S rRNA
band (~120 nt).

Analysis of the cDNA library

Initially, 42 clones were sequenced, which allowed us to
identify cDNAs encoding abundant RNA species, that is frag-
ments of 5S, 16S and 23S rRNA, tmRNA, of pre-mature
tandem tRNA"*—tRNA**? transcripts encoded in the 16S-23S
spacer of the two rRNA operons, and fragments from the
intergenic region between pheT (B-subunit of phenylalanyl-
tRNA synthetase) and the open reading frame ag 1731.
Probes specific to the aforementioned abundant RNAs were
designed and used to analyze another 100 clones by dot blot
analysis (see below). These 100 clones were sequenced in
parallel to assess reliability and efficiency of the dot blot
screening procedure. Another 900 clones were then screened
by dot blot analysis, of which 505 belonged to one of the
classes of abundant RNAs listed above. From the remaining
395 clones, 353 meaningful sequences were obtained.

Plasmid preparation

For the dot blot analysis, minipreparations of plasmid DNA
harboring cDNA inserts were performed by the alkaline lysis
method according to (15), whereas a commercial kit (Concert
Rapid Plasmid Miniprep System, Gibco-BRL) was employed
to prepare high purity plasmid DNA for sequencing purposes.

Dot blot experiments

Of each plasmid DNA, ~300 ng were spotted onto positively
charged nylon membranes (Roche) for hybridization with

digoxigenin-labeled oligonucleotide or PCR probes according
to the ‘DIG Application Manual for Filter Hybridization’
(Roche). The following oligonucleotides, 5 end-labeled
with digoxigenin, were used as probes:

DIG 5S rRNA (A.aeolicus 5S tRNA, positions 92—120):
5'-GGCACGGGAAAGTAGGTCGCTGCCAGGGG

DIG 16S rRNA (A.aeolicus 16S rRNA, positions 1521—
1550): 5'-CCGGCGACTGGGGCGAAGTCGTAACA-
AGGT

DIG 23S rRNA (A.aeolicus 23S rRNA, positions 2921—
2952). 5'-CCGAGCGGTACTAATCGCCCGTTCGACT-
TGCA

DIG pheT-aql731 (A.aeolicus genome nt 1219836-
1219866): 5'-AAAGCTCTGAGGCCCACGGCACTTCC-
TGCAC

DIG tmRNA (A.aeolicus genome nt 1153699-1153724):
5'-ACCCGCAAACCTACCGGGGACGCGCT

DIG tRNA™—RNA*? (A.aeolicus genome nt 1193812—
1193844 and 571042-571010): 5'-GGTTCGAGTCCTGG-
GAGGCCCATATTAGGGGCA

Furthermore, two PCR probes were generated by addition of
0.03 mM digoxigenin-dUTP (Roche) to a standard Taqg DNA
polymerase (Stratagene) PCR reaction using A.aeolicus
genomic DNA as template. These probes covered 16S rRNA
positions 53-776 (primers: 5-ACACATGCAAGTCGT-
GCGC and 5-GGACAGCCCCAGCAGGC) and 23S rRNA
positions 25-787 (primers: 5'-TGGATGCCTCGGCTCCC
and 5'-GCCTTCACCCAGGGCAAG), respectively.

Spotted DNAs were cross-linked to the membranes by
exposure to UV light (312 nm, 0.25 J/cm?), followed by pre-
hybridization of membranes in 5% SSC, 0.1% sodium lauroyl
sarcosinate, 0.02% SDS, 1.5% blocking reagent (Roche) for
1 h at 60-70°C, and hybridization for 12 h in the same buffer
with 10 pmol of probe per ml at 60-65°C (for the oligo-
nucleotides) or 70°C (for the PCR probes). Washing was
performed twice for 5 min with 2x SSC/0.1% SDS at room
temperature, followed by two additional washes for 15 min
with 0.5x SSC/0.1% SDS (for the oligonucleotides) or 0.1%
SSC (for the PCR probes) at the respective hybridization
temperature. Membranes were then rinsed with buffer Bl
(0.1 M maleic acid, pH 7.5, 0.15 M NaCl, 0.06% Tween-
20) and equilibrated for 30 min in buffer B2 (0.1 M maleic
acid, pH 7.5, 0.15 M NaCl, 0.15% Tween-20, 1% blocking
reagent). After addition of anti-Digoxigenin-AP Fab frag-
ments (Roche) at a dilution of 1:10000 and another 60 min
of incubation, membranes were washed twice for 15 min with
buffer B1, and equilibrated for 10 min in substrate buffer
(100 mM Tris—HCI, pH 9.5, 100 mM NaCl and 50 mM MgCl,).
For detection, NBT (nitro blue tetrazolium in 70% dimethyl-
formamide, Promega) and BCIP (5-bromo-4-chloro-3-indolyl-
phosphate in 100% dimethylformamide, Promega) were added
to the substrate buffer to a final concentration of 175 and
88 ug/ml, respectively. The detection reaction was stopped
by rinsing the membrane with water.

Northern blotting

Northern blotting was performed essentially as described in
(14), with minor modifications: hybridization temperatures
ranged from 50 to 58°C, all wash steps were performed at



room temperature, and signals were detected after 3 h to 5 days
of phosphoimaging. Oligonucleotide probes were designed
to match cDNA clones representing antisense or intergenic
transcripts; those yielding prominent signals are given below.
Experiments were repeated at least twice, for longer target
sequences with two different probes.

Probe 32a: 5'-CGGTTGTAATAGGCGAGGGCGGAAG
Probe 134b: 5'-TGCAGGAGGCTGTTCCCGAAGGAA
Probe 24a: 5-CTACCCGCTATCTCCCAAAGAACCGG
Probe 24b: 5'-CCAGCGGGAAGGTATCAGAAATGAGC
Probe 27a: 5-CAGCCCGCCCGTGGGTTCGAATCC
Probe 27b: 5'-GGAGGGGTGGCCGAGCGGACGAAG
Probe PheT-aql731a: 5-CTGCCGCAGTGCAGGAAGT-
GCCGT

Probe 36a: 5'-CCGCTAACCCAAGGTTCTGCAAGC
Probe 65a: 5'-GGAGTTTCCAACAATAGAAAAGCTCC-
CTIT

Sequencing and data analysis

cDNA clones of the library were sequenced on an ABI Prism
3700 (Perkin Elmer) sequenator using the BigDye terminator
cycle sequencing reaction kit and the M 13 rsp reverse primer
(5'-CCCCAGGCTTTACACTTTATGCTTCCGGCTCG). The
Lasergene Seqman II program package was employed to
identify clones with identical or overlapping cDNA sequences,
and sequence identities were identified by blastn searches on
the NCBI web page. Sequence alignments were performed
with ClustalW available at http://www.ebi.ac.uk/clustalw/#.
Plasmid clones derived from 5-RACE experiments (see
below) were sequenced by MWG-Biotech AG.

Determination of RNA 5" ends by 5-RACE

The procedure for 5-RACE was adapted from (16) and
Christoph Jochl (University of Innsbruck, Austria, PhD
thesis). Briefly, 24 ug of total cellular RNA was incubated
with 20 U DNase I (RNase-free, Roche) for 20 min at 37°C in
a volume of 50 ul containing 10 mM sodium acetate (pH 5.2)
and 0.5 mM MgCl,. After phenol/chloroform and chloro-
form extraction and ethanol precipitation, half the RNA
was digested with 15 U tobacco acid pyrophosphatase (TAP,
Eurogentec) in a total volume of 100 ul 1x TAP digestion
buffer (50 mM sodium acetate, pH 6.0, | mM EDTA, 0.1%
B-mercaptoethanol, 0.01% Triton X-100) in the presence of
20 U RNase Inhibitor (MBI Fermentas) for 40 min at 37°C;
the other half was treated in the same manner, except that
the TAP enzyme was omitted. Samples were again extracted
with phenol/chloroform and chloroform, precipitated with
ethanol and denatured for 5 min at 90°C in a volume of
24.5 ul double-distilled water (ddH,O) containing 1 nmol
of adapter (5-GTCAGCAATCCCTAACgag; capital letters
denoting deoxyribonucleotides and lower case letters ribo-
nucleotides). Ligation of the adapter to the denatured RNA
was performed overnight at 4°C and another 3 h at room
temperature in a final volume of 40 pl containing 0.01%
BSA, 1x T4 RNA ligase buffer (MBI Fermentas), | mM
ATP, 0.5 U/ul RNase inhibitor and 1.125 U/ul T4 RNA Ligase
(MBI Fermentas). After phenol/chloroform and chloroform
extractions and ethanol precipitation, nucleic acids were
redissolved in 36 pl ddH,O. An aliquot of 4.5 ul was then
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denatured together with 0.5 pl (1 pmol) of the gene-specific
primer  5-CTGCCGCAGTGCAGGAAGTGCCGT  (see
Figure 5B, horizontal solid arrow) at 65°C for 5 min. The
sample was immediately put on ice and supplemented with
5 ul of reverse transcription mix containing 2X reverse tran-
scription buffer (Invitrogen; 100 mM Tris acetate pH 8.4,
150 mM potassium acetate, 16 mM magnesium acetate, sta-
bilizers), 2 mM dNTPs, 0.01 M DTT, 1.5 U/ul Thermoscript
Reverse Transcriptase (Invitrogen) and 2 U/ul RNase inhib-
itor, followed by incubation for 5 min at 42°C, 20 min at 55°C,
20 min at 60°C, 20 min at 65°C and 5 min at 85°C. RNA tem-
plates were then digested with 2.5 U RNase H (New England
Biolabs) at 37°C for 20 min. After PCR amplification with
the adapter-specific primer 5'-GTCAGCAATCCCTAACGAG
and the gene-specific primer 5-GAGCTTTAAGGTGGGA-
AGTC (Figure 5B, horizontal broken arrow), prominent bands
were excised from a 2% agarose gel, eluted, re-amplified,
again gel-purified and finally cloned utilizing the TOPO-
cloning system (Invitrogen). For each prominent amplification
product, several plasmid clones were sequenced.

RESULTS
RNA classes

Among the 1042 cDNA library clones, 994 yielded either
dot blot signals and/or analyzable sequence information
(Figure 1A): 80 out of the 994 clones represented either
very short sequence stretches or non-Aquifex sequences,
predominantly originating from the pSPORT 1 vector. Of the
remaining 914 clones, the majority (68%) corresponded to
fragments of ribosomal RNAs (5S, 16S and 23S rRNA).
The most prevalent group of non-ribosomal RNAs then
were intergenic RNAs, with 90 out of the 100 clones derived
from the intergenic region between reading frames pheT
and aq 1731. The group of intergenic RNAs was followed
in number by tRNAs and their precursors (68), mRNAs (66),
tmRNA (43) and, as the least abundant group of A.aeolicus
RNAs within the cDNA library, 18 RNAs with antisense ori-
entation to annotated reading frames. For a complete list of
cDNA sequences, excluding rRNAs and tmRNA, see Table S1
of the Supplementary Material. Library members that repres-
ented intergenic and antisense RNAs were categorized accord-
ing to their genetic context (Figure 1B), their genomic
locations are illustrated in Figure 2A and B, and further details
are listed in Table 1.

Authenticity of cDNA 5’ and 3’ ends

A basic question was whether the cDNA clones reflected the
authentic 5" and 3’ ends of their cellular RNA templates. Since
the 5" and 3’ ends of many stable RNAs in E.coli are known,
we looked at E.coli cDNA libraries constructed in the same
way as the A.aeolicus library (8). Inspection of 61 and 27
individual sequences, respectively, from contigs representing
the small E.coli RNAs RyeB (104 nt) and RybB (81 nt)
revealed that all individual sequences matched, within a few
nucleotides, the experimentally verified natural 3’ end (data
not shown), whereas not a single sequence included the genu-
ine 5'-terminus. Similarly, at least one-third of the individual
clones represented the natural 3’ end situation in the case of
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Figure 1. Composition of the A.aeolicus cDNA library (clones identified by
sequencing and/or dot blot hybridization). (A) Number of clones in the different
categories. Unclear assignment: sequences with several or no matches to the
A.aeolicus genome, mostly due to shortness of the respective sequence.
(B) Antisense and intergenic sequences categorized in more detail by
genetic context.

E.coli RNase P RNA (rnpB, 21 clones, 377 nt in its mature
form), 6S RNA (ss7S, 45 clones, 184—186 nt in its mature form)
and tmRNA (ssrA, 24 clones, 362 nt in its mature form). For
all five small RNAs, 10-18 5'-terminal nucleotides were still
missing in the most 5'-extended individual contig sequences
(data not shown). In conclusion, genuine 3’ ends of bio-
chemically uncharacterized RNAs can be inferred from the
3’ end of cDNA clones in the library when contigs comprise
several individual sequences. This is due to the library con-
struction strategy based on C-tailing of RNA molecules fol-
lowed by reverse transcription and second strand synthesis
(see Materials and Methods), which ensures isolation of nat-
ive 3’ ends, while the genuine 5’ ends of RNAs need to be
determined by additional experiments (see below).

mRNAs

A total of 66 clones corresponded to internal mRNA fragments
of protein coding regions annotated in the A.aeolicus genome
(section A in Table S1 of Supplementary Material). Some of
these included part of the flanking 5’- or 3’-non-translated
region (NTR) in addition to the coding mRNA segment,
and three clones comprised a 3’-segment of one cistron, the
intergenic region and a 5’-segment of the downstream cistron
(e.g. nusG-rplK). Two cDNA clones (Aae-24 and Aae-117)
mapped onto the junction of two protein genes with opposite
orientation whose 3’ ends overlap by 10 and 4 nt, respectively
(Figure 2A). These two RNAs were therefore sense to one and
antisense to the other mRNA, as further discussed below in the
context of antisense RNAs.

tRNAs and their precursors

A total of 68 tRNA-derived clones were identified within the
library (Table S1, D), namely 35 covering portions of the
tRNA"RNA*"* tandem precursor encoded in the spacer
region of the two rRNA operons, seven fragments from the
cluster of the four consecutive tRNAs Thr—Tyr-Gly-Thr,
two sequences of tRNA™S(UUU) that is part of a dicistronic
transcript with tRNA*#(GGC), and three of tRNAY*(UAC)
cotranscribed with tRNAGl“(UUC). These tRNA clones pos-
sessed 3’ extensions or truncations, and none of them included
a post-transcriptionally added CCA terminus. Furthermore,
several of the tRNA clones derived from di- or tetracistronic
tRNA precursors partly or fully covered two consecutive
tRNA domains.

tmRNA

The gene encoding tmRNA had been annotated in the
A.aeolicus genome (9), and tmRNA was represented by
43 clones in our cDNA library. This RNA, originally termed
10Sa RNA and of similar size as bacterial RNase P RNA
(17,18), formerly denoted 10Sb, was of particular interest to
us in order to assess the probability for a potential RNase P
RNA to be included in our library. In E.coli cells, the tmRNA
copy number was determined to be 10% that of ribosomes
(17). This ratio was reported to be lower (1-2%) for RNase P
RNA under a variety of growth conditions (19). Thus, a 5- to
10-fold molar excess of tmRNA over RNase P RNA, in line
with previous approximations (20), seems to be the best estim-
ate available at present. Accordingly, 4-9 RNase P RNA
clones were to be expected in our cDNA library, provided
that such an RNA would have been as good a substrate as
tmRNA in all enzymatic reactions involved in library con-
struction. In a related study, cDNA libraries generated in
the same way as the A.aeolicus library investigated here
were constructed from E.coli cells harvested in the lag, expo-
nential or stationary phase (8). Each growth phase-specific
library consisted of ~1000 clones after exclusion of clones
representing rRNA and tRNA fragments: 24 clones represen-
ted tmRNA (11 in the lag phase, 9 in the exponential and 4 in
the stationary phase library) and 21 RNase P RNA [12 in the
lag phase, 9 in the exponential and none in the stationary phase
library; (8), Supplementary Table S1 therein]. Based on the
absence of an RNase P RNA clone in the stationary phase
E.coli library, it remains a formal possibility that we excluded
potential A.aeolicus RNase P RNA clones because A.aeolicus
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Figure 2. (A and B) Potential small stable RNAs in the A.aeolicus cDNA library and their genetic context [(A) antisense RNAs; (B) intergenic RNAs]. Light gray,
reading frames; dark gray, tRNA genes; black, expressed small RNAs identified in the library with the length of sequence (in nt) matching the A.aeolicus genome
indicated. The direction of the arrows corresponds to gene orientation. Contigs are grouped according to subclasses of Figure 1B. Note that RNAs smaller than 40 nt
are not drawn to scale. (C) Expression of selected library RNAs analyzed by northern blotting.

cells were harvested in early stationary phase. However, the
stationary phase E.coli library was derived from cells harves-
ted at a cell density of about 10°/ml [1.5 ODggo; (8)] whereas
A.aeolicus cells had a density of 10%/ml or less at their harvest.
Likewise, we found 42 tmRNA clones in our A.aeolicus
library, whereas only 4 tmRNA clones were represented in
the E.coli stationary phase library of comparable size. Thus,
the E.coli and A.aeolicus libraries are hardly comparable, and
we consider it rather unlikely that we failed to identify a
hypothetical A.aeolicus RNase P RNA or fragment thereof
simply for statistical reasons.

Antisense tRNAs

Remarkably, the library included antisense RNAs com-
plementary to tRNAs (Figure 2A, Table 1 and Table Sl1,
Section C II ¢). In each case, full complementarity was con-
fined to one tRNA isoacceptor only, indicating that the anti-
sense transcript was derived from the opposite strand of this
particular tRNA transcription unit.

The A.aeolicus genome encodes four serine-specific tRNA
isoacceptors (anticodons UGA, CGA, GCU and GGA). One
clone (Aae-27) represented a 101-nt fragment complementary
to tRNAS(UGA) over almost its entire length except for the
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Table 1. Summary of data obtained for A.aeolicus small non-coding RNA candidates (intergenic and antisense)

Contig No. of  Length of GC Northern Category  Comments Accession no.
clones sequence (nt) content signal (nt)
Aae-8 90 170 60 120 I Putative 6S RNA 5'-RACE (ca.: 120, 160, 210, 370 nt) ~ AJ888820
Aae-13 2 71 66 n.d. A Antisense to tRNA™" AJ888797
Aae-17 1 183 38 70/110/260 I AJ888798
Aae-18 1 212 49 Ambiguous, multiple I AJ888799
Aae-24 4 145 48 180 A/S Maps to junction of opposing reading frames AJ888800
Aae-27 1 101 60 70 A Antisense to tRNAS® AJ888801
Aae-32 1 38 68 60 A AJ888802
Aae-36 1 30 53 280/360/460 I AJ888803
Aae-43 1 15 27 — A AJ888804
Aae-65 2 87 56 80/100 I AJ888805
Aae-89 1 53 43 — A AJ888806
Aae-96 1 86 49 — I AJ888807
Aae-98 1 89 62 Ambiguous, multiple I AJ888808
Aae-106 1 19 58 Multiple 240-320 I AJ888809
Aae-108 1 22 45 — A AJ888810
Aae-109 1 18 44 Multiple 80-1000 A AJ888811
Aae-114 1 21 43 — A AJ888812
Aae-117 1 134 38 — A/S Maps to junction of opposing reading frames AJ888813
Aae-118 1 146 47 — I Maps close to putative gene for 4.5S RNA homolog AJ888814
Aae-134 1 59 51 60 A AJ888815
Aae-139 1 22 36 — A Complementary to amtB coding region + 5'-NTR AJ888816
Aae-140 1 21 67 n.d. A Full complementarity to two gene loci AJ888817
Aae-202 1 40 65 Multiple 30-1000 I AJ888818
Aae-HS8 1 85 41 n.d. A Antisense to tRNA™* AJ888819

n.d., notdetermined; —, no Northern signal although assayed; ambiguous, substantially different signals with different probes; multiple, five and more different bands;
I, intergenic; A, antisense; S, in sense with mRNA. For precise location within the genome and complete sequence, see Table S1 and contig list of the Supplementary

Material.

3/-terminal 8 nt (the discriminator defined as the 3’-terminal
nucleotide) and also covering 19 nt of the tRNA 5'-flanking
sequences. In addition, antisense RNA Aae-27 almost per-
fectly matches tRNAS(CGA), with the region of comple-
mentarity from tRNA nucleotide +4 to 9 nt upstream of the
discriminator nucleotide. Complementarity to the remaining
two isoacceptors (GCU, GGA) is interrupted by numerous
mismatches, suggesting that a putative antisense interaction
might be essentially restricted to the UGA and CGA iso-
acceptors. As a consequence, recognition of only two (UCA
and UCQG) of the six serine codons would be affected. Note-
worthy, these two Ser codons are the rarest Ser codons in
A.aeolicus (Genome Atlas Database; http://www.cbs.dtu.dk/
services/GenomeAtlas), utilized at a frequency of 0.16%
(UCA) and 0.04% (UCG) compared with 0.75% (UCU),
3.38% (UCC) and 0.78% (AGU and AGC each). We also
analyzed expression of the Aae-27 RNA by northern blott-
ing (Figure 2C). With two different oligonucleotide probes
(27a and b, see Materials and Methods), a common signal
at ~70 nt was detected, indicating that this antisense tRNA
reaches substantial expression levels in A.aeolicus cells. The
smaller size of 70 nt compared with the 101 nt of clone Aae-27
suggests that the latter stems from a precursor molecule to the
70-nt species.

Another antisense tRNA fragment, represented by two
clones in the library (Aae-13), was fully complementary to
tRNA™" (CAA), covering the tRNA except for the first 5 and
last 9 nt. Complementarity is reduced but still substantial for
the other four Leu isoacceptors, with the second best match
to the UAA isoacceptor (comprising a stretch of 41 nt that
included 3 mismatches). The UUG codon recognized by the
CAA isoacceptor is one of the two most rarely used Leu

codons in A.aeolicus (the second is CUA), but UUG should
also be recognized by the UAA isoacceptor as in other
bacteria.

The third antisense tRNA (Aae-HS8) is complementary to
30 nt of the 3’-portion (including CCA encoded in the gene)
of tRNA™*(CUU) and 55 nt of its 3'-flanking sequences.

Other antisense RNAs

In addition to the antisense tRNA clones discussed above,
eleven RNA contigs with antisense orientation to annotated
reading frames were identified in the cDNA library (Figure 2A
and Table 1). Eight of those were complementary to internal
stretches of protein genes. For clones Aae-32 and Aae-134,
RNAs of ~60 nt were identified in northern blots (Figure 2C).
Clone Aae-140 RNA is noteworthy, since it is fully comple-
mentary over its 21 nt to transcripts of two annotated protein
genes (aq 512 and aq 501 = pmu, phosphoglucomutase/
phospho-mannomutase), separated by ~8 kb, which are
almost identical over ~660 nt of their N-terminal coding
sequences, indicating that they are paralogs (Figure 2A). A
second category is represented by the aforementioned clones
Aae-24 and Aae-117, which fall into regions where two ORFs
of opposite orientation partially overlap. Here, the antisense
RNA is partially in sense with one mRNA and antisense with
respect to the other transcribed in opposite direction to the
first. To account for this situation, clones Aae-24 and Aae-
117 have been listed with antisense as well as ‘sense with
mRNA’ contigs (Table S1, A and C). Such a constellation
could suggest interdependent expression of the two over-
lapping genes regulated by an antisense mechanism. Probes
specific to clone Aae-24 identified an RNA of 180 nt in


http://www.cbs.dtu.dk/

northern blot experiments (Figure 2C). Clone Aae-139, 22 nt
in length, defined another category (Table S1, C II b). It is
complementary to 17 nt of the 5-UTR and to the first 5 nt of
the coding region of ag 112 encoding an ammonium trans-
porter (amtB). AmtB appears to be part of a polycistronic
operon involved in glutamine synthesis, consisting of the
genes glnB, glnA, amtB and aq 113 (9). GInA and amtB are
separated by an intergenic region of 62 nt. A possible role of
the clone Aae-139 antisense RNA could be blockage of ribo-
somal access to the AUG start codon of amtB, thereby attenu-
ating its translation. A precedent for such a mechanism
involving a cis-encoded antisense RNA is translational inhibi-
tion of transposase mRNA encoded by the E.coli insertion
sequence IS7/0. A single clone that also belongs to this cat-
egory of potential cis-encoded antisense RNAs directed
against protein genes was identified in a similar cDNA library
of non-coding RNAs from the crenarchaeon Sulfolobus
solfataricus [RNA Sso-203; (21)].

Finally, for several of the antisense RNA candidates, e.g.
Aae-43, 109 and others, it needs to be kept in mind that
annotation of reading frames on the opposing strand is hypo-
thetic or putative and that open reading frames, albeit short,
in sense with the putative antisense RNAs do exist. Final
assignment of these RNAs as non-coding antisense RNAs
thus must await further experimental evidence.

Intergenic RNAs

A total of 93% of the A.aeolicus genome sequence was repor-
ted to represent protein-coding regions, 0.8% stable RNA
genes and only 6.2% intergenic sequences (9). After exclusion
of sequences derived from intergenic sequences within the two
rRNA operons, 100 intergenic cDNA clones remained, 90 of
them derived from the region separating pheT and ag 1731.
The genomic location of the intergenic transcripts is illustrated
in Figure 2B and their positional details are given in Table S1,
section B. Intergenic regions are of particular interest, because
they may harbor genes encoding other non-messenger RNAs
in addition to rRNAs, tRNAs, tmRNA and the 4.5S RNA
homolog (Signal Recognition Particle Database; http://
psyche.uthct.edu/dbs/SRPDB/SRPDB.html). Notably, the
intergenic RNA Aae-118 originated from a genomic location
very close to the putative gene of the 4.5S RNA homolog
(between ag 1854 and aq 1855). An interesting aspect of
A.aeolicus intergenic RNAs is their G+C-content, considering
that stable RNAs in this hyperthermophilic bacterium have an
increased proportion of G+C (tRNAs: 68.5%; tmRNA: 66.9%;
rRNA: 65%), while the average G+C content of the genome is
only 43.4% and relatively constant (10). The pheT-aq 1731
intergenic transcripts as well as a few other clones, such as
Aae-202 and Aae-98, indeed conformed to the criterion of a
substantially elevated G+C content (Figure 2B and Table 1).
Clone Aae-202 RNA was derived from in between the read-
ing frames ag 1666 and thrS (threonyl-tRNA synthetase) to
which also an antisense transcript, clone Aae-89 RNA, was
found in the library. Clone Aae-98 RNA, encoded by the
extrachromosomal element (ecel) of A.aeolicus, was tran-
scribed from the unusually large intergenic region of 2 kb
between ORFs aa I8 and aa_ 19, but interestingly also dis-
played extensive similarity to a stretch of 89 nt within an
open reading frame of unknown identity (aa05) in ecel.
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The pheT-aq 1731 intergenic RNA represented the vast
majority of intergenic transcript clones in our library. The
genetic context provided the first evidence for it being the
6S RNA homolog (ssrS) of A.aeolicus. In E.coli, 6S RNA
is the 5'-processing product released from a dicistronic prim-
ary transcript with ygfA, encoding a 5-formyltetrahydrofolate
cyclo-ligase, and ag_1731 is identified as the A.aeolicus ygfA
homolog in NCBI blastp searches. In view of the low sim-
ilarities of E.coli and A.aeolicus in terms of genetic organ-
ization, we considered it highly unlikely that the genetic
co-localization of a stable RNA and ygfA in both bacteria is
fortuitous rather than witnessing a functional commonality.
Also, clear structural similarities to other verified and putative
6S RNASs are evident, as outlined below.

5'-RACE analysis of putative 6S RNA transcripts

The intergenic region between pheT and ag 1731 comprises
195 nt. Among 28 sequenced library clones, 24 had a 3’
end located 39-44 nt upstream of the ag /731 start codon
(Figure 3). Since the procedure employed for cDNA library
construction preserves the authentic 3’-terminus, we con-
cluded that the majority of RNA molecules have their genuine
3’ end at nucleotide —39 or —41 with respect to ag_1731. Such
3’ end microheterogeneity is expected to reflect the natural
situation, as recent 3’-RACE experiments for E.coli 6S RNA
have detected length variants of 184, 185 and 186 nt (22). On
the 5'-side, several clones had their 5’ end 5-6 nt downstream
of the pheT stop codon (Figure 3). Assuming that the mature 5’
end of 6S RNA roughly coincides with the pheT stop codon,
we considered the mature 6S RNA homolog to have a length of
~150 nt, thus somewhat shorter than the size of 6S RNAs from
E.coli and Pseudomonas aeruginosa [~185 nt (22-24)].
Despite this length difference, mfold analysis predicted a
rod-shaped secondary structure for the A.aeolicus RNA, with
astounding similarity to the proposed structure of E.coli 6S
RNA (Figure 4A; for details see Discussion). Remarkably,
according to mfold the A.aeolicus RNA is the most stable
among all bona fide 6S RNAs (aligned in Figure 4B).

One of the sequenced pheT-aq 1731 clones extended into
the pheT cistron, but had its 3’ end at position —41 (Figure 3),
thus probably representing a 3’-mature but 5’-premature RNA.
We interpreted this to suggest that the putative 6S RNA homo-
log is post-transcriptionally released from pheT-ag 1731
primary transcripts or, alternatively, that its transcription
may be driven from a promoter within pheT. To map the 5’
end(s), we performed a 5’-RACE experiment. By utilizing this
approach, we also wanted to clarify a seemingly contradictory
finding: although the putative mature 6S RNA was predicted
to comprise at least ~150 nt in order to be able to adopt the
rod-shaped structure shown in Figure 4A, our northern blot
analysis (Figure 2C) revealed a 120-nt signal. The results of
the 5’-RACE analysis and their interpretation are shown in
Figure 5. Among the five prominent bands (numbered I-V in
panel A), one (II) only appeared when the TAP treatment
(for details, see Materials and Methods) was included, indic-
ating that this band reflects a primary transcript with a
5'-triphosphate end. The largest product I, whose 5" end was
not analyzed here, may represent a processing product released
from longer pheT-6S RNA cotranscripts, suggesting that 6S
RNA is also produced by transcription initiating at sites further
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Figure 3. Alignment of sequenced putative 6S RNA clones (contig Aae-8) from the A.aeolicus cDNA library. Top line: A.aeolicus genomic DNA sequence with the
intergenic region in capital letters, protein coding regions in small letters and the stop codon of the upstream reading frame pheT (phenylalanyl tRNA synthetase 3
subunit) and the start codon of the downstream reading frame ag /731 (5-formyltetrahydrofolate cyclo-ligase homolog) indicated by a gray box and oval,
respectively. Lines below the first one: single sequences from individual library clones.

upstream. Several individual cDNA clones for bands II-V
were sequenced and their 5’ ends mapped (panel B, vertical
arrows). Transcription of the primary transcript (product II) is
initiated within the pheT gene. Notably, putative —10 and —35
promoter boxes, similar in sequence and spacing to the E.coli
promoter consensus, could be easily identified at the expected
location upstream of the transcriptional start site (Figure 5B).
Product IIT seems to represent a processing intermediate, while
the 5" end of product IV exactly maps to the site anticipated for
the 6S RNA homolog in order to be able to form the structure
predicted in Figure 4A. The most prominent product V
(Figure 5A) corresponds to 5’ ends within an internal bulge
region of the A.aeolicus 6S RNA homolog (region CR I in
Figure 4A). Its length (~120 nt) explains why our oligonuc-
leotide probe specific to the 3’-portion of the RNA detected a
120-nt signal in the northern blot analysis (Figure 2C). To rule
out the possibility that the northern signal actually reflected the
160-nt RNA with aberrant gel mobility due to insufficient
secondary structure disruption in the presence of 8 M urea,
we synthesized in vitro transcripts mimicking the 120-nt and
160-nt variants. Gel mobility of the two RNA length variants
was regular in relation to RNA markers (data not shown). We
thus conclude that the majority of 6S RNA molecules in
A.aeolicus is internally nicked in the CR I region. However,

in view of extensive base-pairing in the terminal stem region
(Figure 4A), we consider it very unlikely that this discon-
tinuity in the RNA chain will cause significant disassembly
of the RNA.

DISCUSSION
Search for RNase P RNA in A.aeolicus

This study was initiated as part of our efforts to identify an
RNase P RNA in A.aeolicus. Yet, we could not identify a
reasonable candidate in our cDNA library. The spectrum of
potential reasons is diverse, including (i) there is no RNase P
RNA in this organism because A.aeolicus possesses a protein-
alone enzyme; (ii) the RNA may resist the reverse transcrip-
tion and amplification procedure; (iii) RNase P RNA was not
included in our library because of low copy number or (iv)
RNase P RNA may assemble from fragments encoded by split
genes. The latter has been observed for several bacterial
tmRNAs (25,26). Indeed, a tendency to disrupt polycistronic
operons and also to split single genes is evident in A.aeolicus.
Many genes, functionally grouped within operons in other
organisms, e.g. genes for amino acid biosynthesis, are
dispersed throughout the A.aeolicus genome, and subunits
of the same enzyme (e.g. glutamate synthase, g/tB and
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S.flexneri —-AUU--UCUCUGAGAUGUUCGCAAGC-GGGC-CAGUCCCCUGAGCCGAUAUUUCAUACCACAAGAAUGUGGC -GCUCCGCGGUUGGUGAGCAUGCUCGG -
S.typhimurium -------- AUU--UCUCUGAGAUGUUUGCAAGC-GGGC-CAGUCICCCUGAGCCGAUAUUUCAUACCACAAGAAUGUGGC -GCUCCGCGGUUGGUGAGCAUGCUCGG -~~~
S.enterica @ -------- AUU--UCUCUGAGAUGUUUGCAAGC-GGGC-CAGUCICCCUGAGCCGAUAUUUCAUACCACAAGAAUGUGGC -GCUCCGCGGUUGGUGAGCAUGCUCGG- -~
Y.pestis =~ = —------- AUU--UCUCUGAGGUGUUUGCCAGC-GGGC-CAGUCICCCUGAGCCGAUAUUUAAUACCAACAGAAUGUAGU-GCUCCGUAACCGGUGAGCAUGCUCGG---~
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V.vulnificus -------- UUU--ACCCUGGAGUGUUUGUCAGCCGGAUUAAAGUICCCUGAGCCGAUARGCAACACCAAA -GGGUUGGUA - -~CUUGAUCGCUAUUGAGCAAGCUUGG -~~~
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P.syringae - -GCUGCUCCCUGGAGUGCUUGCCAGU-CGGU-CAUGUICCCUGAGCCGAUACGCACAACCAC--GGGGGUUGCACGUU-GGGGUUGGUGUGCAUGUCCG- -
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Y.enterocol. - AAGCCUUAAGGUUGCGACGCUGCGUUCACCUUGAACC--AUGGGUUCAAGGGUUACAGCCUGCGGCGGCAUC-UCGGAGA--U~-~~~
K.pneumoniae - AAGCCUUAAAACCGUGACGACACAUUCACCUUGAACC--AAGQGGUUCAAGGGUU-CA-CCUGCGGCGGCAUC-UCGGAGA--UUC-~
V.cholerae ---CUU--GUA------— CCGAGAAGCCU-GCGGUUACCAUUACUGAUCCEHCCUUGAACCU-GAYGGUUCAAGGGCUACGAUCCUCAACGGCAUC-CCGGGGU--UCUC—-
V.vulnificus ---CCC--GUA------- CCGAGAAGCCU-ACGGUAAUCAUUGCCGAUCCEHCCUUGAACCA-GCYGGUUCAAGGGCCACAAUCCGCGACGGCACU-CUGGGGU-~-AUCC—
V.parahaem. ---CAU--GCA------— CCGAGAAGCCU-ACGGUUAUCAUUGCUGAUCCEHCCUUGAACCA-GCYGGUUCAAGGGCCACAAUCCUCAACGGCACC-CUGGGGU-~-AUUC-
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S.onedensis AAGCCUUA-GGAGGUAAUCAUUUACCCGCCUUGAACY CUAC-ACCGGUAGCGGCAUU-CUGGGGAGCAUCU~
H.influenzae AAACCUGAAAACGGUAUCAACUGAUUU-{CCUUGAA(]
H.ducreyi AAGCCURAAAAGCUAUUAAGCUUAACUC-{CCUUGAA(]
P.multocida AAGCCURAAAAUAGUUAUAACUGAUUC-{CCUUGAAC]
A.aeolicus  -------GGRA---------GGA------ ~UUCCCGAGG---GACUUCCCACCUUAAAGCUCUGAGGCCCACGGCACUUCCUGCACUGCGGCAGGGCGGAC-~~~ACU~-~

CRII CRI1Nl CRIV

Figure 4. (A) Proposed secondary structures of (putative) 6S RNAs from E.coli, A.aeolicus and X fastidiosa. CR, conserved regions numbered I-IV according to
(32). Broken lines, additional potential base pairs predicted by mfold (36); boxed nucleotides, conserved regions according to (32), with nucleotide matching the
consensus shaded gray [see (B)]. (B) Alignment of (putative) 6S RNA sequences based on (32). Four prominent conserved regions (CR I-IV) are boxed, and elements
conserved in all sequences except for those from X fastidiosa and A.aeolicus are highlighted at the top; nucleotides of X.fastidiosa and A.aeolicus matching
the consensus of all other y-proteobacterial sequences are shaded gray. Note that there is a single U replacement at the first conserved A residue in CRI of 6S RNA
from S.onedensis.
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Figure 5. 5'-RACE analysis of A.aeolicus 6S RNA transcripts. (A) Agarose gel analysis of 5'-RACE products using A.aeolicus total RNA and 6S RNA-specific
primers for reverse transcription and PCR. M1, M2, DNA molecular weight markers, with the length (in bp) indicated on the left. —TAP, 5’-RACE without TAP
treatment; +TAP, 5'-RACE including TAP digestion, additionally yielding product I which is inferred to represent a primary transcript with a 5'-triphosphate end.
Controls: no RT, PCR of total RNA without a prior reverse transcription step; no template, PCR without template. (B) A.aeolicus DNA sequence of the 6S RNA
coding region. Bold letters, reading frames pheT (B subunit of phenylalanyl-tRNA synthetase; stop codon marked by the gray box) and ag 1731 (5-
formyltetrahydrofolate cyclo-ligase homolog; start codon indicated by gray oval). Small letters, putative 6S RNA coding region; for the 3’ boundary, see
Figure 3. Nucleotides identified as 5" ends of RNAs that yielded prominent bands in the RACE experiment are indicated by arrows with the roman number
corresponding to the respective band on the gel in (A) (IL, IV: each identified in 4 out of 4 sequenced clones; 11, V: each arrow represented by 2 out of 4 sequenced
clones); the 5" end of product I was not determined. Horizontal solid arrow, position of oligonucleotide used as reverse transcription primer and northern probe
(Figure 2C); horizontal broken arrow, 3’ primer for the final PCR step of the 5'-RACE procedure. Open boxes, putative —35 and —10 promoter elements as inferred
from similarity to the E.coli 6'° consensus promoter. Dotted line, putative stem—loop structure that may be involved in transcription termination of 65 RNA
transcripts, which would be in contradiction to a bioinformatic analysis predicting that hairpin structures at transcription termination sites may not be formed in

A.aeolicus (37).

gltD; phenylalanyl-tRNA synthetase, pheS and pheT) are sep-
arated on the A.aeolicus chromosome (9,10). Methionyl- and
leucyl-tRNA synthetases had previously been found as single
polypeptide enzymes only; however, the A.aeolicus homologs
are fragmented into two subunits encoded far apart on the
chromosome, and in the case of leucyl-tRNA synthetase
both subunits were shown to be essential for function
(9,27,28). Along the same line, tRNA CCA-addition, in
most organisms catalyzed by a single enzyme, is divided
between two separate enzymes in A.aeolicus, one adding
the CC and the other the terminal A residue (29).

The A.aeolicus genome sequence predicts di- and tetracis-
tronic tRNA transcripts. Indeed, many of the cDNA clones
representing premature tRNA transcripts that were identified
in our library possess 5’ extensions or are fragments derived
from tRNA tandem precursor transcripts (Figure 1; Table S1).
On the other hand, primer extension has revealed the pre-
sence of canonical mature tRNA 5" ends in A.aeolicus total
RNA extracts, as exemplified for the terminal tRNA™ of four
consecutive tRNAs encoded in the fufA2 operon (11). This
clearly demonstrates that transcription of tRNAs as precursors
followed by canonical tRNA 5’ end maturation does occur in
A.aeolicus, although the identity of the 5'-processing enzyme
activity remains as yet elusive.

tRNA antisense transcripts

Transcription of antisense tRNAs (Figure 2A; Tables 1
and S1) is apparently not unique to A.aeolicus, since it has

also been detected in a transcriptome analysis of E.coli (30)
as well as in a cDNA library of the crenarchaeon Sulfolobus
solfataricus (21) similar to the one constructed for A.aeolicus.
In S.solfataricus, three different antisense tRNAs were
detected, two complementary to specific intron-containing
precursor tRNAs. As for A.aeolicus, complementarity was
complete with respect to the main target tRNA isoacceptor
and spanned almost the entire (pre-)tRNA, indicating that
antisense tRNAs were cis-transcribed from the same locus
but opposite strand as the target RNAs. The prominent north-
ern blot signals for two of the S.solfataricus antisense tRNAs
(21) and the A.aeolicus antisense tRNAS(UGA) (Aae-27,
Figure 2C) argue against the possibility that these antisense
tRNASs result from rare spurious transcription events. Potential
functions include negative regulation (e.g. antisense inhibi-
tion, induction of degradation) of target tRNA isoacceptors,
or may be independent of tRNA complementarity if target/
antisense tRNA hybrids simply do not form in the cellular
milieu.

6S RNA—function and structure

6S RNA, encoded by the ssrS gene, was demonstrated to
suppress transcription from a subset of 6’°-dependent pro-
moters during stationary phase in E.coli (13). Recent data
indicate that 6’°-dependent promoters inhibited by 6S RNA
contain an extended —10 promoter element (31). 6S RNA-
deficient E.coli cells are at a disadvantage for survival in
stationary phase (31), where this RNA reaches its highest



cellular concentration (~10000 copies per cell versus ~1000
in logarithmic growth). During stationary phase, >75% of the
6’%-containing RNA polymerase holoenzyme is complexed
with 6S RNA (13). These findings for E.coli 6S RNA may
explain the high abundance of the putative 6S RNA homolog
in our A.aeolicus cDNA library derived from cells harvested
in the early stationary growth phase.

The gene for 6S RNA is located immediately upstream of
the ygfA gene in y-proteobacteria and A.aeolicus. Mfold ana-
lyses of this region combined with 6S RNA blastn searches
enabled us to identify additional ssrS homologs within the
Y-proteobacteria beyond those already noticed. These include
the conjectural 6S RNAs of Xylella fastidiosa and Haemo-
philus ducreyi. The known 6S RNAs, so far exclusively
from y-proteobacteria, have been proposed to adopt a rod-
like, mainly double-stranded structure with a central bulged
region that is reminiscent of an ‘open complex’ found during
transcription initiation (13). In fact, the currently identified y-
proteobacterial 6S RNAs (with the exception of X fastidiosa)
and the A.aeolicus homolog share conserved sequence motifs
in this central region (5-GRGCCNAYA in CR I, 5-CCUUR-
AA in CR IIT and 5-GGYYCANGG in CR IV; Figure 4A
and B). An alignment of known and putative 6S RNAs, based
on that by (32) and including the novel candidates, is shown
in Figure 4B, with the conserved regions CR I-IV high-
lighted by boxes as in Figure 4A. CR II is not present in
the A.aeolicus homolog. However, the A.aeolicus RNA shares
a further structural commonality with 6S RNA from E.coli
and close relatives, centering around the single U bulge in
the terminal helix (Figure 4A, Ul5 in E.coli and Ul7 in
A.aeolicus) and including the flanking 2 and 3 bp on the
left and right, respectively. In several cases, mfold offers
multiple folding solutions for the central loop, for example
one in which elements CR III and IV form a stem-loop struc-
ture as suggested by (32). Alternative base pairs predicted by
mfold are indicated by broken lines in Figure 4A. The con-
formational ambiguity in the central loop region may suggest
that the biological function of 6S RNA is associated with
switches of conformation in this part of the molecule. Finally,
the example of the putative 6S RNA homolog of X. fastidiosa
(Figure 4) predicts even more degeneracy within the observed
consensus sequence motifs and underlines the substantial
structure and length variation in the stem regions flanking
the central bulge.

We have found the majority of A.aeolicus 6S RNA
molecules to be nicked in the 5’ proximal bulge of CR I
(Figures 2C, 4A and 5). Although this nick is unlikely to result
in significant dissociation of the two 6S RNA fragments, it
may nevertheless play a functional role in the regulation of
RNA polymerase activity.

Phylogeny of ssrS and ygfA

Since RNA polymerase phylogeny places A.aeolicus close
to the &/e-proteobacteria, we hoped to identify ssrS homologs
in this branch, e.g. in Helicobacter or Campylobacter, which
further share with Aquifex the idiosyncrasy to encode a pre-
dicted HD superfamily hydrolase (COG1418) immediately
downstream of ygfA (Figure S1 of the Supplementary Mater-
ial). However, we could not identify a single convincing
ssrS candidate outside the y-proteobacteria, neither by mfold
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analyses of intergenic regions upstream of the respective ygfA
genes nor by blastn searches with different 6S RNAs including
the one from A.aeolicus. Blast searches with the A.aeolicus
vgfA (aqg_1731) gene product as the query sequence gave best
matches to ygfA homologs in the Bacteroidetes branch
(Bacteroides thetaiotaomicron, Porphyromonas gingivalis).
However, in these two bacteria the ygfA homolog is directly
preceded and actually overlaps with a gene predicted to
encode a C-terminal protease (or its precursor), thus leaving
no intergenic space to accommodate an ssrS homolog
(Figure S1). In summary, the genetic coorganization of ssrS
and ygfA as found in y-proteobacteria and Aquifex seems to be
exceptional among bacteria.

Our discovery of a 6S RNA homolog in A.aeolicus adds
another piece of evidence in support of the evolutionary
proximity of the transcription machineries in Aquifex and
Y-proteobacteria, one of the conceivable consequences being
similar modes of promoter recognition. In fact, the identifica-
tion of promoter elements similar to the E.coli consensus
upstream of the ssr§ transcription initiation site in A.aeolicus
(Figure 5B) is consistent with this assumption. Likewise, the
B, B’ and 6’ subunits of RNA polymerase from A.pyrophilus
cross-reacted with antisera raised against the correspond-
ing subunits from E.coli, and A.pyrophilus RNA polymerase
was able to initiate to some extent transcription at the
E.coli-specific T7 Al promoter, although the enzyme from
Thermotoga maritima did so as well (4). A.aeolicus encodes
an alternative sigma factor 6™ (6>, RpoN; aq 599). Together
with one of its o"-dependent transcriptional activators
(ag_218, NifA homolog), A.aeolicus o was shown to asso-
ciate with the E.coli core RNA polymerase and to be able to
initiate transcription at the o™-specific E.coli glnHp2 promoter
(33). As the NifA homolog had not been identified in any
bacteria other than A.aeolicus and azotrophic proteobacteria,
the authors discussed their findings to suggest that A.aeolicus
either acquired the NifA gene from proteobacteria by hori-
zontal gene transfer or that the evolutionary split of A.aeolicus
from the proteobacteria was a more recent event than implied
by 16S rRNA-based phylogeny (33).

A recent analysis of the domain architecture of bacterial B,
B’ and 6’° subunits has further substantiated the evolutionary
proximity of transcription machineries in A.aeolicus and
proteobacteria (34). On the other hand, phylogeny of ribo-
somal proteins again supported the existence of an original
Thermotoga—Aquifex clade. To explain this discrepancy, the
authors suggested a scenario according to which Aquifex and
Thermotoga evolved from a common progenitor, but the
Agquifex lineage at some point replaced its RNA polymerase
subunits by horizontal gene transfer from proteobacteria. The
importance of horizontal gene transfer in the evolution of the
A.aeolicus genome is moreover corroborated by evidence that
at least 10% of its protein-coding genes may have been
acquired by this mode from Archaea (35). Such multiple trans-
fer events could in fact be related to the mosaic-like appear-
ance of the A.aeolicus genome. In view of these findings, the
identification of a 6S RNA homolog in A.aeolicus makes its
horizontal co-transfer together with components of the RNA
polymerase from a y-proteobacterial ancestor to the progenitor
of Aquifex likely, further suggesting that the importance of
6S RNA for transcription regulation may be more substantial
than currently thought.
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