http://www.jbc.org/content/suppl/2002/12/06/277.50.48949.DC1.html

| Supplemental Material can be found at: |

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 277, No. 50, Issue of December 13, pp. 48949-48959, 2002
Printed in U.S.A.

Comparative Genomics of Thiamin Biosynthesis in Procaryotes

NEW GENES AND REGULATORY MECHANISMS*[S]

Received for publication, September 3, 2002

Published, JBC Papers in Press, October 9, 2002, DOI 10.1074/jbc.M208965200

Dmitry A. Rodionovi§, Alexey G. Vitreschaky, Andrey A. Mironovi|, and Mikhail S. Gelfandi|

From the State Scientific Center GosNIIGenetika, Moscow 113545, Russia, Ynstitute for Problems of Information
Transmission, Moscow 101447, Russia, and |Integrated Genomics, Moscow, P.O. Pox 348, Moscow 117333, Russia

Vitamin B, in its active form thiamin pyrophosphate
is an essential coenzyme that is synthesized by cou-
pling of pyrimidine (hydroxymethylpyrimidine; HMP)
and thiazole (hydroxyethylthiazole) moieties in bacte-
ria. Using comparative analysis of genes, operons, and
regulatory elements, we describe the thiamin biosyn-
thetic pathway in available bacterial genomes. The
previously detected thiamin-regulatory element, thi
box (Miranda-Rios, J., Navarro, M., and Soberon, M.
(2001) Proc. Natl. Acad. Sci. U. S. A. 98,9736-9741), was
extended, resulting in a new, highly conserved RNA
secondary structure, the THI element, which is widely
distributed in eubacteria and also occurs in some ar-
chaea. Search for THI elements and analysis of operon
structures identified a large number of new candidate
thiamin-regulated genes, mostly transporters, in vari-
ous prokaryotic organisms. In particular, we assign
the thiamin transporter function to yua< in the Bacil-
lus/Clostridium group and the HMP transporter func-
tion to an ABC transporter thiXYZ in some proteobac-
teria and firmicutes. By analogy to the model of
regulation of the riboflavin biosynthesis, we suggest
thiamin-mediated regulation based on formation of al-
ternative RNA structures involving the THI element.
Either transcriptional or translational attenuation
mechanism may operate in different taxonomic
groups, dependent on the existence of putative hair-
pins that either act as transcriptional terminators or
sequester translation initiation sites. Based on analy-
sis of co-occurrence of the thiamin biosynthetic genes
in complete genomes, we predict that eubacteria, ar-
chaea, and eukaryota have different pathways for the
HMP and hydroxyethylthiazole biosynthesis.

Thiamin pyrophosphate (vitamin B,) is an essential cofactor
for several important enzymes of the carbohydrate metabolism
(1). Many microorganisms, as well as plants and fungi, synthe-
size thiamin, but it is not produced by vertebrates. The thiamin
biosynthetic (TBS)! pathway of bacteria is outlined in Fig. 1.
Thiamin monophosphate is formed by coupling of two inde-
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pendently synthesized moieties, HMP-PP and HET-P. In Esch-
erichia coli and Salmonella typhimurium, this enzymatic step
is mediated by the ThiE protein. At the next step, thiamin
monophosphate is phosphorylated by Thil. to form thiamin
pyrophosphate. The pyrimidine moiety of thiamin, HMP-PP, is
synthesized from aminoimidazole ribotide, an intermediate of
the purine biosynthesis pathway. ThiC produces HMP-P,
which is then phosphorylated by the bifunctional HMP kinase/
HMP-P kinase ThiD. The thiazole moiety of thiamin in E. coli
is derived from tyrosine, cysteine, and 1-deoxy-D-xylulose phos-
phate in an unresolved chain of reactions involving the ¢hiF,
thiS, thiG, thiH, and thil gene products. 1-Deoxy-D-xylulose
phosphate, whose production is catalyzed by the dxs gene prod-
uct, the latter utilizing thiamin pyrophosphate as a co-factor, is
also used in the nonmevalonate pathway and the pyridoxal
biosynthesis (2). ThiF catalyzes adenylation of the sulfur car-
rier protein ThiS by ATP. In addition, Thil and IscS, enzymes
shared by the thiamin and 4-thiouridine biosynthetic path-
ways, may play a role in the sulfur transfer chemistry. Three
distinct kinases, ThiM, ThiD, and ThiK, are involved in the
salvage of HET, HMP, and thiamin, respectively, from the
culture medium. Thiamin, thiamin phosphate, and thiamin
pyrophosphate are actively transported in enteric bacteria us-
ing the ABC transport system ThiBPQ (3). No other thiamin
transporters, neither HET nor HMP transport systems, have
been identified in bacteria. A gene for the thiamin kinase ThiK
has not yet been identified in the complete genome of E. coli,
although the genes for other mentioned proteins are known.

A similar TBS pathway exists in Bacillus subtilis, but in-
stead of thiH it involves another probable thiazole biosynthesis
gene, yjbR, which is most similar to the ¢hiO gene from Rhizo-
bium etli (4). It has been proposed that ThiO may have the
amino acid oxidase activity in the thiazole biosynthesis (5). The
traditional gene names are different in E. coli and B. subtilis
(Table I). HMP biosynthesis protein ThiC, thiamin-phosphate
pyrophosphorylase ThiE, and hydroxyethylthiazole kinase
ThiM from E. coli have their counterparts in B. subtilis named
ThiA, ThiC, and ThiK, respectively. Moreover, the bifunctional
gene thiD from E. coli has two orthologs in B. subtilis, yjbV and
ywdB, which separately could encode the biosynthetic and sal-
vage HMP kinases (4). For consistency, unless specified other-
wise, we use the E. coli gene names throughout.

No thiamin-regulatory genes have been identified in bacte-
ria, but it has been shown that thiamin pyrophosphate is an
effector molecule involved in the regulation of TBS genes. In S.
typhimurium, the TBS operons thiCEFSGH and thiMD and
the thiamin transport operon thiBP@ are transcriptionally reg-
ulated by thiamin pyrophosphate, whereas the ¢hil and thiL
genes are not (3, 6-9). B. subtilis has a thiamin-regulated gene,
thiA, and the ywbI-thiKC operon whose transcription is par-
tially repressed by thiazole but not by thiamin (10, 11). Re-
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cently, a new thiamin-regulated operon, tenA-tenl-yjbR-
thiSGF-yjbV, was detected in B. subtilis by the expression
microarray analysis (12). Sequence analysis revealed the exist-
ence of putative Rho-independent transcriptional terminator
sites in the upstream regions of the B. subtilis thiamin-regu-
lated operons (4). Deletion of one such site located upstream of
the tenA-tenl-yjbR-thiSGF-yjbV operon increased the expres-
sion level of tenA (13).

The 5'-untranslated region of the R. etli thiCOGE operon
contains a 39-bp sequence, thi box, that is highly conserved in
the upstream regions of the TBS genes from several bacterial
genomes, and an additional stem-loop structure that would
mask the ribosome binding site of ¢hiC (5). Involvement of
these two RNA structural elements in the thiamin-mediated
translational regulation of the R. etli TBS operon has been
demonstrated using deletion analysis (14). The exact mecha-
nism by which thiamin inhibits translation initiation of the
thiC gene remains to be determined. RNA elements similar to
the thi box of R. etli have been observed upstream of the thiC
genes from E. coli, S. typhimurium, B. subtilis, Mycobacterium
tuberculosis, Synechocystis sp., and the thiMD operon from S.
typhimurium (5).

Comparative analysis of many bacterial genomes is a pow-
erful approach to reconstruction of metabolic pathways and
their DNA or RNA regulation (for a review, see Ref. 15). In
particular, analysis of the regulation of the riboflavin and bio-
tin biosynthesis has shown that these vitamin regulons are
highly conserved among unrelated bacteria (16, 17). In the
former study, a model for the riboflavin-mediated regulation
based on formation of alternative RNA structures involving the
RFN elements has been suggested. To construct a single con-
served structure of an RNA regulatory element, analysis of
complementary substitutions in aligned sequences is used (18).
In addition, analysis of positional clustering of genes on the
chromosome helps in detection of functionally coupled genes
(19). Simultaneous analysis of probable operon structures and
regulatory elements is the most effective theoretical method of
functional annotation when the standard homology-based
methods are insufficient.

In this study, we analyzed the TBS pathway and the thiamin
regulon in all available bacterial genomes by the comparative
genomics approach. After extension of the thi box, we found a
new RNA structure, the THI element, which is highly con-
served on the sequence and structural levels. A possible mech-
anism of the THI-element-mediated regulation involving either
transcriptional or translational attenuation was proposed for
different groups of bacteria. Analysis of the candidate THI

elements and positional clustering of the TBS genes resulted in
identification of new thiamin-related genes, most of which are
hypothetical transport systems. Finally, using metabolic recon-
struction of the TBS pathway, we described some radical dif-
ferences of the HET and HMP biosynthetic pathways in eubac-
teria, archaea, and eukaryota.

EXPERIMENTAL PROCEDURES

Complete and partial sequences of bacterial genomes were down-
loaded from GenBank™ (20). Preliminary sequence data were also
obtained from the World Wide Web sites of the Institute for Genomic
Research (www.tigr.org) the University of Oklahoma’s Advanced Cen-
ter for Genome Technology (www.genome.ou.edu/), the Wellcome Trust
Sanger Institute (www.sanger.ac.uk/), the DOE Joint Genome Institute
(jgi.doe.gov), and the ERGO data base (ergo.integratedgenomics.com/
ERGO/) (21). Gene identifiers from the ERGO data base and Gen-
Bank™ are used throughout.

The RNA-PATTERN program (22) was used to search for conserved
RNA regulatory elements. The input RNA pattern included both the
RNA secondary structure and the sequence consensus motifs. The RNA
secondary structure was described 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. The initial RNA pattern of the
thi box was constructed using the training set of eight ¢hi boxes (5).
Each genome was scanned with the ¢thi-box pattern, resulting in detec-
tion of ~150 new thi boxes. Using multiple alignment of these ¢thi boxes
with flanking regions, additional conserved helices and sequence motifs
were revealed, resulting in an extended RNA secondary structure,
named the THI element. The RNA secondary structures of the THI
elements, antiterminators, and antisequestors were predicted using
Zuker’s algorithm of free energy minimization (23) implemented in
the Mfold program (available on the World Wide Web at bioinfo.
math.rpi.edu/~mfold/rna).

Protein similarity search was done using the Smith-Waterman algo-
rithm implemented in the GenomeExplorer program (24). Orthologous
proteins were initially defined by the best bidirectional hits criterion (25)
and, if necessary, confirmed by construction of phylogenetic trees. The
phylogenetic trees were created by the maximum likelihood method im-
plemented in PHYLIP (26) and drawn using the GeneMaster program.?
Distant homologs were identified using PSI-BLAST (27). Transmembrane
segments (TMSs) were predicted using the TMpred program (www.ch.
embnet.org/software/TMPRED_form.html). Multiple sequence align-
ments were constructed using ClustalX (28).

RESULTS
THI Elements and Genes of Thiamin Biosynthesis
and Transport

Orthologs of the thiamin biosynthesis and transport genes
from E. coli and B. subtilis have been identified in all available

2 A. Mironov, unpublished results.

T1TOZ ‘2T Jlequaldas uo ‘1sanb Ag B0 oqlmmm woly papeojumoq


http://www.jbc.org/

Comparative Genomics of Thiamin Biosynthesis 48951
TABLE 1
The thiamin biosynthetic genes of E. coli (EC) and their counterparts in B. subtilis (BS)
EC BS Function Similarity

%
thiC thiA HMP biosynthesis 76
thiD yjbVvV Phosphomethylpyrimidine kinase 43
thiG yjoT Thiazole biosynthesis protein ThiG 52

thiH Thiazole biosynthesis protein ThiH

yjbR Thiazole biosynthesis protein ThiO
thil ytbJ Thiazole biosynthesis protein Thil 33
thiF ybU Adenylyltransferase 37
thiS yjbS Sulfur carrier protein ThiS 31
thiM thiK Hydroxyethylthiazole kinase 43
thiE thiC Thiamin-phosphate synthase 39
thiL ydiA Thiamin-monophosphate kinase 37

bacterial genomes by similarity search (Table I). We have not
considered the dxs, iscS, and thil genes because they are
shared between the TBS and other pathways. Then we scanned
103 genomic sequences by the RNA-PATTERN program and
found 170 THI elements in 78 genomes. It has been demon-
strated that the thiamin biosynthesis is a widely distributed
metabolic pathway in bacteria and it is usually regulated by
the THI element. Note that the fact of gene absence is reliable
only for complete genomes. Among all complete genomes, only
spirochetes, mycoplasmas, chlamydiae, and rickettsiae have
neither TBS genes nor THI elements. Two streptococci lack the
TBS genes but have THI elements. In contrast, Aquifex aeoli-
cus, Helicobacter pylori, Lactococcus lactis, Legionella pneumo-
phila, Magnetococcus sp., and almost all archaeal genomes lack
THI elements but have the TBS genes. The detailed phyloge-
netic and positional analysis of the TBS genes and the THI
elements is given below.

At the first step, we have considered genomes that have no
genes for the initial steps of the TBS pathway, namely thiC for
the HMP biosynthesis and thiS-thiG-thiH (or thiS-thiG-thiO)
for the HET biosynthesis. Most Gram-positive pathogens from
the Bacillus/Clostridium group, all Pasteurellaeceae, and H.
pylori lack both HMP and HET biosynthetic genes but have the
thiM, thiD, and thiE genes. Thus, the TBS pathway in these
organisms is incomplete and possibly uses exogenously sup-
plied HET and HMP. Using analysis of the THI elements, we
tried to identify candidate genes for the HMP and HET trans-
port (see below). Homologs of genes for the HET biosynthesis
are absent in all archaeal genomes as well as in the genome of
Thermotoga maritima. However, all of these microorganisms
except for Aeropyrum pernix and Thermoplasma sp. have the
HMP biosynthetic gene thiC. In this work, we predict that
archaea and T. maritima, like eukaryota, have a different
pathway of HET biosynthesis (see below).

The similarities between the ThiF/ThiS and MoeB/MoaD
proteins involved in the initial steps of TBS and molybdopterin
biosynthesis, respectively, have already been described (29). In
bacterial genomes containing the HET biosynthetic genes, we
have identified either one or two ThiF/MoeB homologs per
genome. Interestingly, all of these genes have been found in the
loci containing either TBS or molybdopterin biosynthesis
genes. However, the phylogenetic tree of the ThiF/MoeB family
(data not shown) has several branches represented by both
TBS-linked proteins (ThiF) and molybdopterin biosynthesis-
linked proteins (MoeB). Thus, it is likely that the sulfur trans-
fer chemistry of these two biosynthetic pathways can be shared
in bacteria with only one ThiF/MoeB homolog. Alternatively,
these organisms could have an unidentified ThiS-activating
enzyme. Because of that, we do not consider thiF during anal-
ysis of the HET biosynthetic genes.

Two distinct enzymes, ThiH and ThiO, are involved in the

HET biosynthesis in E. coli and B. subtilis, respectively. Sim-
ilarity search in bacterial genomes has showed that aerobic
microorganisms including «- and B-proteobacteria, pseudo-
monads, bacilli, actinomycetes, members of the Thermus/
Deinococcus group, A. aeolicus, L. pneumophila, and Magneto-
coccus sp. have ThiO, whereas enterobacteria, clostridia,
bacteria of the CFB group, Shewanella putrefaciens, Campy-
lobacter jejuni, Chlorobium tepidum, and Fusobacterium nu-
cleatum, which are mostly anaerobic microorganisms, have
ThiH. This diversity in one enzyme of the HET biosynthesis
can be explained by the use of different substrates for the
synthesis of the thiazole moiety of thiamin by aerobes and
anaerobes. Indeed, in two experimentally studied cases, an
aerobe B. subtilis and a facultative anaerobe E. coli require
glycine and tyrosine, respectively (30).

The thiE gene, which is required for coupling of the HET and
HMP moieties of thiamin, has been identified in almost all
organisms containing the TBS pathway except T. maritima
and seven archaebacteria. The thiD gene encoding HMP kinase
is the most widely distributed TBS gene, which is absent only
in Synechocystis sp. Interestingly, the ThiD proteins from 7.
maritima and most archaea have an additional C-terminal
domain of ~130 amino acids, whereas this domain is encoded
by a separate gene in Methanobacterium thermoautotrophi-
cum. The additional ThiD domain, named here ThiN, is not
similar to any known protein and contains no conserved motifs.
In all cases when ThiE is absent and ThiD is present, there is
the ThiN domain, although in many cases ThiN and ThiE
co-exist. We suggest that this conserved domain is somehow
involved in the TBS, possibly replacing the ThiE function in the
genomes of some archaea and 7. maritima. The least common
gene of the TBS pathway is the thiM gene encoding HET kinase
from the thiazole salvage pathway. thiM was found only in the
Bacillus/Clostridium group, enterobacteria, Pasteurellaecae,
Vibrio fischeri, H. pylori, Agrobacterium tumefaciens,
Rhodobacter sphaeroides, Corynebacterium glutamicum, and
some archaea.

The operon structures of the TBS genes are quite diverse
(Table II). Some genomes (e.g. Corynebacterium diphtheriae)
have all TBS genes clustered in one putative operon, whereas
the genomes of A. aeolicus, Caulobacter crescentus, Magneto-
coccus sp., and Xylella fastidiosa contain single TBS genes.

The thiM, thiD, and thiE genes, encoding adjacent enzymatic
steps of the TBS pathway, often form clusters (probably oper-
ons) in a bacterial chromosome or can even be fused. The fused
thiE-thiD genes were found in three bacteria, C. glutamicum,
L. pneumophila, and Porphyromonas gingivalis, and one eu-
karyote, plant Brassica napus. In addition, several yeast ge-
nomes contain a single gene encoding the fused protein
ThiE-ThiM.

Another frequently occurring gene cluster includes genes of
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TaBLE II
Thiamin biosynthesis and transport genes and THI elements in bacteria

The standard E. coli names of the TBS genes are used throughout (see the Introduction for the explanation and Table I for the B. subtilis
equivalents). Genes of the HMP and thiazole biosynthesis are shown in magenta and green, respectively. Genes encoding transport proteins and
the hypothetical TenA protein are shown in blue and orange, respectively. Parentheses denote gene fusions. Genes forming one candidate operon
(with spacer less than 100 bp) are separated by a hyphen. Larger spacers between genes are marked by an equals sign. Operons from different loci,
if shown in one column, are separated by slashes. Non-TBS genes are shown as X. Ampersands denote THI elements, and the background color
indicates the proposed regulatory mechanism: yellow, sequestor; blue, terminator; green, dual terminator/sequestor; magenta, THI element is able
to directly sequester the SD sequence. The contig ends are marked by square brackets. P-a, -B, -y, -¢, Cyan, CFB, T/D, B/C, Actin, Ther, and A in
the “Tax” column represent a-, B-, y-, e-proteobacteria, cyanobacteria, the CFB group, the Thermus/Deinococcus group, the Bacillus/Clostridium
group, actinomycetes, thermotogales, and archaea, respectively. The genome abbreviations are given in column “AB” with unfinished genomes
marked by #. Additional genome abbreviations as follows: MT, Mycobacterium tuberculosis; MB, Mycobacterium bovis; ML, Mycobacterium leprae;
TAC, Thermoplasma acidophilum; FAC, Ferroplasma acidarmanus; TVO, Thermoplasma volcanium; MK, Methanopyrus kandleri.

Tax Genome AB Thiamine blesynthetic genes Other thlamine-related genes
P-  Mesorizobkam Iob WMLO &G O~ G0 S-iE-TWD &l
Agrobactenum tumefaciens Al &HHiC-O-hiGhS / SthDX-thiY-thiMthiE-thiD &thiB-thiP-thiQ
Sinorhizobium meklofi SM SiC-hiO-tiG-thiS-thiE / &thiD &thiB-thiP-thiQ
Rhodoy 1 paiusiri: RPA SO-hiS-thiG-thiE-thiC 7 hiD
Brucelia melitensis BME EthID-thi O-th S-thI G-thiE-thTY-tonA-thiX &thiB-thiP-thiQ
Rhodob acter sphasmides # RS SthiM-thiE-thiD-thi Y-thiZ-thiX SthiB-thiP-thiQ
Cauiobacter crescenius Co &hiC / thiS-hiG / HhiE / thiD
P- Bordelsla periusss BP &HhiC 7 iGHHID 7 thiE 7 thio 7 tis
Burkholderra cepacia # BU &IHIC [ &HIO-thiS-thIG-thiE / X-thiD
Nitrosomonas sumpasa NE &hiC / thiD-thiE / thiS-thiG / thiD
Neissesa maningitidis NM iC / Bcyb-thiO-thiE=ihiS-thiG / $hiD thiB
Methylobaclius fageflatus # MFL IC | X-thiD-X / thiS-thiG thivV&<>&oarX / &omr3
Ralstonia solanacearum RAL &thiC-thO-thiS-thiG-thiE / thiD-X
P- Escherichia cof, Saimonelia typhi EC,TY EHICHhIE-iF-Thi S G-IiH | &thibM-thiD &ThiB-hiP-hiQ
Kiab sialia pneumonise # KP SthiC-hIiE-thiF-thiS-thG-ihiH / &thiM-thiD &thiB-thiP-thiQ / &lonA-thiZ-thiX-thiY
Yersinia pesfis YP EHiC-AhIE-thiF-thi S-thiG-thiH / &thiD &thiB-thiP-thiQ
Haemophius influenzae HI EthiM-thiD-fhiE-thil &thiB-thiP-thiQ / &thiZ-thiX-thiY-lenA
Pasteurefa multocida VK EthiZ-thiX=tenA-thiY=thiM-thiD-thIE-thiU/ SthiB-thiP-hiQ
Mannheimia haemolytica # PQ SthiM-thil=&{thiD-thiE)-cyiX
Actinobaadillus actinomycstemcomitans #  AB &thiB-thiP-thiQ
Vidrio cholerae vC BhiC-thiE-thiF-thiS-WG-thit / &hiD &thiB-thiP-thiQ
Virio fischer # VFI SthiC-thiE1-ihF-thiS-hiG-thiH / &thiD-thiZ-thiX-thiY-tonA-thiM-thiE2 SthiB-thiP-thiQ
Pseudomonas aeruginosa PA &thiC / hiD-thiE [ hiS-thiG / X-thiO
Pseudomonas pufida PP &thiC-oyiX / thiD-HhiE /hiS-thiG / X-thiD &enA2-fanAT
Pseud it #, P.syring PU, PY &hiC-gyX / thiDhIE /HhiS-thiG [ X-thiO
Shewanella putrefaciens SH &IhiC-hID-HE-thiF-thi S-thiG-thi &omr2
Xylolla fastidiosa XFA &hiC / thiD / hiS-thiG / thiE
Leglonelfe pneumophila # LP nm{1-$hiO-thiS-thG-{thiD-thiE)-thiF
P- acisr p] AP XhMRiDAE Bnh = Xpnuld |
Campylob acter jejun! cJ BIHIC [/ X-hID-BHIET / X S-thiF-thiG-thIH-thIE2 tonA
Magnetococous # MCO thiC / thiD / thiE /  thiS-hiG / X-hiO-X
Tyan Anabaenasp. AN BT 7 TiE-ows 7 (o-inG) 7 tiD EnA
Prochlorcoccus merinus CK [BhiC / thiE-thiS / thiQ / thiG / tsnA-thiD
Synachocystissp., Syneck p CY, SN iC / thiE-hiS / (thiO-hiG)
['CFB Porphyromonas gingivals # PG = Bomripnul-irld |
Bacteroides fragifis # BX &I S-hIE 1-thiG-thiC-X-thiH-INF-thiE2 B omri-pnuT-inr3
Polarbacter flamenius # PFI & omri
Cytophaga hutchinsonii # CHU & S<thiC-thiD-thiE T -t G-thiH-thiF><thiE2
[TI0 Delnococcus radloourans DR ENICHIE-I ST -IhD 7 X000 BB 7 TP
Thermus thermophilus # TG [ HhIE=thi S=thiG=thiO-thiC-X-thiD &thiB-thiP
Aquitax asolicus AA I 1 = 1
CC ST 7 Tns-Tn- - 7 TiEZ-UnE 1D

the HET biosynthesis: thiF, thiS, thiG, and thiH (or thiO).
Again, we have observed a single gene encoding the fused
protein ThiO-ThiG in two cyanobacteria.

A search for THI elements upstream of TBS genes showed
that the TBS pathways of all eubacteria, except A. aeolicus, H.
pylori, L. pneumophila, L. lactis, and Magnetococcus sp., are
regulated by THI elements (Table II). Moreover, the TBS path-
ways in about half of these bacteria seem to be completely
regulated, since all TBS operons have upstream THI elements;
about one-fourth of the genomes contain only one THI element-
regulated gene thiC, and the remaining bacteria apparently
have partially regulated TBS pathways. The ¢thiC gene is the
most tightly THI-regulated gene of the TBS pathway, since
only Clostridium botulinum has THI regulation, but not of
thiC. Finally, the archaeal TBS operons apparently are not
regulated by THI elements.

The thiB-thiP-thi@ operon encoding an ATP-dependent
transport system for thiamin has been identified in most a- and
y-proteobacteria and Streptomyces coelicolor, and in all of these
cases it is preceded by THI elements. In addition, bacteria from
the Thermus/Deinococcus group and Petrotoga miotherma
have incomplete ¢thiB-thiP loci, which are also THI-regulated

(cf. discussion of the ThiX-ThiY-ThiZ system below). The thiB-
thiP-thi@ loci without THI elements were detected in several
archaea, namely Halobacterium sp., Pyrobaculum aerophilum,
and Pyrococcus species. The thiB-thiP-thiQ genes never cluster
with TBS genes.

Comparison of TBS protein phylogenetic trees with the
standard trees for ribosomal proteins reveals some unusual
branches. The most interesting observation is a likely horizon-
tal transfer of the thiM-thiD-thiE genes from Listeria species to
three Pasteurellaeceae. For instance, the ThiD proteins from
Hemophilus influenzae, Pasteurella multocida, and Mann-
heimia hemolytica are close to ThiD from the Bacillus/Clostrid-
ium group, showing the highest similarity to Listeria species,
and the same holds for other phylogenetic trees (data not
shown). Among +y-proteobacteria, only Pasteurellaeceae have
an incomplete TBS pathway (i.e. ThiM-ThiD-ThiE), which is
widely distributed in Gram-positive pathogens from the Bacil-
lus/Clostridium group. Another example of possible horizontal
transfer is the thiM-thiD-thiE operon of H. pylori. Again, the
TBS proteins of this bacterium are similar to the proteins from
the Bacillus/Clostridium group.
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TABLE II—continued

Tax Genome AR Thllmlru bbqulhltlc ganu ﬂnr ﬂlhmlnn-rullhd slnn
3 i D 0 yuaJ Eyim
Bacitius coreus c &ﬁﬁrC!&fanﬂTquﬂlm-ﬁfo-mﬂ-ﬂiMnS-ﬂme S &thiM-thiET mm f&{enAZ )‘ &MﬂJ!ﬂmB
Baglifus halodurans HD &hIC / &HIE-hIS-hiG-thiO-ihiD / thiM-X Gyi‘mﬂ-\tan-#)E-hﬂ(ﬂYw
Bacitius siearothermophilus # BE &hiC / &lanA-ykoE-ykoD-ykoC-thE2-thiO-thiS-thiG-hiF / thiM-thiD-thiE1
Staphylococcus aursus SA &ionA-thiD-thiM-hiE-orf1 1 &ykoE-yloD-ykoC
Staphylococcus epidemnidis # Fag &ienA-thiD-thiM-thiE-orf{ 1 &ykoE-ykoD-ykoC /BthlY / &oarX
Listeria monocylogenes LM &lenA-thiMihiD-hiE
Clostridium acetobutyficum CA &hiC / RIET / SthiMthiD / &hiS-thiF-thiG-thiH-thiE2 iY-thiZ / ByuaJ
Clostridium perfringes cl &hiC /  BIWDHHIMARIET [ &ihIS-IhiIF-hiG-thiH-thiE2 &lanA-yuaJ1 / yuat2
Clostridum botuifnum # cB hiC / &thiD-thiMT-thiE / &thiW-thiM2 ykoE-yhoD-ykoC / Byual
Closiridium difficie # DF SNIC-IS-NF-thiG-thiH-thiE2 / &thiD-thiM-thiE' &thiX-EhiY-thiZ
i bactor tang TE &hiC / B(thiD1-thiE1)-thiW-cyDX-thiMi / &hiD2-0arX-hiE2-thiM2 &yual
Enterococcus fascalis EF EthIW-thiM-hIE-thiD &ykoE-ykoD-ykoC-{enA / yuad
Enterococcus faedum # z EthiX-hiY-thiZ [ ByeJ
Lactococcus lactis LLX thiM-thiD-thiE / isnA
Streplococcus preumonias PN &ionA 1=thiM1-thiE 1 -BykoE-yoD-yko C~len A 2-thiW-thiM2-thiE2 >< thiD -hiY-thiZ
Strapth pyog S.muta ST, MN no al
Desulfto h # DHA EhIC-thiM-E-X-hID [thiY-thiZ
TGL TRET R
Conynebacterium diphtheriae Di i
Mycobacterimm spp. MT, MB, ML IC-thiD /#UE / BhIO-thiS-thiG
Rhodococcus str. # RK iC-thiD) /thiE iO-thiS-thiG / [f~thiC BHIX / &ionA
Straptomyces coeficolor 8X BhiC / HiE-X <hiO-thiS-hiG-X [ thil -thiD &thiB-thiP-thiQ
Thermomonospors fusce # TFU hiE-X <>@hiO-thiS-thic-X /  BthiD SykoE-ymD-ykoC / isnh
Afopobim minufumn # AMI i'Y-thiZ
I"Ther Thermotoga mantma ™ O C-X-[TuD -] mﬁz
Petrofoga miotherma # PMI &thiB-iP
[~ Chiomoflexus auranbacus CAD THD ENX-HIYAhZ 7 Boyix ] 7 &enn |
[ Fuscbacierum nuclealum FN ERIX-hIY-IhZ
[ Arch Thermoplasma spp. TACTVFAC XARIE 7 ThiD BT 7 B2 7 TenA
Methanosarcina barken, M. mazei MBA MMEZ  (hiCT /tHiC2 /thiMhiE / (thiD-thiN) / thid
Halobacterism sp. HSL thiC / thid-(thiD-ihiN)
Hatlofarax volcanli # Vo thiC / [thiE-thiM / [ thiD / thid fonA 1-fanA 2-4hiV
Archaeogiobus fulgidus AG XANIC-X / thiMthiE [/ X-hiD / i
Asropyrum psmix AP (thiD-thiN) / thid tenA
Methanococeus jannaschii, M kandlen MJ, MK thiC-X / X-(thiD-thiN) / thi4
Methanobaclerium TH thiC1 /thiC2-X / X-thiD / thiN / X-thid
Pyrobaculdh alifophilum PK thiC / (thiD-thiN) / thid thiB-thiP><thiQ / fenA-X
wawwusspp PF PH,PO  thiC /fanAT-anAZ-cytX=hiM-hiE-thiD-thiN) / thid / X-hiP-thiQ><thiB
Sulfolobusg solfalaricus thiC 1-X /thiC2-X/ X-(thiD-thiN} 1-X / X-{thiD-thiN)2-X / hiN1 /thiN2 / thid (enA1-X [X-lenA2-X
mmm s T

New Thiamin-regulated Genes

Transporters—A search for THI elements in bacterial ge-
nomes complemented by analysis of the putative operon struc-
ture of the TBS genes has allowed us to detect a number of new
thiamin-related genes. Most of these genes encode new trans-
port systems.

The single THI-regulated gene yua<J (the B. subtilis name)
was found in all complete genomes of the Bacillus/Clostridium
group except Staphylococcus aureus and Streptococcus pneu-
moniae (Table II). It is always preceded by a THI element with
only one exception in Enterococcus faecalis and is never clus-
tered with TBS genes. Clostridium perfringes has two yuad
paralogs, with and without an upstream THI element. Yuad
has six predicted transmembrane segments (TMSs) and is not
similar to any known protein. yua<J is the only thiamin-regu-
lated gene in the complete genomes of Streptococcus mutans
and Streptococcus pyogenes, which have no genes for the TBS
pathway. These observations strongly suggest that Yuad is a
thiamin transporter, which, in contrast to ThiB-ThiP-ThiQ), is
obviously not ATP-dependent. In support of this prediction, the
thiamin uptake in Bacillus cereus, which has yuae/, is coupled
to the proton movement (31).

A hypothetical thiamin-related ABC transporter, named
here thiX-thiY-thiZ, was identified in bacteria from various
taxonomic divisions, such as a- and y-proteobacteria, the Ba-
cillus/Clostridium group, and Thermotogales. The first gene,
thiX, encodes the transmembrane component of the ABC trans-
port system, whereas the second (¢4iY) and the third (¢hiZ)
genes encode the substrate- and ATP-binding components, re-
spectively. These genes have upstream THI elements in all
cases with only one exception in 7. maritima. In A. tumefa-
ciens, R. sphaeroides, B. melitensis, Pasteurella multocida, V.
fischeri, and B. cereus, the thiX-thiY-thiZ genes are clustered
with the thiD gene that encodes HMP kinase. In contrast to

yuadJ, the thiX-thiY-thiZ operon is not found in the genomes
without TBS genes, but sometimes it occurs in genomes with
the incomplete TBS pathway. The need of HMP and HET
moiety for the thiamin biosynthesis is obvious. However, path-
ways other than TBS that could supply these compounds are
not known. The putative substrate-binding protein ThiY is
similar to enzymes for the HMP biosynthesis from yeasts,
namely Thi3 of Schizosaccharomyces pombe and Thi5 of Sac-
charomyces cerevisiae. All found ThiY orthologs are predicted
to have an N-terminal transmembrane segment, which is com-
mon for substrate-binding components of ABC transporters.
Thus, we predict that ThiX-ThiY-ThiZ is a HMP transport
system that substitutes for missing HMP biosynthesis in some
bacteria. Unusually, Brucella melitensis and A. tumefaciens
have ThiX-ThiY but miss the ATPase component ThiZ. A sim-
ilar situation with incomplete ThiB-ThiP systems in some bac-
teria has been described above. Based on the experimental fact
that ATPases of different ABC transport systems can be func-
tionally exchangeable (32), we suggest that the incomplete
ThiXY and ThiBP systems could use another ATPase compo-
nent. The HMP specificity of the ThiXYZ system is further
supported by the observation that B. melitensis lacks the HMP
pathway but not the HET pathway.

In some Gram-positive bacteria, we have found another thi-
amin-related ABC transporter, YkoE-YkoD-YkoC. It consists of
two transmembrane components (YkoE and YkoC) and an
ATPase component (YkoD). We could not identify a substrate-
binding component for this system. Similarly to thiX-thiY-thiZ,
the ykoE-ykoD-ykoC genes always co-occur with the TBS genes
and are preceded by a THI element. They have also been found
in genomes with the incomplete TBS pathway. In B. subtilis,
the first gene of the THI-regulated ykoF-ykoE-ykoD-ykoC
operon is not similar to any known protein and has only one
ortholog in Mesorhizobium loti, where it clusters with the
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above described candidate HMP transporter, forming a THI-
regulated cluster, ykoF-thiX-thiY-thiZ. Thus, the new ABC
transport system YkoE-YkoD-YkoC is obviously thiamin-re-
lated and most likely is involved in the HMP transport for TBS.
This prediction is based on positional clustering and on the
following fact: when YkoEDC occurs in genomes lacking both
HMP and HET pathways, there always is a candidate HET
transporter (see below) but not other HMP transporters.

The first gene of the TBS operon in Neisseria meningitidis,
NMB2067, encodes a hypothetical transporter with 12 pre-
dicted TMSs, which is similar to the cytosine permease CodB
from E. coli. Orthologs of this gene, named cytX, exist in
M. hemolytica, Chloroflexus aurantiacus, Thermoanaerobacter
tengcongensis, pseudomonads, and pyrococci. In all cases, cytX
either clusters with the TBS genes or has upstream THI ele-
ments or both. Based on positional analysis and similarity to
the pyrimidine transporter, the new thiamin-related trans-
porter CytX is most likely involved in the HMP transport.

The last gene of the TBS operon thiMDE-HI0418 in H. in-
fluenzae encodes a hypothetical transmembrane protein with
12 predicted TMSs. This gene is similar to transporters from
the MFS family and has orthologs in two other Pasteurellaecae,
P. multocida and M. hemolytica. Since HI0418 and all of its
orthologs are clustered with the thiMDE genes and THI-regu-
lated, we named this new thiamin-related transporter thiU. H.
influenzae and P. multocida lack both HMP and HET path-
ways. The former is accounted for by the ThiXYZ system (see
above). This, together with positional analysis, suggests that
ThiU is a HET transporter.

The TBS operons of S. pneumoniae, C. botulinum, T. teng-
congensis, and E. faecalis contain a new gene (SP0723 in S.
pneumoniae) encoding yet another thiamin-related transporter
with five predicted TMSs. This gene, named thiW, is not sim-
ilar to any known protein and has no homologs in other ge-
nomes. It is always THI-regulated and located immediately
upstream of the thiM gene in all cases. Similarly, the last gene
of the TBS operon in three Staphylococcus species (orf11 in S.
carnosus) encodes a hypothetical transporter with five TMSs.
Since ThiW seems to complement the absence of the HET
pathway in T. tengcongensis and S. pneumoniae and since
Orfl1 does the same in S. aureus, we tentatively predict that
these proteins are involved in transport of the thiazole moiety
of thiamin in the above bacteria.

In Methylobacillus flagellatus, one of the detected THI ele-
ments precedes a new thiamin-related gene, named ¢thiV, which
encodes a hypothetical transmembrane protein with 13 pre-
dicted TMSs. ThiV is similar to the pantothenate symporter
PanF from E. coli and has only one ortholog in archaeon
Haloferax volcanii, where it is clustered with the thiamin-
related gene tenA (see below).

Bacteria from the CFB group, Bacteroides fragilis and P.
gingivalis, contain candidate transporter pnuT. It encodes a
protein with six predicted TMSs and is homologous to pnuC of
enterobacteria, encoding the N-ribosylnicotinamide trans-
porter (for other details, see “Enzymes”).

Finally, we have observed the first example of THI element
regulation in archaea. The archaeal THI elements were found
upstream of two paralogous genes, named thiT1 and thiT2, in
each of the three Thermoplasma genomes. These genes encode
hypothetical transmembrane proteins with nine predicted
TMSs similar to transporters of the MF'S family. The specificity
of these transporters is not clear because of incompleteness of
the TBS pathways in thermoplasmas, which have only thiD
and thiE genes. However, based on the assumption that these
transporters are the only thiamin-regulated genes in thermo-
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plasmas, we propose their possible involvement in the thiamin
transport.

Enzymes—tenA and tenl, two genes of unknown function
located in the TBS operon of B. subtilis, were previously de-
scribed as hypothetical regulators of extracellular enzyme pro-
duction. However, they were not essential for the cell growth
and the production of extracellular enzymes (13).

A similarity search demonstrated that tenA is a widely dis-
tributed THI-regulated gene in eubacteria and archaea, which
usually is positionally linked to thiamin-related genes. It is
never observed in genomes without the thiamin biosynthetic
pathway (Table II). Analysis of the operon structure shows that
tenA often forms one putative operon with either TBS genes or
thiamin-related transporters (thiX-thiY-thiZ or ykoE-ykoD-
ykoC), which are always THI-regulated. A single tenA gene can
be THI-regulated (B. cereus, Rhodococcus, C. aurantiacus, P.
putida) or not (L. lactis, Nostoc sp., Thermomonospora fusca, H.
pylori, C. jejuni, and some archaea). In bacterial genomes, tenA
always co-occurs with thiD, whereas in available genomes of
thiamin-producing eukaryotes there are single genes encoding
a fused protein ThiD-TenA. However, the C-terminal part of
the ThiD-TenA protein is not required for the HMP-P kinase
activity (33). In addition, three genes, thiE, thiD, and tenA, are
fused in bacterium C. glutamicum. A BLAST search did not
reveal similarity of TenA to any known protein except eukary-
otic ThiD-TenA fusions. Thus, TenA is somehow associated
with ThiD and may play an auxiliary role in the thiamin
metabolism.

Orthologs of the tenl gene have been detected in bacilli,
clostridiae, members of the CFB group, C. jejuni, F. nucleatum,
C. tepidum, and A. aeolicus. They are mostly clustered with the
TBS genes and are THI-regulated. Furthermore, a single gene
encoding fused protein TenI-ThiD-ThiE was observed in the
TBS operon of P. gingivalis. tenl shows significant similarity to
thiE, and the tenl genes do not form a separate branch on the
phylogenetic tree of the ThiE-TenI protein family (data not
shown). Thus, we suggest that tenl genes are recent paralogs of
thiE, and we use the notation ¢thiE1 and thiE2 (Table II).

In M. flagellatus, C. glutamicum, and Staphylococcus epider-
midis, the THI elements were found upstream of a single gene
encoding a protein from the short-chain dehydrogenase/reduc-
tase superfamily. We named this gene oarX because of its high
similarity to 3-oxoacyl-(acyl-carrier protein) reductase fabG
from B. subtilis. Importantly, one more ortholog of oarX, fabG5,
belongs to the THI-regulated thiD-oarX-thiE-thiM operon of T.
tengcongensis, a recently sequenced bacterium from the Bacil-
lus/Clostridium group. The obtained data seem to be suffi-
ciently strong to warrant experimental analysis of the func-
tional role of the oarX gene product in the thiamin metabolism.

Another new gene of the thiamin regulon (y/mB in Bacillus
sp.) belongs to the ArgE/dapE/ACY1/CPG2/yscS family of met-
allopeptidases. The single ylmB gene in B. subtilis and the
putative ylmB-tenA-thiX-thiY-thiZ operon in B. halodurans are
preceded by THI elements, but no regulatory element was
found upstream of the single y/mB gene in B. cereus.

In two bacteria from the CFB group, B. fragilis and P. gin-
givalis, THI elements precede a hypothetical operon, named
omrl-pnuT-tnr3. The omrl gene, named by abbreviation of
“outer membrane receptor,” is similar to TonB-dependent outer
membrane receptors of Gram-negative bacteria that perform
high affinity binding and energy-dependent uptake of specific
substrates into the periplasmic space. Among known sub-
strates of the TonB-dependent receptors are various sid-
erophores, bacteriocins and vitamin B;, (34). In another bac-
terium from the CFB group, Polaribacter filamentus, omrl is a
single gene that is preceded by a THI element. The pnuT gene
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encodes a transporter that is similar to PnuC, N-ribosylnicoti-
namide transporters from enterobacteria (35). The PnuT pro-
teins form a single branch on the phylogenetic tree of the PnuC
family of transporters (data not shown). Another separate
branch on this tree includes the recently identified riboflavin
transporters PnuX (16). The last gene of the omri-pnuT-tnr3
operon is weakly similar to the C-terminal part of the thiamin
pyrophosphokinase TNR3 from yeast S. pombe. Based on these
data, we propose that the hypothetical THI-regulated omrI-
pnuT-tnr3 operon could be involved in the thiamin transport
and its subsequent phosphorylation up to thiamin pyrophos-
phate. In confirmation, the hypothetical HP1290-HP1291
operon of H. pylori, which is similar to pnuT-tnr3 from the CFB
bacterial group, forms a divergon with the thiamin-related
gene tenA. In general, the PnuC family of transporters seems to
transfer nonphosphorylated precursors (such as thiamin but
not thiamin phosphate, riboflavin but not FMN, N-ribosylnico-
tinamide but not nicotinamide mononucleotide), which are
then phosphorylated by specific kinases (TNR3, RibF, and
NadR for thiamin, riboflavin, and N-ribosylnicotinamide, re-
spectively) to make transport “vectorial.” More thiamin-related
TonB-dependent receptors have been found in S. putrefaciens
and M. flagellatus. Each of these bacteria has a hypothetical
THI-regulated TonB-dependent receptor, named omr2 in S.
putrefaciens and omr3 in M. flagellatus. The amino acid iden-
tity between the Omrl, Omr2, and Omr3 proteins is about 20%.

Possible Attenuation Mechanism for the
THI-mediated Regulation

Using the alignment of 170 thi boxes with flanking regions,
additional conserved helices and sequence motifs were re-
vealed. It resulted in an extended RNA secondary structure,
named the THI element (Fig. 2). The conserved secondary
structure has five helices and a single base stem of at least
three base pairs (Fig. 3). Among them, only the first, fourth,
and fifth helices are conserved on the sequence level. Of 14
conserved base pairs of the above helices, nine are invariant on
the sequence level, whereas the remaining positions are con-
firmed by compensatory substitutions. In addition, 23 non-
paired positions are strongly conserved in the THI element.
The conserved region including the fourth and fifth helices
comprises the previously defined thi box (5). The internal loop
between stem-loops 2 and 3 contains an absolutely invariant
segment, UGAGA.

The base stem of the THI element can form in most bacteria,
with several exceptions in thermoplasmas and actinomycetes
(see below), but it is not conserved on the sequence level. The
THI element contains two other nonconserved structure ele-
ments, an additional stem-loop extending stem-loop 2, and
facultative stem-loop 3. The maximum observed length of the
additional and facultative stem-loops are 180 and 102 nucleo-
tides, respectively. The presence of these two stem-loops and
their lengths do not seem to be correlated with function or
phylogeny of THI elements, genes, or genomes. The loop be-
tween the first and fourth helices is also variable and its length
usually equals one or two nucleotides. The maximum length of
this loop, 22 nt, was observed in the THI element upstream of
the Vibrio cholerae operon thiBP@Q. Other internal and hairpin
loops of the THI element are highly conserved. The only excep-
tion is the 36-bp hairpin loop in stem-loop 5 of the THI element
upstream of the Pseudomonas aeruginosa gene thiC. Notably,
all unusually long additional loops of the THI element can form
a stable secondary structure.

Recent experiments (14) demonstrated that thiamin-medi-
ated regulation of the TBS operon of R. etli involves the thi box
and the region immediately upstream of the first gene in the
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operon, thiC. This region can form a hairpin that would seques-
ter the ribosome-binding site. Here we use the comparative
analysis of nucleotide sequences downstream of 170 THI ele-
ments and an analogy with the previously proposed regulatory
mechanism for the riboflavin regulon (16), and we propose a
possible mechanism for THI-mediated regulation of genes of
the thiamin biosynthesis and transport (Fig. 4).

Downstream of all THI elements, except those of actinomy-
cetes, cyanobacteria, and thermoplasmas, there are potential
hairpins that are either followed by runs of thymines (and thus
are candidate Rho-independent terminators of transcription) or
overlap the SD box of the first gene in the regulated operon
(and thus are candidate sequestors, which prevent the ribo-
some binding to the SD sequence). In addition, we have found
complementary fragments of RNA sequences that partially
overlap both the proposed regulatory hairpin (terminator or
sequestor) and one of conserved helices in the THI element (see
Supplemental Fig. 5). Furthermore, these complementary frag-
ments always form the base stem of a new, more stable alter-
native secondary structure with AG smaller than AG of the THI
element. We predict that this structure functions as an anti-
terminator/antisequestor, alternative to both the THI element
and the terminator/sequestor hairpin. Thus, two different
types of regulation by competing of alternative RNA structures
are suggested, attenuation of transcription via an antitermina-
tion mechanism and attenuation of translation by sequestering
of the Shine-Dalgarno box.

Most Gram-positive bacteria from the Bacillus/Clostridium
group, Thermotogales, F. nucleatum, and C. aurantiacus are
predicted to have a terminator hairpin, whereas most Gram-
negative bacteria (proteobacteria and the CFB group), bacteria
from the Thermus/Deinococcus group, and Chlorobium tepi-
dum have SD-sequestering hairpins downstream of the THI
elements (Table II). The phylogenetic distribution of the pro-
posed terminators and sequestors in Gram-positive and Gram-
negative bacteria, respectively, is similar to the previously
observed distribution of the regulatory hairpins for the ribofla-
vin regulon (16). Analysis of the 5’-noncoding RNA regions of
the yuad genes reveals two possibilities for the regulation. In
most cases, the predicted terminator hairpin overlaps the SD-
box of the yuad gene. Therefore, this hairpin can function both
as a terminator and a sequestor. Again, this is reminiscent of
the dual action candidate regulatory hairpins upstream of ri-
boflavin transporter genes ypaA (16).

Most THI elements in actinomycetes, cyanobacteria, and
thermoplasmas overlap the SD-boxes directly (see Supplemen-
tal Fig. 5). We predict that in these bacteria, the THI element
regulates translation without additional RNA elements. In the
presence of thiamin pyrophosphate, the stabilized THI element
represses initiation of translation. Conversely, THI element is
not stable in the absence of thiamin pyrophosphate that results
in opening of the SD-box and release from repression. It is
interesting that in most cases of the direct SD sequestering, the
base stem of the THI element is absent.

The left part of the base stem of the predicted antiterminator
(or antisequestor) overlaps either the base stem or a part of the
conserved thi box sequence of the THI element. At that, the
antiterminator structure can either partially or completely in-
clude the THI element helices. When the spacer between THI
element and terminator (or sequestor) is long enough, it can
potentially fold into an additional secondary structure. In par-
ticular, in the case of overlap with the left part of the base
THI-element stem, the antiterminator is formed by this spacer
and intact THI helices.
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MNGGGGwWEYY RGCTQAGR NACCCkt AACCTGe toyg@iTea TRCorg(h HAGGQA

FET_THIC CATTCACCAGGGGTGOC § GGCTGAGATT 13 10 13 TEACCCST 2 AACCTGA-TOCAMITTCA-TACTGGOG-TAMGG A~ (GG TGOGEA
MLO_THIC CATTICACCAGOGGAGTC § GOCTGAGAT 5 7 7 GQMCCST 2 AMCTUA-TCCAGTTICA-TACTGGCG-TAGGGA-CGATUCAAG
MLC THIB CGCTCTRACGEGLTGCC 20 CECTGAGA 3 & 3 AMCCEC 2 AAMCCTGA-TCCGETTIG-TACCOGOE-GAGGEA--TTAGRCCT
MLO_YEDF GQCOCATCCACAGGGGTECY 12 GGCTGAGA 7 5 8 ACCCTA 1 AMICTGA-TCTGGGTAA-TACCAGCS-FAGCGA--GGCHGGCE
AD_THIC CATTCACCAGRGGTUTC § GGCTGAGA 6 6 6 TEACCCST 2 AACCTGA-TCCAGTTCA-TACTGGOS- TAGGGA-CHOTGCAAL
AU TEIB TCATCTAACGEGCICEE 20 CECTGAGAGGCT TECCAMCCCSA 2 AACCTGA-TCCGETTCA-TACCGGOE-GAGGEA—-TTAGACGS
AD_THIX CTCTTCCGAGRGGAGCA 8 TGCTGAGA 4 5 4 GACCCTT 1 AACCTGA-TCCER@TCA-TOUCCGRCE-TAGGAAM--CAGRACTG
&d_TEIC CATICACCAGEGGEETC 9 EGECTGAGAT 5 0 5 GACCCET 2 AACCTGA-TCOCAGTTCA-CACTOGOG-TAGGGAC-GETGCAGA
& TEIB TCCTCTAACGEEGTECC 20 SGCTGAGA 4 3 4 AACCCEC 2 AMCCTGA-TCCGECTCA- TACCOGEOG-GAGEGA--TTAGARGC
m:!ﬂm QCATTCCGAGGEGAGCA 8 TGOTGAGA 4 5 4 GACCOTT 1 AMACCTGA-TCCAEETCA-TECCOGOG-TAGCAA--CCCGARAGA
RPA_THIO CCGTTCCGAGGGGGEETY 9 AGCTGAGA 22 3 22 ACCCTT 2 AACCTGA-TCCGEGTCA-TGCCOGOG~-MEEEACAEGGATCCA
EME THIB CGCTCTRAACGEGGTGOC 16 GECTGAGA 29 5 380 AMCCCEC 2 AACCTGA-TCOCGETTYG-CACCEGOG-GAGGEA--TTAGACGC
EME THID AMATTCCTTSCEEETECE 8 EECTGAGA 4 8 4 AACCCAT 2 AAMCCTGA-TCOCGEGTAA-TACCTEOG=-TAGGEA~--ACGEACTT
RS_THIM GGAGTGACAGGEGOEYC 13 GECTGAGAA GCACCCTT 2 AACCTGA-ACCAGGTICA-TECTEEOG-GAGGAM--GTOSOCAT
RS_THIB TCCOACCTCGGEGTEGOC 6 GGCTGAGA 3 5§ 3 AMCCET 2 AMCC TAG~GAL( GAGGRA==-AGGTGCAT
0_THIC CTGITCACCGGGGASCE 0 GRCTGAGATT 4 4 TEACCCGT 2 AACCTGA-TOCGGGTICA-TGCCAGOG- AMAEGEGAGGGAMGCGE
BR THIC GATCACGCAGOGGTACT 28 TUTTGAGAGR GTCCCIT 2 TACCAG-—TACGGATRA-TGCCEATG-CTOGOA--GCATATTC
BU_TEIC TGCTAMGCGOGGHETCC 34 GG GAGAR AEACCCTT 2 AACCTGA-TCTQUATAA- TGCCAGCON-CAGLGAA-GCOEACRG
BJ_THIO GACGRAACRGOGGTGCT 39 GGCT GAGAG AGRCCCTT 2 CACCH T T CLIAR==GTTTCCGE
ME_TEIC CIGTIGCCTACEGCICCE 23 COCTGAGAG ACTCCCIT 2 TACCTGA-TGCGEATAA-CECCECOR-GAGGEA--AGCCACGA
W THIC ATTGAAACAGGGGTOCT 15 GGCTGAGRA ATACCCIT 2 CACCCGA-TOGGGATAA-TACCTGOG-THGGEA--GTTTTCAC
M CYTX CICCTICTCCEAGTECE 10 EBCECTEAGAT 3 4 3 GAATCCET 2 AACCTGT--CGGEGTAA-TECCTEOG-TAGEAM--ACARACCE
MFL THIC CCATCGCTAGEGCICTE 26 CACTGAGRAT TACCCTIT 2 AACCTGA-TGIGEATTA-TCCCACCE-TAGGCA--AGCECAGT
m:m CTTOGGCACGGEGTGOC 26 GGCTGAGAM CACACCCET 1 TACCTGA-TCCAGATCA- TACTEGOG-GAGGAA--TGCCTCTC
NEFL_THIV CTAACCTAGGGGAGEE € GGCTGAGAA 5 4 5 GACCCIT 2 TACTTGA-TCCAGACCA-TECTEGOG-MAGGA--AGGARACA
MEL OMR3 GCCACGCTAGEGGTCCT 15 TGGTGAGAT MACCCTT 1 AACCTGA-ACTGGATAA-TCCCAGOG-TAGEAL--AGCECAAM
RAL THIC TGGATGAMACAGGGGTGOC 16 GECTGAGAS ASTCCCTT 2 CACCCGA-TCCGETTICG-TACCEEOG-TECEAMA~~GTTICTTC
EC THIC TTTICTICPCEEAGTEOC & GECTGAGA 3 &€ 3 GAYCCEC 2 AMCCTGA-TCAGECTAA- TACCTGOG-AAGEGA~--ACARGAGT
BC_THIB GTTCTCAACGGGGTGOC 13 CGCTGAGAAA ATAMCCCGET 2 AACCTGA-TCCGEATAA-CGCCOGGOG=-AGGGAT -TTGAGECT
BC_THIM AACGACTCGEEGTEOC 12 COCTGAGAAA TACCCET 2 CACCTGA-TCTGEATAA-TECCAGOG-TAGGEA--AGICACGE
TY_THIC TATCTIGTCGGACTECTLI1 EGCTEAGA 3 & 3 GATCCGC 2 AMCTGA-TCAGETTAA-TACCTGOG=MGEEA=-ACARGAGT
TY_THEIM TGACGALTCGAGGTGOC 12 GGUT GAGAR AFACCCET 2 CACCTGA-TCTGGATAA~TGCCAGOG-TAMGRA--ACTCTRAC
T_THIB GAACTCAACGGGGTEOE 13 CGCTGAGARA ATMCCCST 2 AAMCCTGR=TC T GG, TTGREECT
K@_THIC CATCTICTCCCACTEOC 30 SECTCAGA 3 6 3 GATCCEC 2 AACCTGA-TCAGGECTAA-TACCTGOG-AACCCA--ACARGACT
KP_THIM TTTTGACTCGOGGTECC 13 GGCTGAGAA ATACCCGT 2 CACCTGA-TCTGIATAA- TGCCAGCE - TARGGA--AGTCAGAG
K _TEIB GTTCTCAACGCGCTECTLII GECTCACAAR ATACCCST 2 AACCTGA-TCCGEATRA-COCCOGCE-AAGECAT -TTEAGECT
EKF_TEHA OGCTACCGMAGEGEIGTC € GECTGAGATGECS CACGRANCCCTT 2 AACCTGA-TCTGGGTCA-TECCAGCG-ARGGEA--CGGETCGE
YP?_THIC GCTICTIGTCGGAGTROE J1 GGCTGAGR 3 6 3 GATCCGC 2 AACCTGA-TORGGTTAA- TACCOGCG-AMGGGA--ACAAGAGT
¥F_TEID TTCTGACTOGEGETEEE 19 EECTGAGAGA TCGACCCET 2 TACCTGA-TCTGEATTA-TECCAGOS-TREGCA—-AGICTICGS
YF_THIB CCTCTCAACCEGGIGCALA0 CECTGAGACT ARACCCET 2 AACCTGA-TCOCGETTAA-COCCEGOG-CAGGEAT-TTGAGAAT
HI_TEIM CTTITAGTCGGGGTGOE 4 GECTGAGAT GATACCCET 1 AACCTGA-AACAGTTAG-CACTGACG-TAGGAA--ACTAATAT
HI_THIB AGCCTAGTCGGGGTGCA 3 CGOTGAGAT CATACCCET 1 AACCTGA-AACAGTTAA- TACTGACG-TAGGAM--ACTAGCAL
HI_THIE TTTITAGTCGOGGTECC 4 GGCTRAGATG ATACCCET 1 AAMCTGA-AMMITTAG-CACTGACS - TAGHAA--ACTAATAT
VK_TEIB CTCTTAGTCCGEETEEY 8 AGCTGAGAT GATACCCET 1 AACCTGA-TGCAGTTAA-TACTGACG-TAGGAA~-ACTAGCAG
VK_THIZ ACTITAGTCGGEGTGET 19 AGCTGAGATG ATMCCCET 1 AACCTGA=TACAGCTAA-CACTGACG=TAGGAA--ACTAATTA
PQ_THIM CATTIAGTCGGGGTRCY 12 AGCTGAGAAR TACCCGT 2 AACCTGA-TGCASYTAG-CACTGACS - TAGGAL--ACTARAGG
BQ_CYTX ACGCTTGYCGGAGTGOC 4 GGOTGAGAT 3 4 3 AGATCOST 2 AACCTGT---AGGTTAG-TACCTGOG-TAGGGA--ACAAGTTT
AB_THIB TIATTAGTCGRGGTGCT 3 TGCTGAGAT GATACCCGT 1 AACCTGA-TACAITTAA-TACTGACG-TAGEAA--ACTAACAG
VC_TEHIC CCACTTGTCGGAGTECE 4 GGCTGAGA 3 6 3 GAYCCAT 2 AACCTGA-TCAGGTTAA- TACCTGCG-ARGGGA—-ACARGAGA
VC_THID OCTGTAGTCCCCCARSCCLES COCTCAGA 4 3 4 GACCCGT 2 AACCTGA-TTCAGTIAG-GACTGACG-TAGGCA--ACTATCCT
VC_TEIR OCCACTCACGCGLRECC 18 CECTGAGR 6 3 6 GACCCEC-21-ACCTGA-ACCAGATAA-TECTEGOG-TAGGAAT-TGAGCTAG
VFI_THIC AMCTICTCCCACIECT 19 ASCTGAGA 4 3 4 GATCCGT 2 AACCTGA-TCAGECTAA-TACCTCOZ-AAGCEA--ACAAGAGA
W:I:!HII CITCTCATCGEGCASCTY 2 CECTGAGA 812 § ACCCET 2 CACCTGA-ACCAGATAA-TGCTCGOG- TAGGAAT-TGAGATGA
VEFI_THID ICATTACTCGOGCAGCC 4 GGCTGAGA 4 4 4 ACCCET 2 AACCTGA-TTICAGTTAG-TACTGACC-TAGCCA--ACTAATGE
FA_TEIC CITCTICTCCEGGTEOE 10 BECTGAGAY 4 4 4 GATCCCST 2 AACCTGA-TOGGEECTAG-32CCOSCG-TAGGGA--ACARGATC
FP_THIC CTTCTIGTCGEEETEOC 10 GGCTGAGA § 4 5 ATCCCET 2 AMCTGA-TOAGETTAG-CECCTEOG-TAGGGA—-RCARGATT
PP_TENR2 CACCACCAMGGGGAGOC B GGCTGAGAR 5 13 3 GACCOTT 2 AACCTGA-TCCQGATCA-TGCCGGCG-AAGRGA--TGGLGCTT
BU_THIC GITCTICTCECEGTEEE § GECTGASA 5 4 5 ATCCCET 2 AMCTGA-TCAGETTAG-CECCTEOG-TAGGEA~-ACARGATT
FY¥_THIC GITCTIGTCGGEGTGOC § GGCTGAGA 5 3 5 ATCCCET 2 AACCTGA-TCAGETTAG-CECCTEOG-TAGGGA~--ACAAGATT
B8H_THIC CATCTIGTCGGAGTGCC 4 GOCTQAGAR 3 6 3 GATCCGT 2 ARCC TCA b ARGGAR~-ACARGCAT
8H _OMR2 CGCOGCCAMGGEGTEYY 15 FACTGAGA 4 4 4 AACCOTT 2 AACCTGA-TCCGECTAA-TACCOGOG-TAGGAA--TGEACCAL
XEA_THIC TTTGAMCGGIGGETACC 13 GETTGAGAC JCACCCTIT 2 AARCCTGA-TCCGGTTITA- CACCGGCG-TAGGAMA-GCTTCITG
CJ_TEIC CATAMNTGACOGGAGCT 9 GGCTGAGAG 6 3 6 GACCG—- ( ARCCOGA-TCTGGATAA-TACCAGCG-TCOGGAAGATTTATAA
C¥_TEIC CCATAGCTAGGGLICTC 10 CECTGAGAR ARACCCTIT 2 AMCCTGAGACTGEGTRA-TACCAGZCG-GAGCCA--AGCTCACCA
AN _THIC TCCATGCTAGGGGTECT 10 GGCTGAGATT ACACCCIT 2 CACCTGAGACTGGGTAA-TACCMCG-AAGGEA--AGCTGTTTA
CK_THIC ATATARCTAGGGGTUCT 13 AGCTGAGATC ATACCCIT 2 AACCTGA-AAC AGTTAA-AACTGACE-CAGGAA--AGTTTCAAT
n:l'ﬂlc ACACCACTAGGGGIGEE 23 CGCTGAGATC ACACCCIC 2 AACCTGA-CCCGGEGTCA-TECCEECE-MGECA--AGTGACCAS
PC_OMB1 TTGGEAGAMGECCETECT 26 CGCTGRGRAC AARACCCTC 2 CACCTGA-ACCGGATAA- TACCOGCC-TAGGAAR-CTCTOCGTC
FG_THIS ACCGCTACGEEGGTECT 25 GGCTGAGRT ARTACCCAT 1 GACCTGA-TCCGEATAA-TACCOGOG-GAGGCAT-GTACGAATCS
BX OMR1 CACTTAGTAGEGGTGCC 11 GECTGAGRAC ATACCCIT 1 GACCTGA-TCCOEGTAA-TGCCOGOE- -AGACARAARCARATTA
ﬂ:‘!!n AMAGRCAAMIGGGTGOC 7 GGCTGAGATY ATACCCTA 2 AACCTGA-TGCAGTTAG- TACTGCOG-AMGGGA--TTEEGTATT
EFI_OMRL TCTCATARAGEGGTEEY 78 EECTGAGATCA TACCCAT 2 AACCTAGAACAGG-TAA-TECTGTT--TAGGAA--TTEATTGCA
CHU_THIS CACGCTITAGGGGTEYC 22 GACTGAGATC ATACCCTT 2 AACCTGA-TCAGECTCA-TACCTGCOGARMGEAMA-RAAGTACAS
DR_THIB GCATCACCHGGOGTACC 13 GOCTGRGARC ACRCCCCA 2 RACC T GAGGGAGTGTGATECTC
DR_TEIC TCGTCAACAGEEGTEOC 17 GECTGAGAE 3 7 3 TFAACCCOTA 2 AMCCTGA-ACTGETTAG-CACCAGOG-GAGGCA--GTGTGACES
Q_THIB QGOCETCACCOGRGETECC 7 GOCTAAGAGC ATACCCTT 2 AACCTGA-TCCGRGTCA-TOCCGHOG-TAGIGAA-GETGACGACT
TAC_THITL GOTGTGGTOGLGGAGCY B GOCTGAGAG 5 4 5 GAYCCCT 2 AACCTGA-TCCGRGTAA- TACCGROG-GAGGGAAATTATGGARR
TAC_THIT2 CTAGGCGAOGGQGGAGCT 9 GGCTGAGAG 5 4 3 GACCCCT 2 AACCTGA-TCCGGGTAA-TACCGGCG-GAGGUAATCOTATIATS
FAC_THIT1 MTTATACCGOGGAGCT 4 TOCTGAGAG 3 4 3 GACCCET 2 AACCTGA-TCCGGACAA-TACCGGCG-GAGGGAGATGGATACGA
FAC_THIT2 MTATCCAGGRGGAGCT 5 AGCTGAGAE 3 4 3 GACCCCG 2 AACCTGA-TCCGGCCAG- TACCGGCG-GAGGGAT TGGATGAAMG
TV_THIT1 GEACGATANCCCCAGCT 8 GCCTGAGAC 5 5 5  GACCCTT 2 AACCTGA-TCCGUGTAA-TECCLGCE-GAGCCAACTATGTTCTT
TV_THIT2 GITCATRAMGGGGASCT B8 GECTGAGAG 5 5 5 GACCCTTTG-AACCTGA-TCCGEGTRA-TECCOGOG-GAGGCAMAT TATGTCEG

Fic. 2. Alignment of the THI element sequences. The first column contains the genome abbreviations and the names of the proximal
downstream genes (see Table II). The complementary stems of the RNA secondary structure are shown by arrows in the upper line. Base-paired
positions are highlighted. Conserved positions are set in red, degenerate conserved positions in green, nonconserved positions in black, and
nonconsensus nucleotides in conserved positions in blue. The lengths of additional and facultative stem-loops are given.

DISCUSSION

conserved part of the TBS pathway in bacteria, archaea, and

Identification of the TBS genes and new THI-regulated eukaryota is the synthesis of thiamin monophosphate from
genes allows us to reconstruct and compare the TBS pathway HET and HMP moieties involving the ThiD, ThiE, and ThiM
in various organisms (see Supplemental Table III). The most proteins. In contrast, the HET and HMP biosynthesis are the
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D= -
MOGGGWAYY  RGCTGAGA
BS_THIC TAGTTACTGUGGGTIGOC 9 GGCYGAGA 6
BS_TEMA TAACCACTAGGGGTIGEE 9 GGCTGAGA 7
BS_YLMB TTCATCOTAGGGGTGCT 6 AGCTGAGA 5
BS_YEOF ARRGCACTAGOGGTGET 5 GGCTGAGR 9
BS_YUAJ TGACCACAMIGGGAGCA 4 AGCTGAGAGT 5
BEE_THIC TATCIGCTAGGCGAGYS 9 GGCYGAGA 7
BE_TEMA CATCCACTAGGGGEEOE 8 GGCIGAGA 6
ED_YUAT TAACCACTAGGGGIGIC 4 GACTGAGA 4
ED_THIEX AGGAGACTAGGGGIGEC 10 GACTGAGA 6
ED_THIC AMATAMCTAGGGGAGTE 10 BECYGAEA 5
ED_YLME AATCCACTAGGGGYGEA 3 CHCTGAGR 8
C_THIC GATAAACTAGGGGIGES 13 GGCTGAGA 6
EC_TENA CATCCACTAGCGGGGCE 7 GGCYGAGA 5
20 _TEMAZ  AGTTTECTAGGAGAGCT 9 AGCIGAGAGT 4
zo_THIX TTAAGGACCGEGGAGOS 4 GECTGAGME 5
ZC_TRIN AGAAACACATGGGAGTT 10 AACTGAGAGT 5
£C_YUAJ TTATCACTCGCCGAGEC 4 CGCIGAGAG 5
&a_TEm GAACTACTAGGGGAGOE 9 GGCTGAGR 4
om_YxoE CACACACTAGGGGTGYT 3 TACTGAGR 5
EY_TENA TTGCTACTAG 4 gGCTGAGA 5
ZY_OARX TATGCACTAGGGGTGTT 4 MACTGAGA 5
£Y_THIY CTATCACTAGGGGTGCA 8 TGCTGAGA 6
EY_YROF AACGCACTAGGGGTGIA 5 TACTGAGA 5
Id_TENA CAAAAMCTAGGGGGECE 6 GGCYGAGAT 6
1M_YOAT TTACCACAGGGGGEECT 4 AGCTGAGATT 7
CA_THIS ATAGYTAACGGGEAGES @ GECTGAGAG 6
A_YUAT TATGTOCTAGGGGIGCE 4 GGCTGAGR 8
CA_TEIX TTAGTECTAGCCGIGEC 4 GGCTGAGRG 5
o_THIC TTTTAGCTAGGGGIGEE 56 GECTGAGA 3
CA_THIN TATTITICAGGGGAGET @ UGCTGAGNG 5
DF_THID AMATAGCTAGGGGAGCC 3 MICTGAGAIGTA
DF_THIC TTAGAGCTAGGGGOGCT 10 ASCTGAGAGA 5
DF_THIX ATATATPPCGGGGAGET 4 TECIGAGAG 5
Cr_TERA TTATASCTAGCGGTEOC 3 GGCTGAGA 6
CcI_THIC TAACTGCTAGCCGIGCA 8 TGCYGAGA 4
CI_THID AAATAGCTAGGGGGEEE 10 GECTGAGATT &
cr_rurs ATATFCOTAGGEGYGETY 6 GECTGAGA 5
CB_THIN TAATTTTTCAARMIGGGAGCT 5 GGCTGAGNG 5
8_THTD TATGITCTGEGCCTICCE 6 GGCTGACA 4
B_YUAY TAAGTGCTAGGGGTIGEE 9 GGECTGAGA 5
TTE _THIC CAAGTECTAGGGGAGEE 6 CGCTGAGA: 4
TIE_TEID  AMAGTGCTAGGGGAGCC 6 UGCTGAGAG 4
TIE_YUAJ  TGTCCGCTOUGGOAGCE 6 GOCYGAGA 5
TTE_THIDE  CAAGTGCTAG 6 CGOTGAGAE 4
EF_YECGE AARACATTTGGGGIGET 5 (GCTGAGATG
EF_TEIN GAAACATTTCCCGIGEY 3 AGCTGAGATT
2X_THIX CCTGITICTGCCGATGY 8 ACAIGAGIG 6
2Z_YUAY ACTCACAAAGGGGAGYC 6 BECYGAGA 5
LLX YOAJ  TTTGCACAATGGGTCFA 16 TAGUGAGAA
M_YRGE AMGACATTTOGGGIGET 3 GGCTGAGATG
PM_TENAZ  GAGACATTTGCGCTGOT 3 CECTGAGATA
PM_THIX TATAATATATCGGACTC 8 CYCIGAGAE 5
ST_YUAJ TPTCACAAAGGAGTGCY 2 GGCYGAGR 4
M_YUAY ATATCACAAGGAGTGEY 6 AGCTGAGA 4
DHA THIC  TAATCACTAGGGGGGCC 10 GECTGAGA 7
OGL_THIC  CRAGTCCCCACGGGCHOC @ GOCTGAGR 6
QGL TEID  ACTAGGCALGOGGIGES 22 GHCTGAGAAA
CCL THIX  CTTACCCCACGGGIGEC 10 SGCTGAGATTC 5
OCL YROE  TCATAGACACGGGTGCT 13 GECTGAGATC 4
CGL_OARX  TAGTGACACGOGGTOOR 22 CHCTGAGATT
DI_YEGD CGAGATGCCCGEGTGEE 17 WGCTGAGR 5
DI_TRIC TGTCCCCCOCGEGOREE 8§ GGCYGAGA 6
DT_YXOR TATAANTCACCGGTCOT 19 AGCTGAGA 7
MT_THIO CTGTAGACACGGGAGTE 11 GYCTGAGAGT 4
Wr_THIC CTACCCACCCGEGAGEG 11 CGCTGAGAG 6
ML_THIO GGAGTCCCOAGGCAGTE 11 EGOTEAGMET 12
ML_THIC 11 EGCTEAGMG 5
¥8_TRIC UrACCCACGCGGGAGCG 11 COCTGAGAG 6
¥e_THIO cT 11 ETCIGAGAGT 4
RE_TENA COTAGACACGEGGTECT 15 AGCTGASATC
RX_THIC COGTCCACACGGGAGOE 10 CECTGAGAT 7
RK_THIO GAATCGACACGGGAGEC 13 GGCTGAGA 7
RK THIC2Z  GCAACCACACGGGAGCY 10 GECTGAGAC 6
SX_THIO AGGCACTCGUGGGAGEE 11 GGCTGAGAG 6
8x_THIC TTGTACACGRCGGAGEY 10 GECIGAGAG 45
&x_THIB ATTCCGACAGOGGAGEG 6 CHCIGAGAG 6
TFD_THTO 12 EECTGAGME 6
TPU_YKOE  CAAMCCACAGGGGAGOG 7 CECIGAGAE 6
TEU_TEID  TGTGGACGLGEGGIGES 11 GGCTGAGAGGA
AMI_TEIX  TACATAAAMGGGAGCY 13 GGCIGAGAGE 5
AU CYTX  GCGTGTATGAGEGAGAT 10 CCOTGAGAC 6
CAU_X THIX GCGCTGOCAGGGGAGOS 10 GECTGAGAGT 5
CAU_TENA  TGTTCCHTAGGGGLHON 15 GHOTGAGAG
cL_TRIC ATCATCTTCOGECIGEY 21 AGCTGAGATC
m™_THIC ATATCTACTGGGGAGET 3 TGCTGAGATT 4
P_THIX CTAGTTACMGGGAGTT 8 GACTGAGAA 4
™™ _THIL  CCPTCCCCAGLOGGAGET 10 GHCYGAGAG 6
PMI_THTB  MAATAGCCAGGGGAGCT 4 COCYGAGME 5

most variable part of the TBS pathway in prokaryotes.

ThiE, and ThiM proteins only, was found in Gram-positive
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Gaccere
AACCCTT
ATCCCTT
TOACCCTT
GACCCIT
GACCOTT
ARCTCTT
—ACCCTC
AACCoTe
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AACCCIT
GACTCTT
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Gaccere
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GACCCTT
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CMARCCCTA
GACCCTT
AACCOTT
AACCCIT

TGACCCTT
AACTCTA
GACCCAT
ARCTCTA
RACCCTIC
GACCCTT
GACCCIT
AMCCCIT
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ATACCCAT
GAZCCAT
=ACCCTT
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ACACCCET

GGACCETT

CeACCETC

ACACCCST
AACCQIA
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aACCTGa tcygUNTaa TRCorgO@ HAGGGA
GACCTGA-TCTGGTTCG- TACCAGCG -TOGGGA- -AGTAGAGE
AACTTGA- ACAGETTCA-GACCTIGCG-TAGCCA- -ABTCEALC
EACCTGA-TCTGEATC A~ TECCAGOG-GAGGGA- -AGOGET AR
GACCCOA-TCTGUATAN- TACCAGOG - THOGGA- -AGTOCA GG
AMCCTGT-TA- -GTTAA- COCTHGCGE - TAGGGA- ~-TGTGACAA
AACCTGA-TCTGEGTCA-TOCCAGCG-TAGCCA- -AGCAGETA
CACCTGA-TCTGEGTAA- TECCAGOG-TAGEGA- -AETEEACE
AACCTGA=TCTAGTTCA- TACTAGCG-AAGGGA- ~AGIGGCGC
TACCTGA-TCTGGATC A~ TGCCAGCE - TAGGGA- ~-AGTCGACT
GACCTEA-TCTGEATCA-TACCAGCG-TGGGGA- -AGTTATCA
CACCTGA- TCTAGGTAA- TACTAGCG-AAGGGA- -AGTOGCCA
GACCTGA-TCTGECTCE- TACCAGCG-TAGGGA- -AGTTAACG
TACCTGA-TCTGET TAA- TGCCAGCG - TAGCGA- -ACTCEC AL
TACCTGA-TCPAGATEA-TGCTAGCG-TAGGGEA- -AGCRATTC
AACCTGA-TCTGEATAA-TOCCAGOG-PAGGEA- ~GTTACT TAL
AACCTGT---TGGATAA TUCCAGCG-TAGGGAGAGTGTAAR
AACCTGT-TA- —GTTAA-TCCTAACG-CAGCCATTCTGCAAAC
GACCTGA=TTTGHTTAG= TACCAACG - TAGGA A= -AGTAGT TA
AACCTGA-TCTAGCTEG-AACTAGCG=-TAGGAA- -AGTGTTAC
AMCTGA-TTTGGTTAA- TACCAALS - TAGGAA- ~-AGTAGT TA
AACCTGA-ACTAGCTEA-TACTAGCG-GAGGAM- -AGTGTTGA
AACCTGT-TE- —GTTAG-CACCEGOG-TAGGAA- -AGCTCAGCA
AMCTGA-TCTAGCTAGT TACTAGCG - TAGGAA- -AGTGTT T
AACCTGCT-TT- GTTAG-TCCAMCG-TAGCCA- -AGIGAATG
AMCCTGT-TC- ~CPTAA-TACGAGOG-TAGGGA- -TTETEECE
AACCTGA-TTTGEATAA-TGCCAACG-TAGGEA- ~-CTTAMTGC
AMCCTGA- TCT GRATAA- TACCAGCS - TAGGGA- ~-AGCAGT T'T
AACCTGA-TTCCCTTAA- TTCTGACE - AMGEAA- -AGCT TTTT
AACTTGA-TGTAGTTAA-TACTACCG-TAGGGA- -AGCAGTEC
TACCTGA-TTTGGATAA- TOCCAACG - TAGGARATAGGT TACT
CACCTGA- TCT GRATAA- TACCAGOS - TAGGAA- AGUTTAGTA
AACCTGA=TCAMATAA= TGO T ICOG~ANGEGA= AGCTT TTTA
AACCTGTTTG- ~GATAA-TOCCAGTG-TAGGEAGACCAG TTAM
AACCTGA-TCTGEATAA-TACCAGOG-TAGEAA- -AGOCTETA
AACCTGA-TEIAGTTAGC- TACTACCG-TAGCGA- -AGCAMAAG
AACCTGA-TCTGETTAA- TACCAGCG-TAGCGA- -AGOCCARG
AACCTGA-TTTEETTAA- TACCAGCG - PAGGGEA=- ~AGTATATT
ARCT TGA-TTCGHATAA- TRCCHALG - TAAGGAAAT ATT A TT
AACCTGA-TCCAGATAA- TACTCGOG-TAGGCAAGCAGCATAT
AACCTGA-TCTGETTAA- TACCAGCG-TAGEAA- -AGCTTCAG
AMCCTGA-COAGGETAA- TGO CTEOG-AAGEGA- -AECACGTT
AACCTGA-CCAGEGTAA- TUCCTGOG - AAGEGA- ~-AGCACE TT
AACCTGA-TEAGIGTAA-TOCCTICOG - TAGGGAATICAGACTC
AACCTGA-COAGEGTAA-TGCCTEOG-MAGCGA- -AGCACETT
ARCCTGA-TRCAGTTAG- TACTGICG -CAGGGA- -RATGCCGA
AMCCTGA-ARCAGTTAG- GACTOGOG - CAGGGA- ~AATGTCTT
AACCTG--TC-AGTTAA-TACTGGIC-MGEGA- -GAMCATA
TACCTSTATC- ~GGTEA-TOCGAGCG-TAGGAA- ~TTETEAAT
GACCTGA- TCTGRGTAA- TOCCAGOG - TAGGAR- ~-TQIGTTA
AACCTGA- TACAGTTAA-GACT GGCG-AMGGGA- -AATOTOAM
AACCTGA=TACAGTTAA= GAL T OCOE =M OCGEA- ~AATGTGAA
=ACCTGA-TCT GGG TAMA- TGCCAGOG-GAGGEAACEATACT TA
GACCTGA-TCITUTTAG- TACAAGCG - TAGGGA- -TT@TEACC
GACCTGA-TCTAGTTAA- TACTAGCG-TCGCAA- -TCICATTC
AACCTGA-TCIGECTAA- TGCCAGCE -TAGCGAL—CCIGEATA
ARCCTG==TOCGUTTAG- CACCOGOG-RAANGARGAGAGGAA TG
AACCTGC-TCTAGCTCO- TACTAGCG - AMGGGATIICCT TRAC
AACCTG--TCTGETTAA- CACCAGCG-MGEAMCCAGCATTE
AACCTGA-TOCGEATAA-TECCOEOGATAGCGASGAAMAATAT
ARCCTGRA-TCCAGTTAG- TACTOGOG - AAGSGAC TGTCRCATT
AACCTGA-TCTGUGTAA- TACCAGCGATAGIANGAC TICATAC
AMCCTCT- - CTGETTAA- CACCAGCG - MAGCANGACAGGAGCE
AACCTGA-TOCGEGTAA-TACCCEOGATAGEAACAATAA TEAR
CACCTEA-POCGEATC A= TECCEE0G-AAGGEASGT CALGEAT
AACCTGA- - CCOEGTAA- TGCCOGCE - TAGGGAGTT GCARATG
CACCTGA-TCCGEGTCA-TECCEG0G-AGGGASET TCAASAT
AACCTGA- -COGRGTAA- TECCOGOG-TAGGGAGAT QAR TAAT
AACCTGA- -CCOGETAA- TUCCHGCG-TAGGGAGTTGCAMTG
CACCTGA-TCCCRATCA- TECCEGCE-AMGECACCT CAAGT AT
AACCTGA~=TCAGGTAA-TGCTEACG-AAGEGATGTCACGECA
AACCTGO- -CCGEETAA-TGCCOG0G-AOGAMTAGGAATAG
CACCTGA-ACCGEATCA- TICCHGCG-CAGGG M TOAGITOGA
AMCCTGA- - CCCGCTAA- TTCCECCE -TAGECACATCATCTCG
ARCCTGA=TCCGEGTCA- TOCCOGCG - AGEGAGEG GCTGRAC
AACCTGTPACCGEGTAA-TOCCOG0G-PAGGEASTAGGTCTCA
ARCCTGG-CCOAGTUA- TICTOGG- - TAGGGAGATCOGTCAC
AACCTGA-TCCGEGTCA-TACCEGOG-AMGEGASTECORCECE

GACCCOTT 2 TACCTGA~TCIGEGTAA~TGCCAGOG-MAGEAA--ETOGTEEG

CACCCATG--AACCTGA-TCTAGGTAG- TACTAGCG -GAGGGACGTCCAAT TG
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(L AT

TGACCTIC 1 AACCTGA-TCTGGATAA-TCCCAGOL-TAGGGATAAAGCAGCT
GACCTCETG-AACCTGC-TCTGEETAA- TCCCAGOG-MGGGA- -ATACAC GG
TCGACCOTT 2 AACCTGA~TCTGEGTTA~TECCAGCG-GAGGGAL-GGOGTATT

GAACCCTT 1 AACCTGA-TCCMEGTAA-TACCHGOG-TAGGAAATCGGARCCG
ACACCCOT 2 AACTTGA-TGCAGGTAMA-TGCCTEACGCAAGGAA- -AGATGAAG

i o
LR

Fic. 2—continued

TAGACCCAT 2 TACCTGA-TTTGGATAN- TGCCAACG-AAGGGA- -GTACCATC
GACCTTT 1 GACCTGA-TTTGGATAA-TUCCAACH-TAGRANS -GTAMMGA
GACCCCA 2 ARCCTGA-TCCMEGTAA- TECCAGOG - GAGGGAT COGGGURAGS
GACCCTE 2 TACCTGA-TCYGGATAA-TACCAGOG-MAGECAG-GCTAARAT
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pathogens from the Bacillus/Clostridium group and in some
The incomplete TBS pathway, which includes the ThiD, Gram-negative pathogens, namely Pasteurellaeceae and H. py-

lori. These eubacteria are unable to synthesize HET and HMP
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and are forced to uptake these thiamin precursors via specific
transport system. Using analysis of operon structures and THI-
mediated regulation, we have identified several candidate thi-
amin-related transporters. We predict that two groups of prob-
able transporters, namely ThiX-ThiY-ThiZ/YkoE-YkoD-YkoC/
CytX and ThiU/ThiW/Orf11, may be involved in the HMP and
HET uptake, respectively, substituting the missing biosyn-
thetic pathways in bacteria. The remaining puzzle is the pres-
ence of the thiM-thiD-thiE genes in the complete genomes of L.
lactis, Listeria monocytogenes, and H. pylori, that have no
candidate HMP or HET transporters. The thiamin biosynthetic
genes seem to be not essential in these genomes, since they
contain candidate thiamin transporters, yuad and pnuT. Thus,
the possible explanations are as follows: existence of unidenti-
fied HMP and HET transporters; erroneous assignment of thi-
amin, but not HMP and/or HET specificity, to Yuad and PnuT;
and cryptic (nonfunctional) state of thiM-thiD-thiE in these
organisms.

The HET biosynthesis in eubacteria uses the ThiF, ThiS,
ThiG, and ThiH (ThiO) proteins. One interesting exception is
T. maritima, whose complete genome revealed genes of HMP,
but not HET, biosynthesis. The first gene of the THI-regulated
TBS operon in T. maritima encodes a protein from the Thi4
family of eukaryotic enzymes involved in the thiazole biosyn-
thesis. This family includes Thi4 from S. cerevisiae, Thi2 from
S. pombe, Thil from Zea mays, and STI35 from Fusarium sp. A
similarity search shows that the thi4 gene is present in all
available archaeal genomes (Table II). However, among eubac-
teria, only T. maritima has the thi4 gene. Therefore, we con-
cluded that the HET biosynthesis of archaea, eukaryota, and 7.
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Fic. 3. The conserved structure of the THI element. Capital
letters indicate invariant positions. Lowercase letters indicate strongly
conserved positions. Degenerate positions are as follows: R, Aor G; Y, C
or U; K, G or U; M, A or C; N, any nucleotide.
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maritima differs from that in most eubacteria and uses the thi4
gene product.

The bacterial TBS pathway uses the ThiC protein for the
HMP biosynthesis. The ThiC orthologs were identified in all
archaeal genomes, except A. pernix and Thermoplasma species
(Table II). The phylogenetic distribution of ThiC is restricted to
bacteria and archaea. The HMP biosynthesis in eukaryota uses
other proteins that are not similar to ThiC and belong to the
NMT1 family. This family includes Thi5 from S. cerevisiae,
Thi3 from S. pombe, and NMT1 from Aspergillus parasiticus.
As mentioned above, the substrate-binding component of the
predicted HMP transport system ThiY from various bacteria is
highly similar to the proteins from the NMT1 family. The main
difference between the ThiY and NMT1 proteins is the absence
of the N-terminal transmembrane segment in the latter. Strik-
ingly, the first gene of the TBS operon in L. pneumophila, a
pathogenic y-proteobacterium, is not ¢hiC, as in most y-pro-
teobacteria, but a gene encoding an NMT1 family protein. This
protein has no predicted transmembrane segments and is
strongly linked to the eukaryotic NMT1 proteins in the phylo-
genetic tree of the NMT1/ThiY proteins. Thus, in contrast to
other bacteria, the HMP biosynthesis in L. pneumophila is
similar to the eukaryotic pathway.

Analysis of phylogenetic patterns results in both strong and
weak functional predictions for the TBS genes. The former
involves nonorthologous displacements within the HET and
HMP biosynthetic pathways. In contrast, preliminary predic-
tion of the possible nonorthologous replacement of ThiE to
ThiN in archaea is tentative.

Thus, based on comparative and phylogenetic analyses, we
have shown key differences in the initial steps of the TBS
pathway in eubacteria, archaea, and eukaryota. Moreover, the
predicted HMP and HET transporters complement for the ab-
sence of corresponding biosynthetic pathways of the TBS in
bacteria.

Using the global analysis of the THI elements in available
bacterial genomes, we have found that this conserved RNA
regulatory element is widely distributed in eubacteria and
regulates most TBS genes. In contrast, among 17 available
archaeal genomes, THI elements could be observed only up-
stream of newly identified thiamin-related transporters in
Thermoplasma species. Among all bacterial TBS genes, only
the thiC gene is always THI-regulated. The only two exceptions
are two bacteria, Magnetococcus and A. aeolicus, that have no
THI elements at all. Most thiamin-related transport systems,
both known and predicted, are also regulated by THI elements.
Interestingly, some genes required for the HET biosynthesis,
namely iscS, dxs, and thil, are never regulated by the THI

-TPP

L S}

Fic. 4. The predicted mechanism of the THI-mediated regulation of thiamin genes. A, transcription attenuation; B, translation
attenuation. Dashed lines show the location of complementary regions. Point lines show interactions in derepressed conditions. SD, the
Shine-Dalgarno box; ATG, start codon; UUUU, poly(U) tract in the terminator.

T1TOZ ‘2T Jlequaldas uo ‘1sanb Ag B0 oqlmmm woly papeojumoq


http://www.jbc.org/

Comparative Genomics of Thiamin Biosynthesis

element and are never positionally clustered with other thia-
min biosynthetic genes. More surprisingly, thiamin-monophos-
phate kinase thiL is not clustered with other thi genes and is
not regulated by the THI element.

The proposed model for the thiamin regulation is based on
competition between alternative RNA secondary structures. In
the repressing conditions, thiamin pyrophosphate stabilizes
the THI element. In Gram-positive bacteria, it leads to forma-
tion of the terminator hairpin and premature termination of
transcription. Without thiamin pyrophosphate, unstable THI
element is replaced by the more energy-favorable antitermina-
tion conformation that allows for the transcription read-
through. In Gram-negative bacteria, stabilization of the THI
element leads to formation of the SD sequestor hairpin, which
represses initiation of translation. In the derepressing condi-
tions, THI element is replaced by the antisequestor that re-
leases the SD-box and allows for initiation of translation.

It is known that various nucleotides, such as flavin mononu-
cleotide or nicotinamide mononucleotide, can specifically bind
to RNA aptamers (36). Thiamin pyrophosphate, containing py-
rimidine and thiazole moieties, is a regulatory molecule for the
regulation of expression of the thiamin biosynthetic and trans-
port genes (3, 8, 9). The THI element was previously shown to
be absolutely necessary for the high level expression of the TBS
operon in R. etli, but the exact mechanism of the thiamin-
mediated regulation was not clear (14). Our analysis shows
that this regulation apparently requires high conservation of
the sequence and structure of the THI element due to possible
direct binding of thiamin pyrophosphate to this site.

The proposed mechanisms of regulation for the thiamin and
riboflavin regulons, which are mediated by conserved RNA
structural elements (the THI element and the RFN element,
respectively), show striking similarities to each other. First of
all, the secondary structures of these elements are strictly
conserved, often contain complementary substitutions, and
have a similar tree-like topology with one central base stem.
Second, the nucleotide sequences of the THI and RFN elements
contain a large number of invariant positions that can be in-
volved in the binding of effectors, thiamin pyrophosphate and
FMN, respectively. Third, the regulation probably involves the
same mechanisms of either transcriptional or translational
attenuation, which are based on the competition of alternative
RNA secondary structures, terminator/antiterminator or se-
questor/antisequestor, respectively. Finally, the phylogenetic
distribution of regulatory hairpins is the same for both regu-
lons, with terminators and sequestors occurring in Gram-pos-
itive and Gram-negative bacteria, respectively.

From the practical point, this study once again demonstrates
the power of comparative genomics for functional annotation of
genomes, especially when experimental data are limited. In
particular, analysis of regulatory elements is a powerful tool for
prediction of missing transport genes, as demonstrated here
and in our analyses of the riboflavin and biotin regulons (16,
17).
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