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Abstract

Background: Formation of alternative structures in mRNA in response to external stimuli, either
direct or mediated by proteins or other RNAs, is a major mechanism of regulation of gene
expression in bacteria. This mechanism has been studied in detail using experimental and
computational approaches in proteobacteria and Firmicutes, but not in other groups of bacteria.

Results: Comparative analysis of amino acid biosynthesis operons in Actinobacteria resulted in
identification of conserved regions upstream of several operons. Classical attenuators were
predicted upstream of trp operons in Corynebacterium spp. and Streptomyces spp., and trpS and leu$
genes in some Streptomyces spp. Candidate leader peptides with terminators were observed
upstream of ilvB genes in Corynebacterium spp., Mycobacterium spp. and Streptomyces spp. Candidate
leader peptides without obvious terminators were found upstream of cys operons in Mycobacterium
spp. and several other species. A conserved pseudoknot (named LEU element) was identified
upstream of leuA operons in most Actinobacteria. Finally, T-boxes likely involved in the regulation
of translation initiation were observed upstream of ileS genes from several Actinobacteria.

Conclusion: The metabolism of tryptophan, cysteine and leucine in Actinobacteria seems to be
regulated on the RNA level. In some cases the mechanism is classical attenuation, but in many cases
some components of attenuators are missing. The most interesting case seems to be the leuA
operon preceded by the LEU element that may fold into a conserved pseudoknot or an alternative
structure. A LEU element has been observed in a transposase gene from Bifidobacterium longum, but
it is not conserved in genes encoding closely related transposases despite a very high level of
protein similarity. One possibility is that the regulatory region of the leuA has been co-opted from
some element involved in transposition. Analysis of phylogenetic patterns allowed for identification
of ML1624 of M. leprae and its orthologs as the candidate regulatory proteins that may bind to the
LEU element. T-boxes upstream of the ileS genes are unusual, as their regulatory mechanism seems
to be inhibition of translation initiation via a hairpin sequestering the Shine-Dalgarno box.
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Background

Formation of alternative structures in 5'-leader regions of
mRNAs is emerging as a major mechanism of gene regula-
tion. There exist several possible variants of this mecha-
nism whose common feature is the competition between
two structures, one of which represses gene expression via
premature termination of transcription or inhibition of
translation initiation (reviewed in [1-6]). The energeti-
cally or kinetically more favourable structure forms by
default, whereas the other one is stabilized by binding of
a regulatory protein, tRNA, or a small cofactor, or is
formed co-transcriptionally, as in classical attenuators.

RNA regulatory elements have been studied mainly in
gamma-proteobacteria (Escherichia coli) and firmicutes
(Bacillus subtilis). Computational analysis also has been
mainly restricted to proteobacteria [7,8] and firmicutes [9-
12]. Recently a new class of regulatory elements, ribos-
witches, has been described. These elements are highly
conserved and were found in all major taxa of bacteria, as
well as in some eukaryotes and archaea [13,14]. Compar-
ative genomic analysis has played a major role in the dis-
covery and analysis of T-boxes [9,15] and most
riboswitches (reviewed in [4,5]). Several groups per-
formed large-scale search for new RNA regulatory struc-
tures [16,17]. Analysis of RNA-based regulation often
leads to non-trivial functional assignments for hypotheti-
cal genes and filling gaps in metabolic reconstruction (e.g.
[11,14,18,19]).

Here we performed comparative analysis of candidate
RNA regulatory elements in genomes of Actinobacteria.
There are few known attenuators in these genomes. Those
that have been experimentally studied are attenuators of
the trp operons in Corynebacterium glutamicum [20] and
Streptomyces venezuelae [21]. Studies of attenuator-like
structures upstream of the ilvB and leuA genes of Strepto-
myces coelicolor produced somewhat ambivalent results.
Indeed, although candidate leader peptides and alterna-
tive RNA structures were found upstream of the ilvB and
leuA genes, reminiscent of the classical attenuators, the
mutation analysis demonstrated that the regulatory mech-
anism is not attenuation in the strict sense: mutations in
candidate regulatory codons in the leader peptide of the
iluB gene had no effect on regulation, and, although muta-
tions in the leader peptide of leuA had some effect, it was
not consistent with classical attenuation [22]. Computa-
tional analysis identified several types of riboswitches:
THI-elements [14], RFN-elements [18], B12-elements
[19], all of them regulating genes of cofactor metabolism
by sequestering the Shine-Dalgarno box and start codon,
and interfering with initiation of translation.
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Results and discussion

Following an approach described previously [8], we sys-
tematically analysed the upstream regions of amino acid
biosynthesis and aminoacyl-tRNA synthetase operons.
Candidate regulatory structures were found upstream of
genes involved in tryptophan, cysteine, and leucine
metabolism. Candidate T-boxes were observed upstream
of isoleucyl-tRNA synthetase genes. No conserved struc-
tures were observed upstream of genes from other amino
acid biosynthesis pathways.

Tryptophan

The trp operons are preceded by classical candidate atten-
uators in all considered genomes of Corynebacterium spp.
and Streptomyces spp. (Fig. 1). The leader peptides have
double or triple repeats of regulatory UGG codons. All ter-
minators are GC-rich and followed by poly-U-tracts. The
antiterminator and terminator hairpins in all genomes
contain complementary triples gGCC-rGCy-GGCC where
absolutely conserved positions are set in capitals. This is
analogous to the situation in proteobacteria, where the
patterns involved in multiple interactions within attenua-
tors are conserved at large evolutionary distances [8]. In C.
diphteriae, candidate attenuators were found upstream of
both biosynthetic operons trpB;EDGC and trpB,A. A can-
didate attenuator was found upstream of the tryptopha-
nyl-tRNA synthetase gene trpS, in S. avermitilis.

Cysteine

The upstream regions of the cys operon in Mycobacterium
spp. and Propionibacterium acnes and the cbs gene of Bifido-
bacterium longum contain short open reading frames
encoding candidate leader peptides with runs of cysteine
codons near the stop codon (Fig. 2a). The upstream
regions of Mycobacterium spp. are very similar and can be
aligned (Fig. 2b). However, they do not contain any con-
served hairpins that could serve as terminators of tran-
scription. One possibility is that this region contains rho-
dependent terminators similar to the situation in the tryp-
tophanase operon tna of E. coli [23]. Indeed, Mycobacteium
spp. have few rho-independent terminators [24,25]. On
the other hand, all Mycobacterium genomes contain the
components of the rho-dependent termination mecha-
nism, rho, nusG, nusA, nusB. The region between the can-
didate leader peptide ORFs and the first genes in the cys
operons contain polyY motifs that could serve as Rho-
binding sites [26-28]. However, these motifs are not con-
served, and thus this prediction is rather weak.

The cysteine operons in M. avium and M. leprae contain
additional hypothetical genes, MAP2122 and ML0840
respectively, that are 62% identitical but have no other
reliable homologs.
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a)

Bacterium Locus Gene Gene coordinates Protein

C. diphtheriae NC_002935 trpB1 2456701..2458032 NP_940652
trpB2 2465139..2466365 NP_940660

C. efficiens NC_004369 trpE 3052837..3054504 NP_739478

C. glutamicum  NC_003450 trpE 3233404..3234960 NP_602223

S. avermitilis NC_003155 trpS2  complement(5757496..5758491) NP_825902
trpE1 complement(7320283..7322268) NP_827260

S. coelicolor NC_003888 trpE 2276703..2278607 NP_626374

b)

Bacterium Operon Leader peptide

C. diphtheriae trpB1EGDC1 2456514 ------ MNAHNWWWRA - - - - - 2456543

C. diphtheriae trpB2A 2464983 ----- MNAAFKFWWRA- - - - - 2465015

C. efficiens i’rpEGDCBA 3052621 VNNFCQSQGTOQWWWRAR---- 3052671

C. glutamicum trnEGDCBA 3233152 VNNSCLSQSTQWWWRAN---- 3233199

S. avermitilis trpS2 5758647 ---MTTRTCTQQWWAA----- 5758609

S. avermitilis trpE1 7322414 ---MFAHSIQNWWWTAHPAAH 7322361

S. coelicolor trpE 2276540 ---MFAHSTRNWWWTAHPAAH 2276593

c)

Bacterium Operon Attenuator

C. diphtheriae fpr 1EGDC1 uggugguggcgcgcuuaace . gegggaed . guuuu. . . cacgcauucauuuc .

C. djphfhen'ae trszA uucugguggcgcgcecuageaggegggoocouuuugugugageauucaccaca

C. efficiens n—pEGDCBA uggugguggcgcgcuagavaagogggaeccacggaucaccaaguuguuuucac

C. glutamicum fprGDCBA uggugguggcgcgcuaacuaagcgagocugacaccucaaguuguuuucacuu

S. avermitilis z‘rp82 caguggugggccgcecuga . ¢cgged . gecguacacacguauguacuc. .. .. .

S. avermitilis frpE1 uggugguggaccgcoucauccggedg. geccacugacugoegagu. e e wa .

S. coelicolor fpr uggugguggaccgcucacecggeg. geccacugacugegaegeg. vov. ..

S. venezuelae fpr uggugguggaccgcucacccggoeg. geccacugaucgaegogl. .. vw v . .

C. djphthen‘ae ............ aac..aggecucgecuugucca. . . .ac.aagcagegggecuuuuuguuagae

C. diphtheriae .caacuuuuggaaacacaagecegeguall. .« . ..o v e e e . c.gegggouuuuucguauau

C. efficiens .acugaagauuu. . . caaggcucguguacuucguucgacgaagcagegggecuuuu . gugguuca

C. g[uta micum . .ugaugaauuuuuuaaggcucgu. . acuucguucgacgaagaagegggeouuuu . gugguuuuu

S. avermitilis - AacCggeegCCgCCU. v v v v v v v ve v e n s cggcggcecguucucguuucuc

S. avermitilis .acgcaagacuucgegaaggecgeel. - o - oa i v e e e e gaggggcggecuuucguguuuccg

S. coelicolor . .acucaagacucgegaaggelglcC. v .c e v v v . gaggggcggcouucgguguuuucyg

S. venezuelae acacggaucacacgcacaggeeglel. . v . v v v an . gaggggeggaocuuucucg

Figure |

Leader peptides and candidate attenuators upstream the trp operons in Corynebacterium and Streptomyces
spp. 2) Coordinates and protein identifiers of the first genes in the operons. b) Alignment of the leader peptides. The numbers
denote genome positions of the aligned fragments. c) Alignment of the attenuators. Tryptophan and stop codons are shown in
bold. The terminator hairpins are highlighted in grey, the antiterminator hairpins are underlined. The alignment contains frag-
ments between the tryptohan codons and the terminator hairpin followed by poly-U-tracts. The numbers denote genome
positions of the aligned fragments.
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a)
Bacterium Locus Gene Gene coordinates Protein
M. avium NC_002944 MAP2122 2351330..2352622 NP_961056
M. bovis NC_002945 cysK1 2586392..2587324 NP_856011
M. tub NC_002755 cysK 2604640..2605572 NP_336875
CDC1551
M. tub H37Rv NC_000962 cysK 2608794..2609726 NP_216850
M. leprae NC_002677 ML0840  complement(997285..998589) NP_301634
M. marinum gnl|Sanger_216594|mar22d05.p1c  cysK complement(136548..137477) (unfinished)
P. acnes NC_006085 cysK 1047389..1048324 YP_055674
B. longum NC_004307 cbs 1006495..1007721 NP_696325

b)

Bacterium Operon Leader peptide

M. avium XcysKE 2351124 MQHRLQPRFAPSRCLVVACCCCCCR 2351177

M. bovis cysK1E 2586122 MQQAIQLRFILPRRLAVGCCCC--- 2586187

M. tub CDC1551 cyskKE 2604371 MQQAIQLRFILPRRLAVGCCCC--- 2604436

M. tub H37Rv cysKE 2608526 MQQAIQLRFILPRRLAVGCCCC--- 2608591

M. leprae XcysKE 0998791 MHQSTQPRFVFTRRFTVDCYCRCC- 0998742

M. marinum cysKE 0138059 MQQAAQLSFVLTRCPAVDCCCC--- 0137994

P. aches cysK 1047061 MTSAMMVCICRCCC- 1047102

B. longum cbs 1007876 MQIISCCCR- 1007850

c)

RBS  Start

M. avium uauaguggugacaugcaacaccgccuacagccgecgcuuu

M. bovis, tub uauagugggcccaugcaacaggccauacagcugcgcuuu

M. leprae uauaguggaccuaugcaucaguccacacagccacgcuuu

M. marinum uauaguagagccaugcaacaggccgcacagcugagcuuu

Cys tract

M. avium gccececgucgegcugeccuugucguggeccuguuguugcuguuguugucgu

M. bovis, tub auccucccegegcecgecucgeoegugggcuguuguuguugu. ... ...

M. leprae gucuuuacgcgccgcuuuaccguggacuguuauugucgcuguuge. . .

M. marinum guccucacgcgcugccceccgcecguggacuguuguuguugeugu. ... ..

Stop and putative Rho binding site

M. avium UgAUUUCCgcaaGCCCUCugacgcuguagaaAlUCCCCgcgcucGCCCCUgeccyg

M. bovis, tub UgAUUCCUg .gcguccacagcaAUUCCUcgceGCUCUUgcccyg

M. leprae ugAUUCCUgac . ACCUUUuaacGCUCUCagcaaaucauucacGUUCUCgccua

M. marinum ugAUUCCUgac .gcguucugaccguccaguaaucgucGCCuCcUgucgccucaugg
Figure 2

Leader peptides upstream the cys operons in Mycobacterium spp. and P. acnes and cbs operon in B. longum. a)

Coordinates and protein identifiers of the first genes in the operons. b) Alignment of the leader peptides. The numbers denote
genome positions of the aligned fragments. c) DNA alignment of the leader peptide genes. Start, cysteine and stop codons are
shown in bold; candidate Rho-binding sites are shown in capitals.

Leucine

The upstream regions of the ilvB genes (operons ilvBNC,
ilvBHC, ilvBserA,) in Corynebactecterium, Mycobacterium,
Streptomyces species contain short ORFs with runs of iso-
leucine, valine and leucine codons overlapping the candi-

date terminator hairpins followed by polyU-runs (Fig. 3).
However, the exact mode of regulation is not clear, as
experimental substitution of possible regulatory codons
upstream of the ilvBNC operon in S. coelicolor had no
effect on regulation or expression of ilvB [23].
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a)

Bacterium Locus Gene Gene coordinate Protein

C. diphtheriae NC_002935 iivB 1082013..1083971 NP_939459
C. efficiens NC_004369 ilvB 1432330..1434327 NP_737975
C. glutamicum NC_003450 ilvB 1338131..1340011 NP_600493
M. tuberculosis H37Rv NC_000962 ilvB complement(3361127..3362983) NP_217519
M. tuberculosis CDC1551 NC_002755 ilvB complement(3355506..3357362) NP_337598
M. bovis NC_002945 ilvB1 complement(3317745..3319601) NP_856673
M. leprae NC_002677 ilvB complement(2044335..2046212) NP_302166
M. avium NC_002944 ilvB1 complement(3379032..3380900) NP_961972
M. marinum gnl|Sanger_216594|mar755h11.p2k1114 complement(164709..166565) (unfinished)
S. avermitilis NC_003155 ilvB complement(3354433..3356283) NP_823909
S. coelicolor NC_003888 ilvB 6003117..6004958 NP_629647
b)

Bacterium Operon Leader Peptide

C. diphtheriae ilvBHC 1081747 MNIIRLVVITTRRLP 1081791
C. efficiens ilvBHC 1432212 MTSIRPVVIVAARRLP- 1432259
C. glutamicum ilvBHC 1337840 MTIIRLVVVTARRLP 1337884
M. tuberculosis H37Rv ilvBNC 3363152 MDKAGKPGMLVVIGRRVGA 3363096
M. tuberculosis CDC1551 ilvBNC 3357528 MDKAGKPGMLVVIGRRVGA 3357472
M. bovis ilvB1NC 3319767 MDKAGKPGMLVVIGRRVGA 3319711
M. leprae ilvBNC 2046378 MLVVICQRVGG 2046346
M. avium ilvB1N 3381051 MLVVI-RRVGA 3381022
M. marinum ilvB 166742 MDTAGTPGKLVVLGRRVVA 166686
S. avermitilis ilvBNC 3356481 MRTRILVLGKRVG 3356443
S. coelicolor IvBNC 6002909 MRTRILVLGKRVG 6002947
c)

Bacterium Terminator

C. diphtheriae aaaagcg...cccucgacag. . . .caccacacaugcugagegggggcuuuccuuau
C. efficiens caa.gcg. . .cccucgacaguacccaccacagugeuguuucgagggecuuuguugu .
C. glutamicum caa.gcg...cccucgacaacacucaccacaguguuggaacgagggcuuucuuguu
M. tuberculosis caacgcg..acccucgugcagecagc. ... ... ugagcuggcga . ggguuuuuucuu
M. bovis caacgcg. .aceccucgugeageage. . o.o.o. .. ugagcuggega . ggguuuuuucuu
M. leprae caacgcgcaaccoucgugcageuag. ... ... ucagcugucga . ggguuuuuuguu
M. avium caacgcgcaacccucgugcageaca. - .. ... .- agcugucg . gggguuuuuuguu
M. marinum caacgcgcaacccucgugcageag. .o... .. cugagcugacg . gggguuuuuuguu
S. avermitilis cggoegogouecaeouagocuugea. ... . ... ucacggcacgagggguuuuuuguu
S. coelicolor cgacgcgcuccccucgcuugec. .. ... .. uuacggcacgagggguuuuuuguu

Figure 3

Candidate leader peptides and terminators upstream the ilv opreron in Actinobacteria. a) Coordinates and pro-
tein identifiers of the first genes in the operons. b) Alignment of the leader peptides. The numbers denote genome positions of
the aligned fragments. c) Alignment of the terminators. The terminator hairpins are highlighted in grey.

Classical candidate attenuators were found upstream of
leuS (leucyl-tRNA-synthetase) in S. avermitilis and S. coeli-
color. Each of them contains an ORFs encoding the leader
peptide, as well as the antiterminator and terminator hair-
pins (Fig. 4).

Sequences upstream of the isopropylmalate synthase
genes leuA contain a number of candidate regulatory
sequences, together named the LEU element (Fig. 5, 6).
Firstly, there is an upstream ORF encoding a candidate
leader peptide with a run of leucine codons (Fig. 7).
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a)

Bacterium Locus Gene Gene coordinates Protein

S. avermitilis NC_003155 JeuS 6661895..6664783 NP_826665
S. coelicolor NC_003888 JeuS complement(2775536..2778436) NP_626809

M R A V R L L L S E

P R

S. avermitilis 6661741 augcgugccguacgccuucugcuuagecgagecgegocugaucageoccagaccacugacga

S. coelicolor

S. avermitilis
S. coelicolor

Figure 4

2778624 augcgugccguacgccouucugecuuagcgagecgcegeugaucagucccgacececgguegu

. .uuc.guggucggaaucggcgcggcgueccecuccugugecgagggguuuuuucauu 6661852
aguccgguggccggaaucggcgeggoeguceccuccugugegaggggauuuuucauu 2778510

Candidate attenuators upstream the leuS opreron in Streptomyces spp. a) Coordinates and protein identifiers of the
leuS genes. b) Alignment of the attenuators. Start, leucine and stop codons are shown in bold. The terminator hairpins are high-
lighted in grey, the antiterminator hairpins are underlined. The alignment contains fragments between the leader peptide ORFs

and the terminator hairpin followed by poly-U-tracts.

Secondly, this region may fold into a pseudoknot with an
additional stem at its base formed by pairing of the leu-
cine codon run with the Shine-Dalgarno box of the leuA
gene (Fig. 5, 8). Finally, the same region may form an
alternative hairpin with the same base stem (Fig. 6).

A similar pseudoknot was found in B. longum within a
gene encoding a transposase. The latter is homologous to
the 1S1554 transposase of M. tuberculosis and M. bovis
(66% identity), a putative transposase in C. efficiens (40%
identity), putative IS256 family transposases of S. avermi-
tilis (31% identity), hypothetical protein MAP2274 of M.
avium (29% identity), and some other putative trans-
posases from B. longum, C. efficiens, M. tuberculosis, M.
bovis, R. xylanophilus, S. avermitilis, S. coelicolor (Fig. 9a).
However, only the B. longum transposase contains a frag-
ment that may fold into the pseudoknot (Fig. 9b),
whereas other transposases, although highly similar on
the protein level in the corresponding region, contain a
number of non-complementary mismatches in synony-
mous codon positions and thus have lost the pseudoknot
folding potential.

T-boxes

Candidate T-box structures were found upstream of the
ileS genes from several Actinobacteria. They are unusual,
as instead of terminators, they contain hairpins sequester-
ing the Shine-Dalgarno boxes of the ileS genes (Fig. 10).

Thus it is likely that the regulatory mechanism involves
inhibition of translation initiation. To our knowledge,
this is the first example of a T-box acting on the level of
translation.

Conclusion

Candidate regulatory elements were found upstream of
genes involved in the tryptophan, cysteine and branched
chain amino acids metabolism. No conserved RNA regu-
latory structures were observed upstream of histidine,
threonine, phenylalanine, tyrosine, arginine, lysine,
methionine operons, although orthologous genes
involved in the latter pathways are regulated on the RNA
level in other species: methionine and lysine by the S-box
and L-box riboswitches respectively [3-5], histidine,
threonine and phenylalanine by attenuators [7,8], tyro-
sine and arginine by T-boxes [12].

Attenuators of the classical type were observed upstream
of the aminoacyl-tRNA-synthetase genes trpS and leuS in
some Streptomyces genomes, similar to those observed in
gamma-proteobacteria, (e.g. the pheST operon) [7]. In
contrast, in Firmicutes, most aminoacyl-tRNA-synthetase
genes are regulated by tRNA-dependent antitermination
(T-boxes) and none by classical attenuation [2,9,15]. No
classical T-boxes were found in Actinobacteria, but unu-
sual T-boxes, possibly regulating initiation of translation,
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Figure 5

C. diphtheria cuucuccuucuu. . . . . . cgccgoggoegggucacaggouuaacguccocuua
C. efficiens gcucuucuucuu. . . ... cgccgoggegggucccagaggucauaa. .« ... .
C. glutamicum cuacuucuucuu. . ... . cgccgeggeggguoccagaggucuuaa. ... . .
K. radiotolerans aaceuecuccuuc. .. .gucgccgeggeggagllad. « v v v v v e v o nn
M. avium cgggugeuccuccucggacgeocgegacggggueugalul. « vv v v v e v v e s
M. bovis cgggugeuccuccucggacgecgedacggaauUaUugall. « v v v v v v n v v v b s
M. leprae cagguacuccuccucgaacgccgogacgggguougail. « ..o v v v v ..
M. marinum cgggugecuccuccucggacgecgedacddadgoCugall. « v v v v e v e v v ..
M. smegmatis cgggugeuccuucucggacgecgeggeddd e v vov e v o s gucuga.......
S. avermitilis gggeugeuccuccuuagcugcegeggegagggeeuguaayg - v e e e e . s
S. coelicolor gggcugcuucuccuuagcugeegeggedaggageeuguag. « v v v e vv e s
T. fusca gagcugecuccugeuuagoeggoeegeggegggaygoCgauaa « vv e vv e v v ..
L. xyli ggcecugauucuccuuagougoeogogacgaaucCuaad .« v v v v o m e v v a s
N. farcinica cgggcucuucuucucggoeogeegegacgggguiugal. « v v v v v v e v v e s
A. naeslundii gugagceucecugcuuagucgccgcggCggggCCUTae s s s s s s s s s s s s
B. longum ggcguggaucuggagggceggeededacagug . . CUJITC . v v v v v v n v v v v s
Cd cacacagccggcuc. ccegucgeggaguucU. o .. . . aguguagceggeudg. . ... ..
Ce ...gcgaccggcac.cececguegeggaguuU. ««cw v .. guguugccggucgugaacccg
Cg ..cacgaccggcau.cccgucgcggaguud. .. . - . . . gguguugccggucgug- . . - . .
Kr ..cuaggccggucuccecocgucgegggaccucguc. . . gugcg.CgCCyglC. v v v v v v v s
Ma ..ccagaccggcuu.cccgucgcecgggu.guucgc. .. .gaug.cgccggucug. - . . . . .
Mb ..ccagaccggcuu.cccgucgcgggacguucge. .. .gaug.cgecggucug. - ... . .
M1 .cccagaccggcug.cccguuguggaa.guucac. .. .uaug.cgccggucug. - ... . .
Mm ..ccagaccggcuu.cccgucgeggg.uguucag. . . . cgaug. cgocggucugaag. . . .

Ms ..ucagaccggcuu.ceccgucgagdd.uguul. . . cgegaug . cgecggucda. .« .. . . .
Sa .cagaggccgacccccucccaegedgd. . agucudd . cguugegeaegueggecdg. - - . . . -

Sc ....aggccgacucccuccccogadd. . agouudg . . . uggugoagucggooguccuucag
Tf ....gggccggcucccucgcogaeggagguucgac . cugucugcugucggcag. ... . . .
Lx uuccgggcce. . .uccuucquedaedd . agquuaeguc. . ... .. .. guuggcucucec. . . .
Nf ...cggaccggce..ucccquedgedq.gquu. ... .. . aagcecgugcaggucgaccec. . . -
An ...caggccggcaccccogacegeggcugacucgu. .. . . . ccugcucggccacguucgceg

Bl aucugggc. .gucg.ccagecdegdgagggegcacgcuauuggougucggugcucac. .

Cd caacaagaacccacguGAAGGAAAcuacca

Ce caacagcgcuagaguuugauuccagaaaacaagcgcacacuccacGAAAGAUGagecacccauc
O gacccacccaaaacuuuuuAAGAAGGuugaacaca

Kr ..o gccegcaccagccecgcugaagaccgceGAACGAGGagaacgaa

Ma .. e agguuccuucugauauccccGGAGCAAucacc
Mb agguuccuucucaccaucccGGAGCAAcuace
ML e agguuccuucucacauc . ccGGAGCAAUUAaUU
M .o e e e e e e e e e uuccuucucgccacceccGGAGCAAcuacce
Ms e guccc. .guccaacucccGGAGCCAagaacuu
S uccuuccggacaccacGAGGAGeccacgce . au
Sc ... gacacgcggacgacgcggacaccgcoccgagauccgeggacaucacGAGGAGeccacgccau
P cacgaccgcaagaaaaagucucalGGGAGeguauucac
I gaccagaccgcGAAGAGAuaucggacc

NEf . auuacugggauuccaccaacccuGGAGAAuUgC

N 5 gcegeguuccucAGGAGucag

Bl e cgagcuGAAGAAccggggc

Alignment and RNA secondary structures of the leuA upstream regions (LEU elements). The stem at the base is
highlighted in grey, helices forming the pseudoknot are underlined and double underlined, leucine and stop codons are set in
bold, the candidate Shine-Dalgarno boxes of the leuA are set in capitals. The last sequence is that of the transposase from B.
longum (see the text). Sequences for M. bovis (Mb) and M. tuberculosis spp. (Mt and Rv) coincide.
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C. diphtheria cuucuccuucuu. . .. .. cgcegeggcgggucacaggcuuaacgucccuua
C. efficiens gcucuucuucuu. . . .. . cgccgceggcgggucccagaggucauaa. ... . .
C. glutamicum cuacuucuucuu. . ... . cgccocgcoggcgggucccagaggucuuaa. - - . . .
K. radiotolerans aaceuccuecuuc. ..gucgccgeggcgggdCCad. « v v v v v v v v v vnnn
M. avium cgggugcuccuccucggacgccgcgacggggucugaul. .« o.ow oo ovv e e . -
M. bovis cgggugeuccuccucggacgoagaegacggggucugau . ..o e . e el o n . -
M. leprae cagguacuccuccucgaacgccgegacggggucugal. - .. v v v v h e e . .
M. marinum cgggugecuccuccucggacgccgegacggggecugal. - ... e e .
M. smegmatis cgggugeuccuucucggacgccgcggeggg. - - - - - - . gucuga.......
S. avermitilis gggecugcuccuccuuagcugcecgeggegagggccuguaad . c.o. v v vl .
S. coelicolor gggcugcuucuccuuagcugecgeggegagggecuguag. - ... . e . . .
T. fusca gagcugeuccugcuuagcggoeacgeggegggggecgauaa. «ove e e e e . .
L. xyli ggcecugauucuccuuagcugeccgegacgaauccuaag .« -« v v v v v v v o . -
N. farcinica cgggaucuucuucucggaacgaoagagacgggguougall. oo e e e ..
A. naeslundii gugagceuceugcuuagucgccgcggCggggCCUTae « e s s s o o s o s s oo s
B. longum ggcguggaucuggagggcggcecgecgacgug. .cugggc. ... ... .
Cd cacacagccggcuc. ccecguegeggaguucU. ... . . . aguguagccggeug. - .. ... .
Ce ...gcgaccggcac.coceguegeggaguuu. «.. v .. .. guguugccggucgugaacccg
Cg ..cacgaccggcau.cceccguogeggaguud. ... .. . gguguugccggucgug. . . . . .
Kr ..cuaggccggucuccecguegegggaccucguc. . .gugcy.cgccgdglC. v v v v v
Ma . .ccagaccggcuu.cccgucgegggu. guucgce. . . .gaug.cgccggucug. ... . ..
Mb . .ccagaccggcuu.cccgucgegggacguucyge. . . .gaug.cgeccggucug. ..o - . . .
M1 .cccagaccggcug.cgccguugugdaa.guucacu. . . .aug.cgccggucug. . .. . . .
Mm . .ccagaccggcuu.cccgucgeggg.uguucg. . . . cgaug. cgeccggucugaag. .« . .
Ms ..ucagaccggcuu.cccguacgeddg.uguuu. . .cgegaug. cgecggucga. ... ..
Sa .cagaggccgacccccuccccegegdad. -ucugg . cguugcgccgucggecg. - - v . - . .
Sc ....aggccgacucccucccogeggadg. . cuugg. . . uggugccgucggeccgucacuuccg
Tf ....gggccggcucccocucgoeogoeggagguucgac . cugucugecugucggecd. oo . . .
Lx uuccgggcc. . .uccuucgucgeggaq. Uucguc. -« v v o v . . . guuggcucuccc. . . .
Nf ...cggaccggc..ucccguegeggdgg. uld. ... . . . aagccgugccggucgacac. . . .
An ...caggccggcacccecgaccgeggcugacucgu. .. .. . ccugcucggcecacguucgcg

Bl aucugggc. .gucg.cccgeegeggagggcgcacgocuauuggcugucggugcucac. .

Cd e e e e caacaagaacccacguGAAGGAAAcuacca
Ce caacagcgcuagaguuugauuccagaaaacaagcgcacacuccacGAAAGAUGagcacccauc
65 P gacccacccaaaacuuuuuAAGAAGGuugaacaca
Kr .. i gccgcaccagccgcugaagaccgcGAACGAGGagaacgaa
Ma ... agguuccuucugauauccccGGAGCAAucacc
Mb .o i agguuccuucucaccaucccGGAGCAAcuacc
ML e e e e agguuccuucucacauc . ccGGAGCAAUUaUU
M .o uuccuucucgccacccccGGAGCAACuacc
= guccc. .guccaacucccGGAGCCAagaacuu
S uccuuccggacaccacGAGGAGecccacgc. au
Sc ..., gacacgcggacgacgcggacaccgeccgagauccgeggacaucacGAGGAGeccacgccau
B cacgaccgcaagaaaaagucucalGGGAGecguauucac
L o e gaccagaccgcGAAGAGAuaucggacc
NE e auuacugggauuccaccaacccuGGAGAAuuge
7N gccecgecguuccucAGGAGucag
Bl e e cgagcuGAAGAAccggggc

Figure 6

Alternative RNA secondary structure in LEU elements. The stem at the base is highlighted in grey, two internal helices
are underlined and double underlined, other notation as in Fig 5.
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a)

Bacterium Locus Gene Gene coordinates Protein

C. diphtheria NC_002935 leuA  complement(228555..230372) NP_938656

C. efficiens NC_004369 leuA  complement(233589..235439) NP_736826
(adding 105 nucleotides)

C. glutamicum NC_003450 leuA  complement(266151..268001) NP_599502

K. radiotolerans  AAEF02000060 leuA  complement(3238..4965) EAM73829

M. avium NC_002944 JeuA  333789..335633 NP_959246

M. bovis NC_002945 leuA  4091088..4093193 NP_857375

M. tub CDC1551 NC_002755 leuA  4145949..4147928 NP _ 338367

M. tub H37Rv NC_000962 leuA  4153737..4155671 NP_218227

M. leprae NC_002677 leuA  2754640..2756463 NP_302512

M. marinum gnl|Sanger_216594|mar428a07.p1k 192528..194345  (unfinished)

M. smegmatis gnl|TIGR_246196|contig:3563:m_smegmatis 6334690..6336495 (unfinished)

S. avermitilis NC_003155 leuA2 6774328..6776049 NP_826778

S. coelicolor NC_003888 leuA  complement(2725480..2727201) NP_733575

T. fusca NZ_AAAQO02000002 [leuA  349237..350943 ZP_00293601
(adding 27 nucleotides)

L. xyli NC_006087 leuA  complement(1501628..1503400) YP_062368

N. farcinica NC_006361 leuA  complement(322994..324787) YP_116514

A. haeslundii gnl|TIGR_240017|contig:1063:a_naeslundii 594374.596211 (unfinished)

b)

Bacterium Leader peptide

C. diphtheria 230506 MNRANLLLLRRGGSQA- 230459

C. efficiens 235612 MFSSHERSALLLRRGGSQRS 235553

C. glutamicum 268124 MTSRANLLLLRRGGSQRS 268095

K. radiotolerans 5097 VARLENLLLRRRGGAS - 5050

M. avium 333705 VADVQRVLLLGRRDGV-- 333752

M. bovis 4090959 VLHVQRVLLLGRRDGV--4091006

M. tub CDC1551 4145866 VLHVQRVLLLGRRDGV--4145913

M. tub H37Rv 4153611 VLHVQRVLLLGRRDGV--4153658

M. leprae 2754521 VQQVLLLERRDGV--2754559

M. marinum 192399 VLCVQRVLLLGRRDG--- 192443

M. smegmatis 6334564 VLGVQRVLLLGRRGGV--6334611

S. avermitilis 6774199 MRFGLLLLSCRGEGL-6774243

S. coelicolor 2727361 MRFGLLLLSCRGEGL-2727317

T. fusca 349104 MLRELLLLSGRGGGR- 349148

L. xyli 1503533 MRVTLGLVYGLILLSCRDES--1503474

N. farcinica 324906 MORALLLGRRDGV-- 324868

A. naeslundii 594266 VSLLLSRRGGA-- 594298

Figure 7

Candidate leader peptides in the LEU elements.

were observed upstream of the ileS genes in several
genomes.

Despite the presense of conserved leader peptides
upstream of some cysteine and leucine operons, the mode

of regulation is unknown, as other attenuator elements
are missing. One possible explanation is that attenuation
of the cys operons in Mycobacterium spp. and P. acnes and
the cbs operon in B. longum involves Rho-dependent ter-
mination, similar to the tna operon of E. coli [23,29].
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Figure 8

Candidate RNA pseudoknot upstream of the leuA
operon in M. bovis. The corresponding alignment is given
Fig. 5. Boldface: the candidate Shine-Dalgarno box.

http://www.biomedcentral.com/1471-2180/5/54

The most interesting case seems to be that of the leuA
genes. The upstream regions of these genes contain several
conserved elements (referred to as the LEU element) that
can be interpreted in different ways. There are some archi-
tectural similarities with riboswitches, in particular, a
compact structure with a stem at the base [5,30,31]. The
latter is formed by interaction of a run of leucine codons
and the Shine-Dalgarno box. Indeed, Actinobacteria seem
to be the only taxonomic group where the base stems of
riboswitches directly overlap the translation initiation
site, without additional regulatory hairpins [5]. However,
the LEU element differs from all known riboswitches, as
the alignment of LEU elements does not contain con-
served unpaired nucleotides that would be involved in ter-
tiary interactions and form the ligand-binding pocket, as
in the purine riboswitches whose spatial structure has
been resolved [30,31] and in other riboswitches [5]. Thus
direct binding of a small molecule to LEU elements seems
unlikely. On the other hand, there is experimental evi-
dence that mutations in the leucine codons do not influ-
ence the regulation [22] and thus classical attenuation
involving translation of a leader peptide also is an
unlikely mechanism of regulation.

The above considerations make it likely that the LEU ele-
ment is a binding site of some regulatory protein. To test
for this possibility, we compared the pattern of phyloge-
netic distribution of LEU elements to phylogenetic distri-
butions of all actinobacterial genes. The closest
phylogenetic pattern was observed for orthologs of
ML1624 from M. leprae: homologs of this protein with E-
values <10-179 were found in all genomes containing LEU
elements, but not outside Actinobacteria. The only unex-
plained fact is the presence of a homolog with the E-value
~10-108 in P. acnes, which does not have a LEU element.
The structure of the ML1642 protein is consistent with an
RNA-binding regulatory role, as the protein contains an
N-terminal DEAD-box helicase domain (ProFam family
PF00270, E-value 3.6-10°) that may be involved in
unwinding of nucleic acids.

An additional enigma is the presence of a LEU element-
like sequence within a transposase gene. On the other
hand, it may be a clue to the origin of LEU elements. One
possibility is that the B. longum transposase represents an
ancestral state where the LEU element was involved in
maintenance or regulation of transposition. Situations
when a regulatory site occurs within a regulatory and/or
regulated gene are not very common, but they happen in
mobile elements [32]. Other transposase genes may have
lost the ability to form this structure due to mutations;
notably, the protein sequence has not changed much (Fig.
9), as most mutations occurred in synonymous codon
positions. A plausible scenario is that the transposase gene
was inserted upstream of the leuA gene in the ancestral
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a)
Bacterium Locus Coordinates Protein
B. longum NC 004307 2124903.. 2126108 NC 004307
M. bovis NC_002945 complement(1025963..1027282) NP_854601
M. tuberculosis CDC1551 NC_002755 complement(1025510..1026829) NP_335380
C. efficiens NC_004369 complement(1561522..1562694) NP_738106
b)
B. longum
M. bovis MDARQVIEPAHAGQODVDEAAVAA
M. tuberculosis CDC1551 MDARQVIEPAHAGQDVDEAAVARA
C. efficiens
Bl MAKEKGLDLTGPDGLLKQFTKSVLETALDEEMTEHLGR * * AKHKKSKDGRAANTRNGTTAKTVVTDSVGPVG IEVPRDRDGS
Mb RELSGAERALVGDLVRQARAEGVALTGPDGLLKALTKTVLEAALQEEMTEHLGY * * * DRHARAGRGSGNSRNGSRNKKVI TDACGQVEIAVPRDRNGT
Mt RELSGAERALVGDLVRQARAEGVALTGPDGLLKALTKTVLEAALQEEMTEHLGY * * * DRHAARAGRGSGNSRNGSRNKKVI TDACGQVEIAVPRDRNGT
Ce MNAEMDAHLGYGHSDRDGKTAAGQGNHRNGYYPK*RVDSNYGPIDVAVPRDRNGS

hkkkkkkkkkkkkkkhkkkhhkkkkkkk kX EMEAHLGr**kkkkkkkkkk *k * *N*RNQ** * [k %% %% % Q% * x **VPRDR*3S

Bl FEPVVVRKRQRRLPGVDEVVLSLYARGLTTGEISAHFQEIYGADVSRETVSRITERVVAEKDEWCSRPLDRVYAAVE IDATVVKVRDG* QVANRAFYVAV
Mb FEPVIVGKRKRRVTDVDRVVLSLYAKGLTTGEIARHFADVYGVSVSKDTISRITDRVIEEMOAWWSRPLEKVYAAVEFIDAIMVKIRDG*QVRNRPVYAAT
Mt FEPVIVGKRKRRVTDVDRVVLSLYAKGLTTGEIARHFADVYGVSVSKDTISRITDRVIEEMOQAWWSRPLEKVYAAVEFIDAIMVKIRDG* QVRNRPVYAAT
Ce FLPTMVPKGSRRLTDVDDMII* LYAGGMTVRDIQHHMITSMGVDISHETISAITDAVLDEVMIWQNRQLDDFYPVIFLDALR IKVRDGGRVVNKSVYLAL

FAD* % *kK**RRA* A YDA Xk x k [YAXGHATh* * [h *h kk hkGrk k Sk * TISH ITHAVK*E* ¥ A Y*k*kRA[F ¥ kY ¥ *x * PADA* * * KA RDGH* ¥ VA N* * ¥ Y *k A%

Bl GVDLEGGRDVLGIWASPA*AEGARYWLSVLTELKNRGVDDVFFLICDGLKGLPDAVGAVWPLAIVQTCVVHLLRNTFRYASKKDWDAIKRDVKPIYTAPS
Mb GVDLDGHKDILGMWAGEGDGESAKFWLAVLTELRNRGVKDIFFLVCDGLKGLPDSVSAAFPLATVQTCIIHLIRNTFRYASRKYWDKISVDLKPIYTAAS
Mt GVDLDGHKDILGMWAGEGDGESAKFWLAVLTDLRNRGVKDIFFLVCDGLKGLPDSVSAAFPLATVQTCIIHLIRNTFRYASRKYWDKISVDLKPIYTAAS
Ce GVDIDGIKHILGIWLAKE**EGASFWANVCANLATRGVQDVFIVCCDGLKGLPQAVEATWPDSMVQTCVVHLIRAANRWVAYGDRKAVSAQLRKIYTAPT

GUD* ¥ Gr* k¥ LGKWk* * k kK EX AKX FH* * Tk * [ % kRGVAD*F % ¥ CDGLKGLD* ¥V A% ¥ Dx # ¥ VQTC* KHLTR*¥ % ¥R¥ kk* kkkk kk kkkk k% TYTAK *

Bl ** AAAAAAARDAMLDKWEARYPAIRRLWMDAWERFIPFLDYDVEIRRVICTTNAIESLNARFKRSIRARGHFPDEQAALKCMYLTVRSLDPTGKGRIRWS
Mb **AAFEARIRYEEFAEKWGKPYPAITRLWDSAWEEFIPFLDYDVEIRRVPCSTNATESLNARYRRAVRARGHFPNEQSALKTLYLVTRSLDPKGTGQTKWA
Mt ** AAEARIRYEEFAEKWGKPYPAITRLWDSAWEEFIPFLDYDVEIRRVPCSTNATESLNARYRRAVRARGHFPNEQSALKTLYLVTRSLDPKGTGQTKWA
Ce EDTAIAALEEFEASELGVK*YPQSAKVWRDAWDRFIPFLQFPPMARKVIYTTNSIESMNNELRKATRNRVQFTNDESAIKTLWLMI CNI EDKRAAKRAKQ

FRKDKPFFhhkhkkkkkkkk kY Phk kk * Pk kAW* * FIPFL** * % ¥ kRATH ¥ ¥ TN, TES*N** *kk kk Rk kk k Fhk kk * ATRHhF ATk kkk ko kkkk ke k ok

Bl ARWKPALNAFAITFADRWPSEGTQQ

Mb VRWKPALNALAITFADRMPAAEER

Mt VRWKPALNALAITFADRMPAAEER

Ce GKRVAASSGRLIEGRKVANWKQAINQMAVAFPDRFEAYL

kkkkkkkkkkkThdkkkkdhkdhrk

c)

B.!ongum G v DL E G GR DV L G I WA S P A * A E
ggcgtggatctggagggcggccgcgacgtgectgggecatectgggecgtegeccecgec* **gecggag

M. bovis G vbDLDGHIKDTIULGMWAGE G D G E

ggcgtcgacctcgacggccacaaggacatcecctggggatgtgggecggcgaaggcecgacggtgag
M. tuberculosis ¢ vV D L. D 6 H K D I L 6 M W A G E G D G E
ggcgtcgacctcecgacggccacaaggacatecctggggatgtgggeccggecgaaggcgacggtgayg

B. [ongum G A R Y W L s v L T E L K N R G
ggcgcacgctattggetgteggtgetcaccgagetgaagaaccgggge
M. bovis s A K F W L AV L T E L R N R G

tcagccaaattttggetggecagtgetecaccgaactgegecaategtggy
M. tuberculosis € A XK F W L A V L T D L R N R G
tcagccaaattttggetggecagtgeteacegacctgegecaategtyggy

Figure 9

Multiple alignments of transposases. a) Coordinates and protein identifiers of putative transposases. b) Protein alignment.
The fragment marked by the double line above corresponds to the B. longum fragment homologous to candidate pseudoknot
and shown in the last line of Fig. 5. c) Nucleotide alignment of the region shown by the double line in (b).
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a)
Ba
A.
C.
C.

C.
M.
M.
M.
M.
M.
M.

DOV

T.

b)
An
cd
Ce
Cg
Ma
Mb
Mt
Mt
Ml
Mm
NE
Pa
Rx
Sa
Sc
Tf

cterium Locus The ileS gene coordinates Protein
naeslundii gnl|TIGR_240017|contig: 10683:a_naeslundii complement(1311947..1315252) unfinished
diphtheriae NC_002935 complement(1617227..1620385) NP_939931
efficiens NC_004369 complement(2160737..2164195) NP_738653
49 codons removed

glutamicum NC_003450 complement(2270986..2274150) NP_601350
avium NC_002944 1324371..1327532 NP_960180
bovis NC_002945 1720532..1723657 NP_855215
tub H37Rv NC_000962 1736519..1739644 NP_216052
tub CDC1551 NC_002755 1736672..1739797 NP_336040
marinum gnl|Sanger_216594|mar288e12.s 1k complement(184205..187372) unfinished
leprae NC_002677 1410785..1413964 NP_301871

. farcinica NC_006361 1932119..1935247 YP_117986
acnes NC_006085 268050..271394 YP_054935

. xylanophilus NZ_AAEB01000029 complement(26358..29492) ZP_00187197

. avermitilis NC_003155 complement(7371348..7374491) NP_827306

. coelicolor NC_003888 2227237..2230380 NP_626335
fusca NZ_AAAQO02000011 complement(75752..78934) ZP_00291779

1315386 ccgucccggauggggcgcgcaguacggcaagcgAGGUGGUACCGCGgugcggcaccagccgggcaccagccccggu

1620486 uacaucagaugccucugguggaaugcucaagcgGGGUGGUACCGCGegga--=--========-======-=----
2164019 -gguggccuguuggugggeogcagguucaageaGGGUGGUACCGCGUCcCcggauca-—-——-—-—-——-—-—-=—-—---
2274270 aacgaaguggagcuaguuaauuuagoucaagcuGGEUGGUACCGCGUCCgUUU -~~~ —~——— -~~~ ~——~———— -
1324265 -----gaguggccacgcgaaagcegeggcaagegGGCUGGUACCCGLGgogeucgageag-—---~~--~=---==---~-
1720398 ----cgagcggeogegeaucggoguggeaagegGGCUGGUACCCLCgoguucgagoa- -~~~ ~~ -~~~ ~~~ -~~~ -~
1736385 ----cgagcggccgogcaucggeguggcaagcgGGCUCCUACCECGgcguucgcgCa----~~~~~=-=-=------
1736538 ----cgagcggccgcgcaucggeguggeaagegGGGUGGUACCGCGgeguucgegta-=-=================
1410679 ----aguggccgugeguucgegugeggeaagegGGGUGGUACCGCEICgeUCgegCal-————=— === === === =~

187479 aaauugagcggccgcacucaggugeggceaagegGGGUGEUACCEOGgegoucgagCan--=-==============-=
1931988 --gagguccggugcguccgacgecggacaaacgGGGUGEUACCGCGgUUUCTgCgCac-—-----=-=--=-=-=~~-
267949 -------- cgacgucguugacgucgugceaaggaGGGUGGUACCGCGgguaceeggaga--———-—-—-—--—-—- - - -
29622 agcgguccggggcogcgaggecucgggecaageaGGGUGGUACCGCGagageccgocuucuuuggagaaadga- - - - - — -
7374620 ---ggugcacacagggcgcoggggagecaaggaGGCUCGUACCGCGggagagaegacgoacacggaguacggaaaga
2227135 ---gagcacacgacgcaccggoogggocaaggaGGGUGGUACCGCGggagaa-— -~~~ ————~—-—————————— - -
79034 ----- ggcaggacgacggeogoegeggeoaaggaGGGUGGUACCECGgggague-—— -~~~ - —~=-—---—= - - - -
T-box

cgggagccgacgucguccucgucaggeet-------~---------—-- -~ cgggcacccgeceGAGGCGGecaggaacga----
————————— aacgcgucececgecacuuuaaggc-----------------3gaaugcuugcgaaaguGAAGGAgaaaa----

———————— aggggcguccccgcaaguaca- - - - - - -ugaccaucauuggcacuugcgaaggauuaAGGGAccgacucac - -

—————— uuuagggcgeecececgcagguagaacgaua- - - - - - —auuauuguuacuugcgugaaggauGGGACCgaacacac- -
-ccagcgcgucgucguceccgguuugCa-—=-=—===-=-========—=—-——-—— -~ ccguggcacaGGAGAcaacgcgcauc-
-ccggcguggegueguccecgagecuggauugecaggcacgcagugecgaacggugcuggggecugGGGAGAcgacgegcaaa
-ccggcguggegucguccecgagecuggauugcaggcacgcagugecgaacggugcuggggecugGGGAGAcgacgecgcaaa

Mt -ccggcecguggegucgucccoogagocuggauugecaggeacgecagugecgaacggugouggggecugGGCAGAcgacgacgcaaa
Ml -cuagcgcgucgucguccccgugucuacuugu-— - - - - - - - --------—-- guuaaguggcccaGGAGACgU - - - - - -~ - -
Mm cugagcgocgucguogueccocgugeog--—-—-------------------- ugugauuucuggcacaGGAGAccg---------
Nf cgggcgccgaggucgucccecgugeccacacagacacgeg------ ceccugeggogegguggcacGAGCAGACgcauccgcg-
Pa -auccggugugcucgucCCuCggUgacC- == === == == === == === - - - cgagacGAAGGACcacccgcugcg- -
RX ------ gggcuceecgucccugeggeecggaga-------~------- - ggucgccGGEGcGCGAGccuggcuuuucaacgggag
Sa ----cucggcucucgucccuccggacggaagg------------~----=~--~-~~ agaaagucegecGCGAGGAagcucgeaeg-
Sc ====-=-- cCggcucucgucccuccg-acggaagg---------------=------ cagcacguccgccGGAGGAagcucgcug-
TE -------- ugccucgucccuccgucaggugaccag--——-------—--—-—--- caccecugauGGAAAGGuUacgccac-----
RBS
Figure 10

Multiple alignment of T-box structures upstream of the ileS genes. a) Coordinates and protein identifiers of the ileS

genes.

b) Nucleotide alignment of the 5' untranslated regions. T-box hairpins are underlined and T-box sequences are set in

capitals. The sequestor hairpin is shaded in grey. Candidate Shine-Dalgarno boxes are set on capitals. Anti-sequestor hairpins
are set in bold.
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actinobacterial genome. The main fraction of the coding
sequence was subsequently deleted, whereas the structural
element was co-opted for regulation of the downstream
leuA gene.

Methods

Genomes of Actinobacteria Actinomyces naeslundii (An),
Bifidobacterium longum (Bl), Corynebacterium diphtheriae
(Cd), Corynebacterium efficiens (Ce), Corynebacterium
glutamicum (Cg), Kineococcus radiotolerans (Kr), Leifsonia
xyli (Lx), Mycobacterium avium (Ma), Mycobacterium bovis
(Mb), Mycobacterium leprae (M1), Mycobacterium marinum
(Mm), Mycobacterium smegmatis (Ms), Mycobacterium
tuberculosis (Rv and Mt), Nocardia farcinica (Nf), Propioni-
bacterium acnes (Pa), Rubrobacter xylanophilus (Rx), Strepto-
myces avermitilis (Sa), Streptomyces coelicolor (Sc),
Thermobifida fusca (Tf), Tropheryma whipplei (Tw) were
downloaded from the NCBI web site. We also used
sequences of Streptomyces venezuelae (Sv) from [21].

Candidate operons were defined as chains of genes tran-
scribed in the same direction with intergenic regions not
exceeding 150 nucleotides. Multiple alignments of genes
were used to verify and, if necessary, revise annotated gene
starts [33]. The revisions included adding 105 nucleotides
(35 codons) to the leuA gene from C. efficiens, adding 27
nucleotides (9 codons) of the leuA gene from T. fusca, and
removing 147 nucleotides (49 codons) of the ileS gene
from C. efficiens.

RNA sequence and structure alignments were constructed
using MultAlign (A.A. Mironov, personal communica-
tion) and the program GL [34]. Search for RNA structural
patterns was performed using the PAT program (A.V.Seliv-
erstov, unpublished). Search for conserved sequence frag-
ments was done using the CLIQUE program [35].
Multiple protein sequence alignments were constructed
using MultAlign.
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