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ABSTRACT

Cobalamin in the form of adenosylcobalamin (Ado-CBL) is known to repress expression of genes for vitamin B,, biosynthesis
and be transported by a posttranscriptional regulatory mechanism, which involves direct binding of Ado-CBL to 5’untranslated
gene regions (5'UTR). Using comparative analysis of genes and regulatory regions, we identified a highly conserved RNA
structure, the B12-element, which is widely distributed in 5’UTRs of vitamin B, ,-related genes in eubacteria. Multiple alignment
of approximately 200 B72-elements from 66 bacterial genomes reveals their common secondary structure and several extended
regions of sequence conservation, including the previously known B12-box motif. In analogy to the model of regulation of the
riboflavin and thiamin biosynthesis, we suggest Ado-CBL-mediated regulation based on formation of alternative RNA structures
including the B72-element. In Gram-negative proteobacteria, as well as in cyanobacteria, actinobacteria, and the CFB group,
the cobalamin biosynthesis and vitamin B, transport genes are predicted to be regulated by inhibition of translation initiation,
whereas in the Bacillus/Clostridium group of Gram-positive bacteria, these genes seem to be regulated by transcriptional
antitermination. Phylogenetic analysis of the B72-elements reveals a large number of likely duplications of B12-elements in
several bacterial genomes. These lineage-specific duplications of RNA regulatory elements seem to be a major evolutionary
mechanism for expansion of the vitamin B,, regulon.
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INTRODUCTION conserved sequence known as the B12-box (Franklund and
Kadner 1997). Translational regulation of these genes re-
quires also a conserved RNA hairpin that would mask the
ribosome-binding site (RBS), thus inhibiting translation
initiation and gene expression (Richter-Dahlfors et al. 1994;
Nou and Kadner 1998). In addition, a cis-acting transla-
tional enhancer element in the cob leader mRNA is abso-
lutely required to unfold the inhibitory RBS hairpin in the
absence of coenzyme B, (Ravnum and Andersson 2001). In
the same work, a secondary structure model for the cob
leader mRNA was obtained from the chemical probing ex-
priments with single-stranded RNA-modifying agents and
combined with the output of a RNA folding computer pro-
gram. No cobalamin-regulatory genes were identified in
bacteria, but it was shown that adenosylcobalamin (Ado-
CBL) is an effector molecule involved in the regulation of
CBL genes (Nou and Kadner 2000). Recently, the structure-
dependent spontaneous cleavage of RNA technique was ap-
Reprint requests to: Mikhail Gelfand, GosNIIGenetika, 1st Dorozhny plied to the E. coli bruB leader sequence in the presence and

Synthesized only by prokaryotic organisms, vitamin B, or
cobalamin (CBL) is an essential cofactor for several impor-
tant enzymes that catalyze a variety of transmethylation and
rearrangement reactions (Martens et al. 2002). Expression
of the Salmonella typhimurium cob operon, encoding the
CBL biosynthetic pathway, and of the btuB gene of Esche-
richia coli and S. typhimurium, encoding the vitamin B,
transporter, is repressed by addition of vitamin B, by a
post-transciptional regulatory mechanism (Lundrigan et al.
1991; Richter-Dahlfors and Andersson 1992). As shown by
deletion analysis, this regulation requires unusually long
5'-untranslated leader sequences of the corresponding
mRNAs, which contain several conserved elements. The leader
mRNAs of the cob and btuB genes contain an evolutionarily

g;EOISOIIAOSCOW 113545 Russia; e-mail: gelfand@ig-msk.ru; fax: +7-095- absence of Ado-CBL, and it was shown that this sequence
Article and publication are at http://www.rnajournal.org/cgi/doi/ fragment can directly bind Ado-CBL, consequently under-
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structure of the RNA (Nahvi et al. 2002). The investigators
suggested that the mechanism of the btuB regulation in-
volves formation of two alternative RNA structures, re-
pressing and antirepressing, in the presence and absence of
Ado-CBL, respectively.

The comparative analysis is a powerful approach to iden-
tification of regulatory patterns in bacterial genomes (Gel-
fand et al. 2000). Comparative sequence analysis was used
for prediction of conserved RNA secondary structures
(Eddy and Durbin 1994; Marck and Grosjean 2002) and
detection of novel regulatory RNA elements, for instance,
iron-responsive elements in E. coli (Dandekar et al. 1998) or
S-boxes in Gram-positive bacteria (Grundy and Henkin
1998). In such studies, analysis of complementary substitu-
tions in aligned sequences is used to construct a single con-
served structure. The number of known noncoding RNA
families is expanding rapidly. This resulted in development
of a number of specialized databases, in particular the RNA
family database Rfam (Griffiths-Jones et al. 2003), the da-
tabase of known RNA structures RNABase (Murthy and
Rose 2003), and the noncoding RNAs database (Szymanski
et al. 2003). Current availability of multiple complete ge-
nomes provides an opportunity to identify consensus RNA
elements upstream of co-regulated genes. In particular,
highly conserved RFN and THI elements were identified in
the regulatory regions of genes involved in the biosynthesis
of two different vitamins, riboflavin and thiamin, respec-
tively (Vitreschak et al. 2002; Rodionov et al. 2002). Re-
cently it was confirmed that these RNA elements control
expression of the target genes through a post-transciptional
regulatory mechanism (Mironov et al. 2002; Winkler et al.
2002a,b).

Here we applied the comparative approach to analysis of
5'-untranslated regions (5'UTRs) of vitamin B,,-related
genes in ~100 prokaryotic genomes. We report identifica-
tion of a novel conserved RNA element involved in regu-
lation of B,-related genes in eubacteria. This new 5'UTR
regulatory RNA, named the BI2-element, is highly con-
served on the sequence and structural levels and includes
the previously defined B12-box motif. The BI2-elements
are widely distributed in bacteria: ~200 elements were iden-
tified in 5'UTRs of B,,-related genes in 67 bacterial ge-
nomes. The common structure of the B12-element was in-
ferred and a possible mechanism of the B12-element-me-
diated regulation involving either transcriptional or
translational attenuation was proposed for different groups
of bacteria.

RESULTS AND DISCUSSION
Conserved structure of the B12-element

The btuB genes of E. coli and S. typhimurium have extensive
regulatory regions including the conserved B12-box se-
quence (Ravnum and Andersson 1997; Nou and Kadner
2000). We started with identification of orthologs of btuB in

related bacteria. The upstream regions of bruB orthologs
were aligned by the RNAMultAln program and the con-
served RNA secondary structure was identified. This novel
RNA structure, named the BI2-element, consist of a num-
ber of helices and conserved sequence motifs, including the
known B12-box. We constructed a pattern, which corre-
sponded to the identified Bi2-element and scanned 107
genomic sequences using the RNA-PATTERN program. As
a result, we found ~200 BI2-elements in 67 bacterial ge-
nomes. Multiple alignment of these elements is shown in
Figure 1. The Bi2-element is widely distributed in eubac-
teria, but it has not been observed in Archaea and Eu-
karyota. Most eubacterial genomes, containing the CBL
biosynthesis or transport genes, have 1 to 13 B12-elements.
The distribution of the elements is different in various taxo-
nomic groups. On the average, Gram-negative a-proteo-
bacteria have five B12-elements per genome, y- and (3-pro-
teobacteria have two elements, Gram-positive bacteria have
three elements, and cyanobacteria have only one Bi2-ele-
ment per genome. All of these elements are located up-
stream of B,,-related genes. The detailed functional, posi-
tional, and phylogenetic analysis of the CBL genes is sub-
mitted elsewhere (D.A. Rodionov, A.G. Vitreschak, A.A.
Mironov, and M.S. Gelfand, in prep.).

Previously, we described highly conserved 5'UTR struc-
tures, namely the RFN and THI elements, involved in regu-
lation of riboflavin- and thiamin-related genes, respectively
(Rodionov et al. 2002; Vitreschak et al. 2002). Similarly to
these elements, the Bi2-element has a set of helices closed
by a single base stem, and regions of high sequence conser-
vation that are distributed along the entire element (Fig. 2).
The conserved core of B12-element consists of seven helices
(PO to P6) and single-stranded regions with a high degree of
sequence conservation. Existence of the conserved helices is
confirmed by compensatory substitutions in base-paired
positions. In addition to the conserved core, the Bi2-ele-
ment has a number of facultative nonconserved stem-loops,
designated Add-1 and Add-II, and one internal variable
structure, named VS. The previously defined B12-box is
situated within the long internal loop between PO and P4,
slightly overlapping the base stem P0. In a number of cases
a part of the B12 box can fold into a facultative stem-loop
structure (Fig. 2). Other identified conserved regions of the
BI2-element are located upstream of the B12-box. The first
one stretches from P1 to P4 and contains an AG-rich in-
ternal loop between P1 and P2 with consensus 5'-AAN
AGGGAA-3'. Interestingly, AG-rich conserved regions were
also observed in internal loops of the RFN and THI ele-
ments. Two other conserved regions, with consensi 5'-GC
CACTG-3" and 5'-YGGGAAGGC-3', are located between
P5 and P6, partially overlapping these helices.

Beside the conserved core structure, the B12-element in-
cludes additional nonconserved stem-loops, Add-I and
Add-II. The former seems to be correlated with phylogeny,
as it occurs only in genomes of proteobacteria. In contrast,
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RNA element regulating B, , genes

P6 Add-11
CTG e caas oo

g ' The Bacillus/
A ' Clostridium group
9 { O3
Facultative - iz i
stem-loop i

Other taxonomic groups

FIGURE 2. Conserved structure of the BI2-element. Capital letters indicate invariant posi-
tions. Lowercase letters indicate strongly conserved positions. Degenerate positions: R = A or
G;Y=CorU;K=GorU; M= A or C; H = not G; D = not C; N = any nucleotide. Dashes and
black dots indicate obligatory and facultative base pairs, respectively. The conserved helices are
numbered PO to P6. Stem—loops of variable and constant lengths are shown by broken and sold
lines, respectively. Additional stem—loops are designated Add-I and Add-II. The sequence of the
conserved B12-box motif is shaded in gray. The variable structure VS separates two conserved
parts of the B12-element, BI and BII. Taxonomic variations of the VS topology are shown in
the inset.

conserved regions, 5'-GCCACTG-3" and
5'-YGGGAAGGC-3', which partially over-
lap the P5 and P6 helices (Fig. 2). Al-
though most BI2-elements are com-
plete, the BII part is absent in a number
of genomes: in all BI2-elements of cya-
nobacteria, bacteria Deinococcus radio-
durans, Bacillus subtilis, Shewanella
oneidensis, Chloroflexus auranatiacus, as
well as in some BI2-elements of actino-
bacteria and Pseudomonas aeruginosa
(Table 1). Short Bi2-elements without
the BII part were found upstream of
some Bj,-related genes and, therefore,
are functional. In complete Bl2-ele-
ments, the BII part is separated from
other conserved parts of the Bi2-ele-
ment by a variable linker, which can fold
into a nonconserved variable structure,
named VS. This structure has different
topologies in various taxonomic groups
of bacteria. For example, the VS struc-
tures are represented by one helix in
bacteria from the Bacillus/Clostridium
group, whereas VS of y-proteobacteria
consist of two adjacent helices. In other
cases the VS structure is more complex

the presence of the latter stem-loop does not depend on the  (see the lower frame in Fig. 2). Thus, the additional highly
phylogenetic position of a genome and occurs in <10% of  conserved BII part can play either an auxiliary role in the

cases. The maximal observed lengths of the Add-I and Add-  function of the BI12-element or perform some other func-
IT stem-loops are 34 and 122 nucleotides, respectively. tion.
The Bi2-elements can be classified into two major types The previously proposed secondary structures for the

based on the existence of a highly conserved stem-loop  cbiA (Ravnhum and Andersson 2001) and btuB (Nahvi et al.
region, named BII. This part of the BI2-element includes ~ 2002) leader mRNAs from enterobacteria differ in some

TABLE 1. Phylogenetic distribution of B72-elements in bacteria

Type of B12-elements

Genomes with Number of
Taxonomic group B12-elements B12-elements complete without Bl Proposed type of regulation
a-proteobacteria 11 58 all no Translational
B-proteobacteria 5 11 all no Translational
y-proteobacteria 14 31 yes 3 Translational
d-proteobacteria (GME) 1 1 all no Translational/transcriptional
The Bacillus/Clostridium group 14 37 yes 1 Transcriptional
Actinobacteria 7 22 yes 6 Translational
Cyanobacteria 5 8 no all Translational
The Thermus/Deinococcus group 1 3 no all Translational
The CFB group (BX, PG, CL) 3 17 all no Translational
Spirochetes (LI, TDE) 2 5 all no ?
Chloroflexaceae (CAU) 1 2 no all Translational
Fusobacteriaceae (FN) 1 2 all no Transcriptional
Thermotogales (TM) 1 1 all no Transcriptional
Total 66 198 174 23 Transcriptional ~20%;

translational ~80%
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details in their topology. Here we propose a conserved sec-
ondary structure for 5’UTRs of B,,-regulated genes. Simi-
larly to the riboflavin- and thiamin-specific 5'UTR regula-
tory RNAs, RFN and THI elements, this new B,,-specific
RNA has a compact secondary structure, consisting of a set
of conserved helices closed by a single base stem. The pre-
viously proposed RNA secondary structure of the cbiA regu-
latory region (Ravnum and Andersson 2001) is not com-
pact, although a number of helices in both structures coin-
cide (namely, P1, P2, P3, and P6). Moreover, despite of
compactness of the predicted secondary structure of the
btuB regulatory region (Nahvi et al. 2002) and similarity in
topology of both structures, this structure differs from the
Bi2-element in regions of base pairing of the base stem.
However, the suggested conserved structure of the Bi2-
element is mostly consistent with the chemical probing data
for the btuB and cbiA leader regions (Fig. 3).

Regulation of transcription/translation mediated
by B12-element

Analysis of the leader sequences of BI2-regulated genes al-
lowed us to predict additional RNA regulatory hairpins

downstream of all BI12-elements. In some cases these addi-
tional hairpins are followed by runs of thymidines and
therefore are candidate p-independent terminators of tran-
scription. In other cases the hairpins overlap the ribosome-
binding site (RBS) of the first gene in the BIl2-regulated
operon and are candidate translational sequestors that pre-
vent ribosome binding to the RBS. Previously, it has been
shown that RBS-sequestering hairpins are involved in the
regulation of translation of the btuB gene of E. coli and S.
typhimurium, as well as the cbiA gene of S. typhimurium.
(Ravnum and Andersson 1997; Nou and Kadner 2000).
Most Gram-positive bacteria from the Bacillus/Clostridium
group, Chloroflexus aurantiacus, Fusobacterium nucleatum,
and Termotoga maritima have a candidate terminator hair-
pin, whereas most Gram-negative bacteria (proteobacteria
and the CFB group), as well as actinomycetes, cyanobacte-
ria, and D. radiodurans have candidate RBS-sequestering
hairpins downstream of BI12-elements. Therefore, the regu-
lation of B,,-related genes is likely to operate mainly at the
level of transcription in the former group of bacteria and at
the level of translation in the latter group (Table 1). Thus,
the phylogenetic distribution of the proposed terminators
and sequestors in Gram-positive and Gram-negative bacte-

ria, respectively, is similar to previously

6 ! observed distribution of the regulatory
N oA hairpins in the riboflavin and thiamin
GAA Pl P4 VS y-g regulons (Vitreschak et al. 2002; Rodi-
c 4 c-G aa an 46 ¢ guec-6 P5 o P6_ onovetal 2002). Analysis of the 5UTR
6. Cu G-C™GGU GGA GG GAUGA GAc " cuecc Py A .
UG, %,~ SRy B R of the cobalamin biosynthetic operon
c.’ ) CCG, ,cCU—CC CUACU__,_ _CUG, GGUGG . U™ .
P2 Sy CGA o G -GA g ? AG N from Geobacter metallireducens reveals
A A= G*g‘h’ two possibilities of regulation. In this
A ~ - . . .
A A-U case the predicted terminator hairpin
Pl G cY G-C
\\AGG\\::U G- cGUi\\ A U overlaps the RBS sequence of the first
\: N \U\ . g P\O u gene in the operon, and therefore, it can
-un U3t &8 A function as both a terminator and a se-
U ~ d Y
v GA 5 3 uestor.
‘ » base stem q .
The mechanism of the Ado-CBL-de-
pendent regulation involves formation
. (Y: (! , of two alternative RNA conformations.
c c It has been shown in experiments that
\:A A, go¢ the RBS sequestor of the S. typhimurium
A T P2 A-U :3 ‘ cbi operon forms in the presence of
UGG/E;/C/CG—CUGUG P4 gaco) VVSV yVA'A'cr'PS I pe Ado-CBL, leading to inhibition of the
~ A8 1] <'5<|:U, cc (IszIJA "cc ® cucauc @ C— translation initiation, whereas the anti-
é‘ >L?GC"I \\GCGGGCA —é/cl;A G(I; GUUAG AR sequestor conformation formed in the
—
< =4 AGG’A'JGA 7 absence of Ado-CBL opens the RBS se-
P Al u,’ , \cﬁG quence and allows translation to initial-
G . .
Soc Yug - cGy .G A’ - ize (Ravnhum and Andersson 2001).
G~ iC G-C “c A~ Facultative R )
VIR —A-U ¢, g  Stemioop Previously we proposed the ribos-
U, A -A-U ) witch mechanism involving the RFN
TPy ey B &

base stent

and THI elements. These elements are
stabilized by effector molecules (flavin

FIGURE 3. Predicted RNA secondary structure of the B12-elements upstream of btuB from E.
coli and cbiA from S. typhimurium genes. Chemical modifications of the B12-loop region of the
btuB (A) and cbiA (B) 5'UTRs are shown by filled triangles (Ravhum and Andersson 2001;
Nahvi et al. 2002).
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mononucleotide or thiamin pyrophos-
phate, respectively), allowing formation
of downstream regulatory hairpins
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(transcriptional terminator or a hairpin
sequestering the RBS site) that leads to

B12-element (PO, P3) Pkn

————> antisequestor (A A')
PQ=====> P3==-> <-==P3' < PO’ A >
GGTGACGGTT-//-GGCTGCCCCCECAACT -/ /- CTGECETCAGCCGTGGT CACACGCGAR
CGCBACGGTT -/ /-GGCTGCCCCCEEAACT -/ /- CTGECGTCAGCCGTGGT CACACGCGAA
GGTGACGGTT-//-AGCTGTTCCCECAACT -/ /- CTGECETCATTCGTGGTCACACGCGAA
AGCGACGGTT-//~GGCTGCCCCCECAACT -/ /~CTGECETCAGTCGTGGT CACACGCGAG

repression of transcription or translation, 72 BTUB
. BJA_BTUB3
respectively. In the absence of the effector, rea srus
a more energetically favorable RNA struc- ~ **-2T0%
ture that is alternative to parts of the vi-
tamin-specific element and the regulatory
hairpin can fold, thus releasing gene ex- BJA_BTUB ~ GATCICCOT
. . : BJA BTUB3 GATGTCGG
pression (Rodionov et al. 2002; Vitreschak  rea_erus
et al. 2002). This riboswitch mechanism ***-%79%*
was experimentally confirmed for thiamin
and riboflavin regulons (Mironov et al.
2(?02; Wln.kler et.al. 2002a,l?). I.n analc.>gy 3Bt
with the riboflavin- and thiamin-specific =~ Bsa BTUE3
riboswitches, we propose here the cobala- ﬁgiﬂg;

*

min-specific riboswitch.

It seems to have some specific proper- 5
ties. It has been experimentally shown
that an additional regulatory element is
located between the BI2-element and the

sequestor hairpin of the cbiA gene of S.

PO====>

Ly

Kk ok kKA

R R e Fok ko ko k ok k ok ok

GGGAGTACAGACATTCGGCTTCATCGGAGGGCT-GACARGCCCAGGG

GTTGCCGGCCGGGAATTGCAGGCATT-GTCTTCACC-——GCTTTCGAAAGCTC--G-G

CACATCGGGCGGGCTGTCCTGGTGCGAGTCGA-ACCGTAGCCCACAAGAAGGCT-GCG

k% ok * x * ok * * * *

=n"

TARAGCCTCGTTCGCTGTGACGTGCCACTGACGTCATGCCGAGGTTACAACTGTGT
TGAGACCTCGTTCGCTETGACGTGCCACTGACGTCATACCGAGEGT CCCG-CTGTGT
TGAGACCTEGTTCGCTEGTEGACGTGCCACAGREGTC-TGCCGAGGTTGAACCTTATG
GCAGACCTGTTTCGCGETGACGTCCCACGTTAGCC-—-GCGAGCCAAGARAATGAC

Gk ok xkk kAN KKK KKK KKK * % *kok ok

B12-element (PO, P3) Pkn

——eriB
PR===> <===P3"

antisequestor (A,A")
<====pQ'

CGGTCC~/ /~GGAGCTGACGCGCAGCGGT~/ /~CTGECEEECCA-ACGTCGCATCTGGTTCT-CATCA
GGBCCGETCC~/ /-GGAGCTGACGCGCAGLGGT~/ /~CTGELEGLTA-ACGTCGCATCT GGTTTTTCATCA
CTACCGETCC-/ /-GGGBCTEACGCGCAGLGGT -/ /-CTGLEGEAAT -ACGTCGCACTGGGTTTT--ATCG
CGICEGBCCT~/ /-GGAGCTEGACGCGCAGCGGT~/ /~CTGECEEAAT -ACGTCGCAATTGGTTCTGCAT-A
GGTCCEGCCT-/ /-GGAGCTGACGCGCAGCGGT -/ /-~CTGECGGTAT TACGTCGCAAT-—ATTCGTGGCCG
GGTECCGGECCT~/ /~GGAGETGACGCGCAGCGGT~/ /~CTGECGETAT ~-ACGTCGCAAT--ATTCGTGGTCG

—[ [ —kk kAKA IR KKK A KRR KT A ) [ Fr kA Ak Kk kK kR ok *H

RBS-sequestor

typhimurium (Ravnum and Andersson  EC_BIUB TTGC
. . SY BTUB
2001). This element, a translational en- gz grie
hancer, plays the key role in the regulation =~ ®2-B2U5
. . . . {PiBTUB
of translation initiation of cbiA. In the ab-  ve_rTUB
sence of cobalamin it interacts with the e
region, corresponding to the left stem of Pkn’
S
the RBS sequestor, and thus releases the
translation initiation of cbiA. Moreover, it g%ﬁ;g;
has been suggested (Ravnum and Anders-  «e_zrus
son 2001) that in the presence of cobala- 52:%?};
min, the enhancer element interacts with Y& _sTU2

TCGCGTAATATTGATGAAA--CCTGCGGCATCCT-TCTTCTATTGTGGATGCTTT-ACAATG
TCGCGTACTATCGATGAAG—-CCTGCGECATCCT-TCTTATATTGTGGATGCTTT-ACAATG
TCGCGAGCAACTGATAAAA—-CCTGCGECATCCT-TTTTCTGTTTCGGATGCT TTTACAATG
TCGCETGCTATTAACAGRA--TCTGCGBCATCCT-TATTATCTCTCGGATGCATTAACAATG
TCGCGTACTACCGGCCATGGCACTGCGGCATCCGCCAATTGAGT TTGGATGCTCTCTTAATG
TCGCGTACTACCGGCCATGGCTCTGCGEGCATCCGCTATTTGAGT TTGGATGCTTTCTTAATG

ok ok x K

the Bi2-element, thus the RBS sequestor
forms and repression the translation ini- B
tiation is repressed.

To elucidate the mechanism of regula-
tion, we analyzed multiple alignments of
upstream regions of close ortologs of bruB
genes from enterobacteria and some
a-proteobacteria. It turned out that these
alignments contained islands of conserva-
tion, corresponding to BIl2-elements, sequestor hairpins,
and some additional elements in between (Fig. 4). The first
additional conserved element is complementary to the left
stem of the RBS sequestor. Thus, it can form an antiseques-
tor structure whose possible role is similar to the transla-
tional enhancer. Another conserved region can form a pseu-
doknot by interacting with the loop region of the P3 helix
of the Bi2-element. Similar additional elements in 5'UTRs
of BI2-regulated genes were found in most Gram-positive
and Gram-negative bacteria (Fig. 5). In some cases the
pseudoknot element overlaps the left base stem of the an-
tisequestor/antiterminator, in other cases (including the
cases shown in Fig. 4), it is located within the antisequestor/
antiterminator. Thus, the predicted mechanism of the co-

letters.

Ak kK Kk E K A * KkEAEE * * Ak

FIGURE 4. Multiple alignment of the btuB upstream regions from enterobacteria (A) and
some a-proteobacteria (B). Gray background denotes the PO and P3 stems of the BI2-
element and the proposed RBS sequestors. Bold black denotes the main stem of the anti-
sequestor. Arrows show the complementary stems of RNA secondary structures. Candidate
pseudoknots are underlined and designated Pkn. RBSs and start codons are shown in bold

balamin riboswitch differs from the thiamin and riboflavin
riboswitches, as it involves formation of the pseudoknot
(Fig. 6). The B12-element stabilized by Ado-CBL interacts
with the antisequestor/antiterminator region, forms the
pseudoknot, and promotes the sequestor formation. In the
absence of Ado-CBL, the nonstabilized B12-element cannot
form the pseudoknot and the more favorable of antiseques-
tor/antiterminator structure folds, thus allowing for the
translation initiation or transcriptional readthrough.

Phylogeny of the B712-elements

Global analysis of the BI2-elements in available bacterial
genomes demonstrates that this conserved RNA regulatory
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antiterminatorfantiseq

regulatiry hairpin (terminatorRBS-sequestar)

> <
alpha-protecbacteria
BJA_BTUB GTCACACGCGAA 9 CGGGG 46 AGCCTCGITCGCTETEACGTGCCACTGACGTCATGCCEAGSTTACAACT!
RPA_BTUB GTCACACGCGAA 9 CGGGA 41 ACCTCGTTCECTETGACGT—-GCUACAGACGTCTGCCEASETTGAACCTTATG
BJA_BTUB3 GICACACGCGAA 9 CGGGG 46 GACCTCETTCGCIGTEACGIGCCACTGACGTCATACCIAGETCCCGCTGTG
RPA_BTUB3 GTCACACGCGA- 10 CCGGE 53 TOGCEETGACGTGC———————-———————- CACGTTAGCCECEAGCCAAGARAATG
SAR_BTUB GGCTGEEECCGC 2 CEGAGAC 58 GCECCEECCACGTCG—————m———m———— CAAGACGCCGEGEEACTATTTAGTG
SAR_BTUBF TGTCETTCCGCG 6 CGGGG 47 CICCCGCCATEAACGECAG-—--TTCCETTCATGEGCCEEEACTCCARGTCATE
Co_BTUB GTCGTTCATCGC 5 CGGGG 20 TCCCGAGAMACGACAGTC- GTCGTTCATAACGEGAACACTGTATTATG
CO_METE GET CCTCGACAGA GGLEEEETCTCC 69 AGCCTCECCAAAA———————————— —-CACCGGCACAGECTTTTCAAAGATS
RPA METE Gccs'rmr—-—ccmcmﬂmmﬂ;\-——m STCGAA 12 GGGLEEGETGCC 64 CCTTGCECCCARCA TTTTEEEETTGAGCCATS
BJA _METE TCIGECCCCECARCTGTGA: SGEEETGTCTCG 53 TGGCCITIGTCCCC ~—~—~AAC: ACGCTATG
MLO_METE CTGTTA 50 CCACGCCECAACC—————————————————. ATCEEEETATGGCATGACTGT
MLO_CFRX 1 COGEEC AGGAECCCBGCTTT TEGAC
MLO_BTUD 33 TCCPTCCETCECCAGTT-—— ——-TTGGAAAGTEACGERAAGTT CGACG
RC_CFRX 37 CGEETTCCCCCAACCCC-—-————-———-AAGAGGABEEGCGAT EGCCACCACG
RS_CFRX 53 -~ACGAAGAAGEEACGECCEATGACCGTGA
SM_BTUF 57 TCGGEEACTATTCATEA
BME_BTUF 60 TTCEGEGATATTTCATGARA
AU_BTUF 53 TTCTCCETACAAGAC---~4 5~-—-GTTTTACTTTCGACTGEAGAACACATET
MLO_ARDX 48 CCTCAATCACCACCAGTT: CAGTCCTTGAAGTATGAGEACAGGACATE
SM_ARDX TCGGAGCCAATT 6 CGGG 30 CCOTCTCOGAAA———————— e CGGCGEAAARACGAGGACAAGGECATG
RC_ARDX ceecggggeece 10 GECCTTGCCGEG AGGCAGEEECAAGTGAGCTE
BJA_CFRX GCBSCWACCGTGA GECGEAZGGGGT 49 TICECCTCCCECTETT ——TATTCTEEAAEAGECEATGAGCGTCA
RCO4759 GTGGCGATGE' -——GCMWAACTGTGA———MQSCAGA 6 GGGLEEEGTGAACCGGGS 37 GCCETITCCCCGCCCCTE————————— TTCAGEEAZECGCEGCATEGCGETG
beta.—prntedbaotu:.a
BPS_HOXN  CGCBTTTCGET-—-GCI CA GAG! 0 CGGEECCCGTTC 37 CCCCAGGGITCA GCCECEEGGATECGGCETG
BPS_COBG CCG( TGC CTGTGA cmeGACGTT 9 CAAGCCTTCATC 3 QGGG 65 CEETTGATC GEAGCGCTGTTGAATC
NE_BTUB » CGGTAA---CCTGAAGCAA 9 ATZGCGCACGCCA 54 TTTCTCCECAATC 27 TGC GEARACALTCTCCG
MFL, BTUB G \ GGAAGTGCISLGEECA 35 TTCCCGCACACTCCATT——32-————m———m— CTTTEEAGTCATTAACTAAT G
MFL BTUB2 AGGGLGEEETGT 121 CTCCGACCETATAGCTGATTTA--22~--—-AACAATCCACCAGGEAGCARTCCATG
MFL_NRDA C GAGGLGGEGGTGT 105 ACCCTGCTTCCTGA TGEGAECCTAAGATGAC
RSO_HOXN  ACGATGATGET---GCTGCGCCCGEARCTGTAA-——CEATETCCTT 23 GUGGEETGCACCGGGGEA 28 GICCTCACTCGCGGCGAT—————————— GACCCTTGTGGEGACCTAT CCETCG
RSO_BTUB  CGCBICCTGGT---GCTGECCCCGCARCGGTAA—-CCAGBACAGT 43 ATCCGGCTGCCA 8 CGGGGE 54 e CACCHBECEGCCATGGGCGCGC
gama—pmteobacter_ta
EC_BTUB GTCGCATCTG 11 CGCGT 15 TGCEGEATCCTTCTTC--— ~TATTGTEEATECTTTACARTCA
YP_BTUB GTCGCAATAT 10 CGCGT 17 TGCGECATCCGCCAATT ~GAGTTTEEATECTCTCTTARTC
YE_BTUB GTCGCAATAT 10 CGCGT 17 TGCGECATCCGCTATTT ~GAGTTTEEATECTTTCTTAATS
SY_BTUB GICGCATCTG 12 CGCGT 15 TGCGEEATCCTTCIT-- ATATTGTEEATECTTTACAATGA
KP_BTUB GTCGCACTGG 10 CGOGA 15 TGCGECATCCTTTTTC- ~TGTTTCEEATECTTTTACAATSG
EO_BTUB GTCGCAATTG 11 CGCGT 15 TGCGBCATCCTTATTAT-——————-————-———CTCTCGGATECATTAACAATS
PA_BTUB SGGAGEGECGC 25 CGTCCTCCGTCTGCCTCG-————~17—--—GAGAGCGACEEAGCAGCGCAGAGCAT G
PA_BTUB2 GA 40 GEEITCCGTCCTGCCCG TCATGAGAT CGCCCATGCCCCG
PP_BTUBZ 53 TTCCACCGGGATCCA-——————- TTCATTCCTGCAGCASTGEARCGACATETCC
PY_COBW 51 TECEGGCCECATT~————m— = GCCAMAGGECACCTGAT GAAA
PU_COBW 51 ATGCCEGCCACCTT: GCCAA CATCCGATGARAR
PP_COBW 52 TGECCGCGECAC—————-—— -ACTGCCAAGEGCAATGCGACATS
PA_COBW 50 GCATECCCGCCGAGCT GAACAAGEGCTGCCCAT GARAAC
SY CBIA 59 CCACCCTGAAC GEATCAGGGTAATCGCGECA
KP_CBIA 37 ATACCCTGACCGCCA-———————————~ GAACAGEACAGGGTALCGCAACCAGG
YE_CBIA 61 TCOOGCTTGA AATGEEGSEATTTTTTATGC
PP_CBTAB 37 GCGCTCCEOTATTEECCACA: AAAAGCAGAGEATCGCGTCATE
PU_CBTAB 51 CCCCETEACAC TTCAGAGEEAAGCGCCATE
PY_CBTAB 10 CATGECCCATTTGCCAR=——~—~ CACTCAAGACEEARCGCCATETCCACCATCA
PA_CBTAB Cl TGGELEEECE 34 GTGCGTACTCCTCTGCCACGCCCATGCCART CCAGAGHGARCGCACCATGTCCA
SON_BTUD —--BMG———ACTG‘PWACTGTGA— GCMLMGCTG 29 GLGGEIGACT 37 GIGGELCATGGCGCA- 23 TECC! TGGCTTTTAATE
AV_BTUB TCGCTTGMGT———G(RGCCWOGGTAG———CMGTGGOGA 6 GCGGTGCGRAGGECGECGEGEE 8 CCETIMITCCETCCGETTTCECA--12~~TGCGEETGECECEECEEAGANCGACCTTE

The Bacillus/Clostridium group
TCARATAGG

BS_BTUF T-——GCGETCCC-GCCACTETAA— 25 GATGTGTAAACAATAGGC 6 GIGTTGTTTACAGCATCTITTACCG-————-TCGTAGAGATGCTTTTT TAGTT
BE_BTUF 3 17 CGEGGGGTEAGACGCG 45 CGOECTCATTOCCAGATT -~ TAGGCGGAATGGGCGTTTTTTATT
BE_CBIW GGCAGACGTGLGGGAGAATG 44 CATTTTTCTGCACCTCTGCTA- ——--GAGAGGTGCTTTTTATTT
BI_CBIW GAGCEGEGARG 51 ACCCECTCGCATAT——--———- TAGOGARCGGGTTTTTCTCGT
HD_NRDA TLEGEECTTG 85 AAGCCTTTCICTCGA======m=mwmwm—=e e AGGARGGTTTTTTATTTGG
EF_BTUF GIAGCAARRA ~-GAGAAAAMAGTGGTTTTTTTGTA
DF_CBIM TGGA 68 AGAAGCCTAACCATC-—-=— GAGTTAGGCTTTTTTATTTTAT
DF_CBIP CTTCEEGETGARAGATTTTT 13 AAAAGTCCTATCTTTAGAAGT- ~ATTAGGACTTTTTTTAATTTG
CPE_CBRIK GCTTEEEAGGE ~GTAGCACAGATGCTTTTTATTTTT
DF_BTUF —-AATTAGGAGAAGTTTTTTATTTT
CPE_BTUF CTTITATET 15 GIGAGGETA

CA_BTUF wmmwm———mmm'n 10 CGGAGCGAA 82 CICCECAA: AAGCGGAGTTTTTTCTT
CPE_CBLT mTG——-—CMATG— 0 CTATTCTTA 6 CGGAGCC 37 AACTGGICGEGATAG-—-—-=-———-——~—TTATCCGTACCAGTTTT TTATTTT
CB_CBIP TAGGGARAC —AAGTTTATAGCCAATTTTTATATT
HD_COBT GCTGTCATT ————TTAAGCTGGGGTTTTTTGTGT
HMO01408 GIGGGATGA ~—ATGCAGATCTGGGGACT TTTIGCTTTTCA
HMO_CBID 0 TCCCCGCACCGGE AGGTTCCCTAGATTTTCATT
DHA_NRDD ATGTTEGS TCTGTCGGGAAGTTTTGT TTCGG
THT_BTUR CCTTCEGAGGGARG -AAGEGAAGECCTTTTTTATATAARA
THT_BTUF CCTTCEEAGEE 32 ARAAAGGTCTACCTCCGCAAGG===-—-=-~GGTAGGCCTT TTTTGATAGATA
Acti.nnbactm.a

MIL_CBTG Jolclclelelelelcle 58 GTCECCACTATEGAGCETTG-AATCGCATCCRAT TACCEETEECTCECCETE
SX12454 CTGEEECEE 4 geoe AGAGGEETGTTTCGGCETE
DI_BTUC ACATGTGCT 8 CGCGT 12 GACCGATATGTAG-——————m——m=————m—m TTGAAGTTGEECATGTGATC
SX_CBIM GAGEGTCTGCCGAGT CAT GCACATAGCCGAGGGCTT TCTGCCACCGGCGCACGCGATCGCCTGGG
SX_NRDA ceoggge 88 CTCCCTECGEEGEGCCCC: GTGCCGAGCGAGEEAETGCTCCACCTE
SX_PDUX GACTGGG 13 CGGGGC 26 CCTCCTTCCCEETCGCATG———CCAGGACGEGGACAGGALEAGEGTTTCTE
PI_CBIB GCGCAGEE 3 CCACGAGCTGCOTGLEEETGC--ACCGEGANIGATGECCCETEGATTTGA

FIGURE 5. Conserved RNA elements upstream of some BI2-regulated genes. The PO and P3 stems of the B12-element are highlighted in green.
Proposed regulatory hairpins (sequestors in proteobacteria and actinobacteria; terminators in the Bacillus/Clostridium group) are highlighted in
blue. Red denotes the base stem of the antiterminator/antisequestor. Arrows in the upper line show the complementary stems of RNA secondary
structures. Candidate pseudoknots that overlap the P3 loop and the antiterminator/antisequestor are underlined. RBSs and the start codons are

set in blue.
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FIGURE 6. Predicted mechanism of the B12-mediated regulation of CBL genes: (A) transcriptional attenuation; (B) translational attenuation

(inhibition of translation initiation).

element is widely distributed in eubacteria and regulates
most genes required for the CBL biosynthesis and some
other genes (Table 2; for details see D.A. Rodionov, A.G.
Vitreschak, A.A. Mironov, and M.S. Gelfand, in prep.).
First, various cbi and cob biosynthetic genes are regulated by
Bi2-elements in most CBL-synthesizing bacteria. These

genes either form single CBL gene clusters or are scattered
along the chromosome. Moreover, genes for most known
and predicted cobalt transporters, as well as cobalt chelata-
ses and reductases, are often preceded by candidate Bi2-
elements. Indeed, cobalt ions are required for the de novo
CBL biosynthesis. Second, the vitamin B,, transport sys-

TABLE 2. Phylogenetic distribution of gene clusters regulated by B12-elements

Gene cluster

Function

Taxonomic group

1. CBL biosynthesis
cbi and cob
cbt, hoxN, chiMNQO, hupE
orfl-cobW-cobN-chlID
bluB
btuR

2. Vitamin B, transport
btuB
btuFCD

cobalamin biosynthesis
cobalt transporters
cobalt chelation

cobalt reduction

CBL adenosyltransferase

vitamin B;, receptor
vitamin B, transporter
(ABC components)

3. B;,-dependent or alternative metabolic pathways

metE

nrd
ardX-frdX
achX

methionin synthase
ribonucleotide reductase
predicted enzymes
predicted enzymes

proteobacteria, the Bacillus/Clostridium group

all CBL-synthesizing bacteria

a-, B-proteobacteria, Pseudomonadaceae, actinobacteria
a-proteobacteria

a-, B-proteobacteria, Pseudomonadaceae

proteobacteria

a-, B-proteobacteria, Pseudomonadaceae, the
Bacillus/Clostridium and CFB groups, Deinococcus
radiodurans, actinobacteria, spirochetes, Fusobacteriaceae,
Thermotogales, Chloroflexaceae

various groups

various groups

a-proteobacteria

Deinococcus radiodurans and some other species

www.rnajournal.org 1093
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tems, btuBFCD in Gram-negative bacteria and btuFCD in
Gram-positive bacteria, are mostly BI2-regulated. Third,
B,,-regulons of various bacteria are predicted to include
enzymes from known B,,-dependent or alternative path-
ways, as well as several hypothetical enzymes from un-
known pathways. In particular, B,,-independent izozymes
of the methionine synthase and ribonucleotide reductase
are BI2 regulated in bacteria that have both B,,-dependent
and B,,-independent izozymes.

Using multiple alignment of identified BI2-element se-
quences without additional nonconserved interior loops
and the BII part, we constructed the maximum likelihood
phylogenetic tree for these RNA elements (Fig. 7). The BII
part was not used as it is not obligatory for all B12-elements.

The tree of BI2-elements has a number of branches that
correspond to taxonomic groups, for instance, the Bacillus/
Clostridium group or cyanobacteria. Comparison of the
BI12-element phylogenetic tree with the standard trees for
ribosomal proteins (Wolf et al. 2001) reveals both lineage-
specific and gene-specific branches, as well as recent ge-
nome-specific duplications and horizontal transfer events.

The branch of Bi2-elements found upstream of the cbi
operons of enterobacteria is the most obvious example of
possible horizontal transfer, as it clusters with various B12-
elements from the Bacillus/Clostridium group (Fig. 7), and
the same holds for phylogenetic trees constructed for each
gene from the cbi operon (data not shown). These obser-
vations allow us to suggest that the complete transcriptional

HMO_CBID

LI_CBIX
CA_BTUF HMO_CBIM A H
i a CPECBK o ggp  -ino-CBIA
BXx_BTUB .~ THT_BTUF!IpF BTUF/'SY CBIA.." DHA_NRDD)
- {THT_BTUR, .- YE_CBIA
ki DHA_CBLS et ; Cha
HMO_CBLS » HKQ014R8 EF_BTUF
s N CB_CBIP LMO_CBIA HE_ET
y o semememeesens \ - b= HD_ACHX
~ DR_BTUFR ;é CL_NRDU: ] ML_METE DHA BTUF EN_BTUB, —
+CL_FRD ! © SX_PDUX - o BE CBIW
{ DRLACHX'| © N SX METE MT_METE CPE_BTUF -
SORBTUFC .\ | o7 =7 N e G A CPE_CBLT
SX_BTUC CAU_BTUR PILMUTA TEE CaN BI_CBIW
EC_BTUB s :
AN_COBG GAU_BTUK/ EOBIUE - DF_CBIP}
RK_BTUF -~/ «wetus \ .. Tmrm
. o oz VC_BTUB KP_BTUB HMO_CBIQ
! TAHOXN . | E_BTUB RPABTUF2 BE _NRDA
. s YP_BTUB MLO CBTA
TQ_ACHX\S _C . d,\o+ BE_BTUF
\@ DHA_CBIET 5 comT 8 feors f HD_NRDA
TE_METE i : SX_NRDA  [pua onon Qv & %
\TQ-BTUF: PI_CBIB L -
AN_CFRX CY_HUPE - i RPA_BTUB
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AN CB [ & AU_BTUF
PMA_HUPE = o SM_BTUF P?,P—B—%EF
SN_HUP MLOLCFRX RS _BTUF
, MFL_NRDA RC._BTUF. RK_COBN
= TFU_COBN
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=M BLUG = BPSPé_OCBOGBG
AU_BLUB=TED criip RSO_HOXN ™~
AU_ACH Lo
RK_CAHAEDCBTG MT_CBTG CO_METE i 'RC_CBIP3 :
~ sx12454 MLO_METE Rk BTUES SRR BNE BBIA
SX_BTUF RPA_MET BJA_BTUB SM_COBU
BJA_METE
TM_BTUF ey &are BME_NRDH MLO_BTUD PD_COBU
PLCBIL RK CBTE  AU_NRDH =
15 . | AU_CBTA o RB(?F_UCBNOA BME_BTUB RS_CFRX
T SAR_BTUBF _COE
BPS_BTUB - RC BTUB® RC_CFRX
. oes oxn| RSO_BTUB RPA_HOXN RC_NRDD ec_exes
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FIGURE 7. Phylogenetic tree of B12-elements. The names of the proximal genes of the Bi2-regulated operons are given. The genome abbre-
viations are listed in Table 3. B12-elements without the BII part are set in bold and shaded in gray. Groups of genome-specific B12-elements are

circled by dotted lines.
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unit, including the regulatory B12-element and the cbi op-
eron, has been likely transferred from the Bacillus/Clo-
stridium group to three enterobacterial genomes.

The phylogenetic tree of BI12-elements contains a number
of genome-specific branches. In particular, four B12-ele-
ments found upstream of the pccC, cbtD, nrdA, and metE
genes from Bacteroides fragilis form a separate branch (Fig.
7). Furthermore, in D. radiodurans, Burkholderia pseudo-
mallei, Rhodopseudomonas palustris, Rhodobacter capsulatus,
Heliobacillus mobilis, Sphingomonas aromaticivorans, Strep-
tomyeces colelicolor, Clostridium difficile, Porphyromonas gin-
givalis, Chlorobium tepidum, and Chloroflexus aurantiacus,
we observed other organism-specific branches containing
two or three B12-elements. In all of these cases, the regu-
latory elements are located upstream of various nonho-
mologous genes. Thus, it seems likely that the evolution of
the B12-elements often involved independent lineage-spe-
cific duplications with subsequent transfer to a position
upstream of a new gene. On the other hand, the phyloge-
netic tree has branches that correspond to BI2-elements
occurring upstream of orthologous genes, for example, the
btuB genes from enterobacteria, the cobW genes from pseu-
domonads, and the bluB and metE genes from a-proteo-
bacteria. These observations indicate that these Bl2-ele-
ments have co-evolved with the corresponding BI2-regu-
lated genes.

Finally, the constructed phylogenetic tree allows us to
propose a possible origin of the BI12-elements lacking the
highly conserved BII part (see bold elements in Fig. 7). Most
Bi2-elements without the BII part, for example, all B12-
elements from early-diverged bacteria (D. radiodurans,
Chloroflexaceae, and cyanobacteria), form a separate branch
in the phylogenetic tree. The BII part seems to appear after
divergence of these taxonomic groups (recall that the BII
part was not used in constructing the tree). However, a
BI12-element from B. subtilis lacking the BII part is clustered
with several complete B12-elements from other Bacillus spe-
cies. Moreover, another BlI-deficient BI2 element from
Pseudomonas aeruginosa clusters with other Pseudomonas
BI12-elements with both BI and BII parts. The absence of BII
parts in these two BI2-elements likely is a consequence of
late deletions in these species. Thus, although the additional
BII part is highly conserved in a large number of Bi2-
elements, it is possibly not obligatory and can play an aux-
iliary role in the functioning of the BI2-element.

CONCLUSIONS

Regulation of most B,,-related genes in bacteria appears to
operate through a unique RNA structural element. The
Bi2-element is characterized by its compact secondary
structure with a number of conserved helices and extended
regions of sequence conservation, which could be necessary
for specific metabolite binding. Recently, it has been shown
that Ado-CBL specifically binds the leader mRNAs of CBL-

related genes from enterobacteria (Nahvi et al. 2002). How-
ever, the BI2-element also contains the highly conserved BII
structure, which is not obligatory for all bacterial B12-ele-
ments, being absent in deeply branching bacterial groups
and in some other cases. The role of this additional part of
the BI2-element is not clear.

On the whole, the mechanism of regulation of vitamin
B,,-related genes is similar to the previously proposed
mechanisms of regulation of riboflavin- and thiamin-re-
lated genes (Rodionov et al. 2002; Vitreschak et al. 2002). At
that, a highly conserved RNA element (RFN, THI, or B12)
is stabilized by direct binding of the effector (flavin mono-
nucleotide, thiamin pyrophosphate, or adenosylcobalamin,
respectively). Thus, an adjacent regulatory hairpin, termi-
nator or sequestor, can fold that leads to transcriptional or
translational repression of vitamin-related genes. In the ab-
sence of the effector, the unstable vitamin-specific RNA
element is replaced by an alternative antiterminator or an-
tisequestor RNA conformation allowing for transcription
readthrough or translation initiation. Interestingly, the ob-
served transcriptional and translational types of regulation
have similar taxonomic distribution for each of the analyzed
vitamin regulons. At that, the transcriptional termination
occurs mostly in Gram-positive organisms, whereas the in-
hibition of translation initiation happens in Gram-negative
proteobacteria, D. radiodurans, the CFB group and cyano-
bacteria.

This study once again demonstrates the power of the
simultaneous positional and phylogenetic analysis of regu-
latory elements and genes. This approach provides an op-
portunity for identification of new RNA regulatory ele-
ments in bacterial genomes and prediction of the regula-
tion. Moreover, it uncovers the traces of evolutionary events
such as horizontal transfer and lineage-specific duplication
of genes and regulatory elements.

MATERIALS AND METHODS

Complete and partial sequences of bacterial genomes were down-
loaded from GenBank (Benson et al. 2003). Preliminary sequ-
ence data were also obtained from the www sites of the Insti-
tute for Genomic Research (http://www.tigr.org), the Univers-
ity of Oklahoma’s Advanced Center for Genome Technology
(http://www.genome.ou.edu/), the Wellcome Trust Sanger Insti-
tute (http://www.sanger.ac.uk/), the DOE Joint Genome Insti-
tute (http://jgi.doe.gov), and the ERGO Database (http://ergo.
integratedgenomics.com/ERGO) (Overbeek et al. 2003). The ge-
nome abbreviations from the ERGO database are used throughout
and listed in Table 3.

The conserved secondary structure of the B12-element was de-
rived using the RNAMultAln program (A.A. Mironov, unpubl.).
This program simultaneously creates a multiple alignment and a
conserved secondary structure for a set of RNA sequences. The
RNA-PATTERN program (Vitreschak et al. 2001) was used to
search for new B12-elements in bacterial genomes. The input RNA
pattern described both the RNA secondary structure and the se-
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TABLE 3. Taxonomy and abbreviations for bacterial genomes used
in this work

Tax Genome Abbreviation
a Agrobacterium tumefaciens AU
Bradyrhizobium japonicum BJA
Brucella melitensis BME
Caulobacter crescentus CcO
Mesorhizobium loti MLO
Rhodobacter capsulatus RC
Rhodobacter sphaeroides RS
Rhodopseudomonas palustris RPA
Sinorhizobium meliloti SM
Sphingomonas aromaticivorans SAR
B Burkholderia pseudomallei BPS
Methylobacillus flagellatus MFL
Nitrosomonas europaea NE
Ralstonia eutropha REU
Ralstonia solanacearum RSO
Y Escherichia coli EC
Salmonella typhimurium SY
Klebsiella pneumoniae KP
Yersinia enterocolitica YE
Yersinia pestis YP
Erwinia carotovora EO
Vibrio cholerae VC
Pseudomonas aeruginosa PA
Pseudomonas putida PP
Pseudomonas fluorescens PU
Pseudomonas syringae PY
Shewanella oneidensis SON
Azotobacter vinelandii AV
Xanthomonas axonopodis XAX
d Geobacter metallireducens GME
Chloroflexus aurantiacus # CAU
Fusobacterium nucleatum FN
Thermotoga maritima ™
B/C Bacillus subtilis BS
Bacillus cereus ZC
Bacillus megaterium Bl
Bacillus halodurans HD
Bacillus stearothermophilus BE
Listeria monocytogenes LMO
Clostridium acetobutylicum CA
Clostridium perfringes CPE
Clostridium botulinum CB
Clostridium difficile DF
Thermoanaerobacter tengcongensis THT
Enterococcus faecalis EF
Heliobacillus mobilis HMO
Desulfitobacterium halfniense DHA
Act Corynebacterium diphtheriae DI
Moycobacterium tuberculosis MT
Mpycobacterium leprae ML
Thermobifida fusca TFU
Rhodococcus str. RK
Streptomyces coelicolor SX
Propionicibacterium shermanii Pl
Cya Anabaena sp. AN
Prochlorococcus marinus. PMA
Synechocystis sp. CY
Synechococcus sp. SN
Thermosynechococcus elongatus TEL

(continued)
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TABLE 3. Continued

Tax Genome Abbreviation

CFB Porphyromonas gingivalis PG
Bacteroides fragilis BX
Chlorobium tepidum CL

T/D Deinococcus radiodurans DR

SP Treponema denticola TDE
Leptospira interrogans LI

The names of taxonomic groups in Tax column («, B, vy, 3, B/C, Act,
Cya, CFB, T/D and SP) stand for a-, B-, y-, and &-proteobacteria,
the Bacillus/Clostridium group, actinobacteria, cyanobacteria, the
CFB group, the Thermus/Deinococcus group and spirochetes,
respectively.

quence consensus motifs. The RNA secondary structure was de-
scribed as a set of the following parameters: the number of helices,
the length of each helix, the loop lengths, and the description of
the topology of helix pairs. Additional RNA secondary structures,
in particular antiterminators and antisequestors, were predicted
using Zuker’s algorithm of free energy minimization (Lyngso et al.
1999) implemented in the Mfold program (http://bioinfo.math.
rpi.edu/~mfold/rna).

Protein similarity search was done using the Smith-Waterman
algorithm implemented in the GenomeExplorer program (Miro-
nov et al. 2000). Orthologous proteins were initially defined by the
best bidirectional hit criterion (Tatusov et al. 2000) and if neces-
sary, confirmed by construction of phylogenetic trees. The phylo-
genetic trees of the BI2-elements and B,,-related proteins were
created by the maximum likelihood method implemented in
PHYLIP (Felsenstein 1981). Multiple sequence alignments were
constructed using CLUSTALX (Thompson et al. 1997).

Complete FASTA sequences of BI2-elements, including the
additional and variable regions are available from the authors
(L.V. at _veter@mail.ru or M.G. at gelfand@ig-msk.ru).
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