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Abstract The aroB gene from Helicobacter pylori strain
P1 was cloned and further characterized by sequence anal-
ysis and by functional complementation of the aroB mu-
tation in Escherichia coli. The aroB gene encodes the en-
zyme 3-dehydroquinate synthase which catalyzes one of
the early steps in the shikimate pathway. This pathway,
which creates aromatic molecules from sugar precursors,
is present in prokaryotes, fungi and plants but is absent
from mammalian cells. The predicted amino acid sequence
of the H. pylori aroB gene product showed significant ho-
mology (30—40% identity and 50—60% similarity) to 3-
dehydroquinate synthases from various other prokaryotes
and eukaryotes. The single gene on a plasmid was biolog-
ically active in E. coli. It suppressed the specific pheno-
type of aroB mutants by restoring the shikimate pathway-
dependent synthesis of aromatic amino acids and the pro-
duction of the siderophore enterobactin. Two other read-
ing frameswere found adjacent to the aroB gene. Thefirst,
designated as orfl, had no significant homology to pro-
teins and genes present in databases, whereas the second
was found to share a significant degree of homology with
the tgt gene encoding tRNA-guanine transglycosylase
from a variety of other bacteria (40—50% identity and
60—70% similarity). The function of the tgt gene was con-
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firmed by heterologous complementation. The gene on a
plasmid was shown to complement the queuosine biosyn-
thesis defect in a genetically defined tgt™ strain of E. coli.
The presence of the aroB gene and the putative tgt homo-
logue in unrelated H. pylori strains was confirmed by
Southern blot hybridization and by polymerase chain re-
action with specific primers.

Key words Shikimate pathway - Iron uptake -
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Introduction

Helicobacter pylori is a gramnegative, microaerophilic,
spiral-shaped bacterium that col onizes the human stomach
[7]. It causes a chronic inflammatory response leading to
active, chronic superficial gastritis and, in some cases, to
peptic ulceration [27] and to gastric neoplasia [1]. The
pathogen occupies a position beneath the mucus layer in
close contact with gastric epithelial cells. After establish-
ment of the infection, H. pylori can persist for decades.
During the search for a vaccine, considerable effort has
been directed towards the identification and cloning of in-
dividual H. pylori antigensthat are effectively recognized
by the immune system [29, 30, 37, 51]. Construction of
mutant strains of attenuated virulenceisan alternative ap-
proach for vaccine devel opment.

The shikimate biosynthesis pathway for generation of
aromatic compounds from sugar precursors is present in
bacteria, fungi and plants, but is absent from mammalian
cells ([40], reviewed in [39]). In bacteria, aromatic amino
acids and para-amino benzoic acid (PAB) are synthesized
from the common precursor chorismate, which isthe prod-
uct of the shikimate pathway. PAB isthe precursor for folic
acid synthesis, a substance that is not produced by chord-
ates. In consequence, mutants of pathogenic bacteria,
which lack any of the enzymes of the shikimate pathway,
require aromatic amino acids and PAB for growth, and are
thus unable to grow in the host. It has been shown earlier
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that mutants of Salmonella ([12, 17], reviewed in [10]),
Shigella [33], and Yersinia [36] carrying defects in shiki-
mate pathway genes, were attenuated in vivo, and of po-
tential use as live vaccines.

We report here the cloning and functional characteriza-
tion of the aroB gene of H. pylori that encodes the shiki-
mate pathway enzyme 3-dehydroquinate (DHQ) synthase
[EC 4.6.1.3]. The shikimate pathway of bacteria, including
the function of the AroB protein, hasbeen extensively stud-
ied in Escherichia coli [19, 31, 38—39]. The enzyme cata-
lyzes the formation of 3-dehydroquinate by cyclization of
the sugar precursor 3-deoxy-D-arabino-heptul osonate-7-
phosphate. The reaction, which depends on NAD™ as a co-
factor, represents the second step in the shikimate pathway.

In E. coli and other enteric bacteria the shikimate path-
way is linked to iron metabolism as the synthesis of the
siderophore enterobactin depends on chorismic acid from
the shikimate pathway (reviewed in [16]). In consequence
aroB mutants of E. coli fail to grow in minimal mediaand
cannot survive iron deprivation.

A reading frame which encodes the Tgt protein was
found in some distance to aroB. The tgt gene encodes the
tRNA modification protein tRNA-guanine transglycosy-
lase [EC 2.4.2.29] an enzyme which uses zinc as cofactor
[11]. The Tgt protein modifies specifically tRNAA,
tRNAAS" tRNA ™", and tRNAH'S by exchange of the ge-
netically encoded guanine in the anticodon with the pre-
cursor 7-aminomethyl-7-deazaguanine (preQ) of the hy-
permodified tRNA nucleoside queuosine [Q: 7-(((4,5-cis-

dihydroxy-2-cyclopentene-1-yl)amino)methyl)-7-deaza-
guanosine)))].

The function of the Q-modification of tRNA isstill un-
known. Homol ogues of the tgt gene were detected inava-
riety of species including E. coli [42], Shigella flexneri
[15], Haemophilus influenzae [18], and Zymomonas mob-
ilis [41]. The three-dimensional structure of the Tgt pro-
tein from Z. mobilis was recently studied in detail and
amino acid residues involved in the enzymatic function of
the enzyme and in the binding of the zinc cofactor werein-
quired [11, 44, 45]. These amino acids were striktly con-
served in the deduced Tgt protein from H. pylori.

Materials and methods

Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used are listed in Table 1. The H. py-
lori strains were grown in Brucella broth supplemented with 5% fe-
tal calf serum. The cultures were incubated at 37 °C in a microaero-
bic atmosphere (85% nitrogen, 10% carbon dioxide, 5% oxygen).
E. coli strains carrying recombinant DNA on plasmids pBluescript
KS" and pSO50 weregrown in Luria-Bertani (LB) medium [32] sup-
plemented with ampicillin (100 mg/l) and tetracycline (20 mg/l) re-
spectively. Recombinant plasmids carrying H. pylori DNA were
propagated in the E. coli strain HB101.

Growth under iron restricted conditions was monitored on bacto
nutrient broth agar (NB, DIFCO) supplemented with 200 puM of the
iron chelator 2',2'-dipyridyl (Sigma). Auxotrophy for the synthesis
of aromatic amino acids was assessed by growth on minimmal me-
dium M9 [32].

Table1l Relevant characteris-
tics of bacterial strains and

Strain or plasmid  Genotype or relevant characteristics

Reference or source

plasmids Helicobacter pylori

G27 wt, cagA*, vacA (slb/m1)? A. Covacci

ATCC 43504 wt, cagA*, vacA (slaiml)? ATCC
identical with NCTC 11637

P1 wt, cagA*, vacA (sla/ml)? [35]

NCTC 11638 wt, cagA ™, vacA (sla/m1)? [8]

151 wt, cagA*, vacA (slb/m1)? M. Kist

Escherichia coli

E181 HB101 carrying ACH616 prophage [35]

HB101 F~, recA13, ara-14, proA2, leuB, lacY 1, galK2, [6]
rpsL20(str"), xyl-5, mtl-1, supE44, thi-1, hsdS20 (rg, mg)

H1443 aroB, araD, lac, rpsL, thi [52]

SJ1505 araD139A (argF-lac) U169 thi deoC rel Al rpsL 150 tgtl [41]

Plasmids

pBluescripts KS*  Plasmid cloning vector, Ap" Stratagene

pTnMax5 catge, res, orifd, tnpRr, tnpA, lacl9, Cm" [25]

pSO50 OFigogr, OFiT, trg, Piga (derivative of pMINZ2, described in R. Haas
[25] and [35]), Tc'

pARO1 pSO50 with a4 kb chromosomal DNA fragment carrying ~ This study
the genes aroB and tgt from H. pylori P1, Tc'

pARO1.1 PARO1 with TnMax5 inserted into the aroB gene, Cm", Tc" This study

pARO1.2 pARO1 with TnMax5 inserted into the tgt gene, Cm', T¢"  This study

pARO2 pBluescript containing a 1.5-kb EcoRI/Hindl Il fragment This study
from pAROL1 carrying the aroB gene, Ap'

pARO3 pBluescript containing a 2.5-kb EcoRV/Sall fragment This study

from pAROL carrying the tgt homologue, Ap"

& The cagA status and the vacA allele type of the H. pylori strains were determined as previously de-

scribed [2]



DNA: isolation and cloning procedures

Total genomic DNA was isolated from H. pylori strains, previously
grown inliquid culture, by repeated treatment with phenol and chlo-
roformfollowed by ethanol precipitation according to standard meth-
ods [46]. Plasmid-DNA was isolated from E. coli liquid cultures by
anion exchange chromatography using akit (plasmid midi kit, Qiag-
en). All steps were performed according to a protocol given by the
manufacturer.

The plasmid pARO1, which carries the H. pylori aroB and tgt
genes on a4-kb DNA fragment, was isolated from a plasmid-based
DNA library of strain P1 cloned in plasmid pSO50 a derivative of
the minimal vector pMinl [25]. The library was established as pre-
viously described for an equivalent library in plasmid pMin2 [35].
The subcloning of defined DNA fragments in pBluescript KS™ was
done according to standard methods [46].

Transposon mutagenesis of pARO1

Transposon insertion mutagenesis of the DNA region cloned in
pAROL1 was performed using TnMax5 [25], according to a proce-
dure previously described [35]. The plasmid pARO1 wasintroduced
into E. coli E181 harbouring plasmid pTnMax5 and thetransformants
were grown in 100 ml LB supplemented with chloramphenicol
(20 mg/l), tetracycline (20 mg/l) and 100 uM IPTG to induce trans-
position. Plasmidsin which the aroB gene was inactivated by inser-
tion of TnMax5, were selected after transfer into E. coli H1443 by
their inability to restore growth of the mutant under conditions of
iron restriction. The plasmids wereisolated and the insertion sites of
the transposon were mapped by restriction with enzymes EcoRI and
Hindlll. The plasmids pARO1.1 and pARO1.2 which carry asingle
insertion of TnMax5 in the aroB gene and in the tgt gene, respec-
tively, were chosen for further analysis.

Complementation of the tgt mutation

Biochemical complementation of thetgt mutation was assayed asde-
scribed elsewhere [41] using the E. coli strain SJ1505.

DNA sequence determination

Sequencing was performed by primer walking according to a mod-
ification of the dideoxynucleotide chain-termination method [47].
The nucleotide sequence was determined on both strands. The plas-
mids pARO2 and pARO3 were used as templates for the sequenc-
ing reactions which were done with a PRISM Ready Reaction Dye
Cycle Sequencing kit (Applied Biosystems) including fluorescence-
|abeled dideoxynucleotides. The fluorescent reaction products were
separated on a denaturing polyacrylamide gel and analyzed by an
Applied Biosystems 373 A automated DNA sequencig machine. The
DNA sequencewasanalyzed withthe HUSAR software package pro-
vided by the German Cancer Research Center in Heidelberg. The de-
tailed alignments were done using GAP, CLUSTAL, or BESTFIT.

Conditions for PCR amplification

PCR products carrying parts of the aroB and tgt regions were gen-
erated using primers F (CTAAAAACAAGCGTTCG), F1 (TGGA-
CAATAGCTCTTGG), together with R (CGTGATAGAGTCCG-
GAG), R1 (ACACGCGCTTTTGGTG), and with F2 (CTTTTA-
GATTTAGCCCA) together with R2 (AAGCTGGCTAAACGAG),
respectively. Thelocations of the primersaregiveninFig. 1. There-
actions were carried out with 100 ng template DNA, 25 pmoles of
each primer, 1 Unit Tag polymerase (Pharmacia) in 50 pl of a PCR
buffer system that has been described previously [3]. Denaturation,
annealing, and polymerization stepswere donefor 1 min each at 93°,
50°, and 72°C, respectively. After an initial denaturation for 2 min
at 94 °C the cycles were repeated 25 times followed by afinal poly-
merization step at 72°C for 10 min.
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Southern blot hybridization

Southern blot hybridization [48] for detection of aroB and tgt was
performed using the digoxygenin DNA labeling and detection kit
from Boehringer-Mannheim, according to a protocol given by the
manufacturer. To generate probes, specific for aroB and tgt, internal
fragments of both genes present on plasmid pARO1 were amplified
by PCR with primersindicated in Fig. 1. The PCR products were la-
beled with digoxygenine-11-dUTP by nick-translation. Isolated
DNA (20 pg) from various H. pylori strains was completely frag-
mented with Hindl 1 and separated on a 1% agarose gel. After depu-
rination, denaturation and neutralization, the DNA fragments were
transferred to apositively charged nylon membrane (Quiabrane plus)
by capillary forces and cross-linked for 2 min by UV irradiation
(203 nm). Thefollowing steps, including hybridization, washing and
detection of the probe, were done according to the manufacturers
recommendations. Hybridization wasdoneat 57 °Cfor 16 hin abuf-
fer without formamide and stringency washing was carried out at
65°C.

Nucleotide sequence accession number

The complete DNA sequence of the fragment cloned in pARO1 has
been assigned EMBL database accession number Y 12061.

Results

Isolation of a DNA fragment carrying the aroB gene
from Helicobacter pylori

As part of a project focussed on characterization of iron
uptake determinants in H. pylori, we screened a plasmid
based library of H. pylori strain P1for restoration of growth
of the E. coli aroB mutant strain H1443 under iron-re-
stricted conditions. Due to the lack of siderophore synthe-
sis, which depends on the shikimate bi osynthesis pathway,
growth of the mutant H1443 is blocked by the defect in
aroB. Thus, it is unable to grow under iron-limited condi-
tionsin NB agar with addition of 200 uM of theiron che-
lator 2',2'-dipyridyl. A plasmid based genelibrary contain-
ing DNA fragments from H. pylori strain P1 in plasmid
pSO50 was isolated from E. coli HB101 and introduced
into H1443 by transformation. Some plasmids which car-
ried DNA fragments from H. pylori restored iron uptake,
resulting in growth on NB agar containing dipyridyl. From
13 transformants which grew, plasmids were isolated and
subjected to restriction analysis with various enzymes
(Fig. 1). The fragment patterns obtained after gel electro-
phoresis indicated that all plasmids carried an identical
DNA fragment of 4 kb in size. This plasmid was desig-
nated as pARO1 and the DNA region which was respon-
sible for the complementation was further investigated by
transposon mutagenesis and by subcloning. The 1.5-kb
EcoRI/Hindlll and the 2.5-kb EcoRV/Sall fragment de-
rived from pARO1 were separately cloned in plasmid
pBluescript and the resulting plasmids were designated as
pPARO2 and pAROS3, respectively. The plasmid pARO1
was mutagenized with transposon ThMax5 as described in
the methods section and all transposon insertionsthat abol -
ished the complementation of H1443 were exclusively lo-
cated within the 1.5-kb EcoRI/HindIll fragment of the
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Fig. 1 Restriction map of the aroB region clones from Helicobac-
ter pylori strain P1. The upper linerepresentsthe DNA region cloned
in pAROL. The DNA fragments subcloned into pARO2 and pARO3
are underlined. The restriction sites for EcoRI and Sall are part of
the cloning vector pSO50. The gray arrowsrepresent reading frames
for genesaroB, tgt and for the putative open reading frame orf1. The
circlesindicatesinsertion sites of TnMax5 in plasmidspARO1.1 and
pAROL1.2 respectively. The location and orientation of the binding
sitesfor oligonucleotide primersF, F1, F2 and R, R1, R2 are marked
by the black arrowheads. The location and orientation of the gono-
coccal IgA protease promoter is also marked (P)

4-kb fragment in pAROl. Plasmids pARO1.1 and
PARO1.2 which carry insertions within the middle of the
fragments subcloned in pARO2 and pARO3, respectively,
were chosen for further analysis. To confirm the results ob-
tained from transposon mutagenesis, plasmids pARO1.1,
pPARO1.2, pARO2 and pARO3 were isolated and reintro-
duced into the mutant H1443 and the growth of the trans-
formants under iron-restricted conditions was monitored.
Theresults summarized in Table 2 indicate that the 1.5-kb
fragment cloned in pARO2 was sufficient for complemen-
tation of the aroB mutation, whereas plasmid pARO3 did
not restore growth under iron depletion. The transposon
insertion in pAROL.1 abolished growth whereas plasmid
pPARO1.2 which carried TnMax5 in the larger EcoRV/Sall
fragment was still able to complement the aroB mutation.
To investigate whether the 1.5-kb DNA fragment cloned
in pARO2 could bear an aroB homologue of H. pylori
rather than an iron uptake system, growth of H1443
(PARO2) was also monitored on minima medium M.
Growth of the mutant on M9 medium strictly depends on
the AroB function, since it restores the synthesis of aro-
matic amino acids which are not present in the medium.
The fact that pARO2 but not pARO3 restored growth of

Table2 Complementation analysis of the aroB gene from H. pylo-
ri (NB-DP nutrient both containing 200 puM 2',2'-dipyridyl, M9 min-
imal medium without addition of aromatic amino acids, + growth,
—no growth, nd not determined)

Strain  Relevant Plasmid Plasmid- Growth on
genotype genotype _—
NB-DP M9
H1443 aroB None - — -
pBluescript — - -
pARO1 aroB, tgt + +
pARO1.1 aroB:TnMax5 - nd
pAROL.2 tgt:: TnMax5 + nd
PARO2 aroB + +
pARO3 tgt - -

H1443 on M9 medium (Table 2) confirmed that the 1.5-kb
DNA fragment contains the aroB gene of H. pylori which
isbiologically activein E. coli.

Sequence analysis of the aroB gene

To identify and to further characterize the aroB gene of H.
pylori, the 1.5-kb DNA fragment cloned in pARO2 was se-
guenced on both strands. Computer-assisted analysisof the
nucleotide sequence identified the reading frame for aroB
(Fig. 2A), which was seen to be 50% identical to the aroB
gene of E. coli. The 1032 nucleotides (nt) code for a pre-
dicted protein with a calculated molecular mass of 39245
Da. The DNA region in front of the ATG start codon con-
tains a putative ribosome binding site at position —12
(CGGA) and various DNA motifs with homology to o”°-
promoters of E. coli, which could represent possible bind-
ing sites for RNA polymerase. The alignment of the pre-
dicted amino acid sequence of the H. pylori AroB protein
with the sequences of 3-DHQ synthases from other bac-
terial species revealed a significant degree of homology
(Fig. 3A). The H. pylori protein was found to be 30—40%
identical and 50—60% similar to other bacterial AroB pro-
teins. The degree of homology did not vary between gram-
positive and gram-negative bacteriaand the H. pylori pro-
tein was 37%, 39%, 38%, and 33% identical with AroB
fromE. coli, H. influenzae, Bacillussubtilis, and Mycobac-
terium tuberculosis, respectively. The alignment to the
multifunctional AroM protein of yeast and fungi in which
the AroB function is localized within the first 392 amino
acids, exhibited a similar degree of homology (30% iden-
tity and 50% similarity). The mid part of the AroB protein
is more conserved than the N terminus or the C terminus,
which show both a high degree of variability. Due to ade-
letion within the N terminus the amino acid sequence of
the H. pylori AroB is 19 amino acids shorter than the cor-
responding AroB proteins from E. coli, B. subtilis, H. in-
fluenzae, and M. tubercul osis, which shareanidentical size
of 362 amino acids.

I dentification, sequence analysis and functional
characterization of the tgt gene

The DNA fragment subclonedin plasmid pARO3 was com-
pletely sequenced and computer analysisrevealed the pres-
ence of two additional open reading frames (Fig. 1). The
amino acid sequence deduced from the first reading frame
orfl which codes for a putative protein of 383 amino acids
showed no homology to proteins present in databases. The
second open reading frame encoding 371 amino acids was
named tgt, becauseit shared significant homology 40—-50%
identity and 60—70% similarity) with bacterial tRNA-gua-
nine transglycosylase (Tgt) proteins present in databases.
The 1113 nucleotides code for a predicted protein with a
calculated molecular mass of 41300 Da (Fig. 2B). The
DNA region in front of the ATG start codon contains a pu-
tative ribosome binding site at position -8 (AAGG) and



possible binding sites for RNA polymerase with weak ho-
mology to the ”°-dependent promoter of E. coli. A more
detailed alignment of the deduced amino acid sequence
(Fig. 3B) revealed that the predicted Tgt protein is 45.9%,
46.4%, 44.7%, and 43.9% identical with Tgt from E. coli,
S flexneri, H. influenzae, and Z. mobilis, respectively.
The Tgt proteins from E. coli and Z. mobilis were re-
cently investigated by site directed mutagenesis[11, 43, 45]
and by crystal structure analysis[44]. Functionally impor-
tant residuesinvolved in the coordination of the zinc cofac-
tor, in the binding of the preQ substrate, and in the catalytic
activity are strictly conserved within Tgt proteinsfrom var-
ious prokaryotes including Tgt from H. pylori (Fig. 3B).
Thefunction of theH. pylori tgt gene was further inves-
tigated by heterologous complementation of the tgt muta-
tion in E. coli. Therefore, pARO3 was introduced into the
tgt™ mutant strain E. coli SJ1505. As assessed by an assay
described previously [41] the plasmid lead to restoration of
gueuosinesynthesisinthisstrain, indicating thetRNA-gua-
nine transglycosylase function of the tgt gene product.

Detection of aroB and tgt by hybridization
and by PCR analysis

The presence of the aroB and tgt genesin various strains of
H. pylori was confirmed by Southern blot hybridization
(Fig. 4). One single fragment hybridized in the Hindl11-di-
gested genomic DNA of strains G27, NCTC 11638, P1,
ATCC 43504, and 151 when analyzed with digoxygenin-la-
beled probes carrying sequences from tgt and aroB.
Thesizeof thefragmentsvaried within strainsindicating re-
striction fragment length polymorphisms (RFLPs). With the
aroB gene as probe, a 2.7-kb DNA fragment was detected
in strains NCTC 11638, P1 and ATCC 43504, whereas in
DNA of strains G27 and 151 the probe hybridized to smaller
fragmentsof 1.7 and 2 kb, respectively (Fig. 4). Thetgt gene
hybridized to fragments which were 2.5 kb (strain G27),
3.6 kb (strains P1, 151) and 5.1 kb/ (strains NCTC 11638,
ATCC 43504) in size (not shown).

The genomic DNA of all strains was furthermore ana-
lyzed by PCR with primer pairs F/R, F1/R1, F2/R2, which
amplify parts of the coding regions of aroB and of tgt, re-
spectively. The identical size of PCR products amplified
from DNA of all five strainsindicated that the RFL Ps seen
in Southern blot hybridization experimentswererather due
to sequence variations in the flanking regions than in the
coding regions of both genes (not shown).

Discussion

Theisolation of anintact aroB genefromH. pylori provides
evidence for the presence of the shikimate pathway in this
organism. Recently, aroB and other shikimate pathway
genes were identified by homologies within a project fo-
cussed on sequencing of the H. pylori genome [50]. Fur-
thermore agene encoding 3-dehydroquinase, an enzymein-
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volved in the catabolization of aromatic molecul es, wasiso-
lated from H. pylori [5]. Both the biosynthetic pathway and
the catabolic pathway genes were reported to be present in
the human pathogen M. tuberculosis [21]. The deduced
amino acid sequence of aroB from H. pylori was found to
be similar to 3-DHQ synthases from other bacteria. The de-
greeof homology to AroB from evol utionary-unrel ated spe-
cies like E. coli, B. subtilis, yeast and fungi was compar-
able. Within each group the bacterial AroB proteins from
H. influenzae and from E. coli are much more closely re-
lated to each other than to the H. pylori protein. The same
istrue for AroB from S. aureus and from B. subtilisin the
other group [34]. It isinteresting to note that the predicted
H. pylori protein shows nearly the same degree of similar-
ity to both prokaryotic and to eukaryotic 3-DHQ synthases.
Thisindicates that the protein was conserved during evolu-
tion. SinceH. pylori isnot related to the bacteriafrom which
AroB sequences are already available, its AroB sequence
could provide information concerning evolutionary and
functional aspects. The mid-part of AroB was more con-
served thantheN and the C terminus. Therefore, amino acids
located inthe mid-part of the sequence could be of functional
importance. This assumption is underlined by the fact that a
consensus sequence within amino acids 96—126 proposed
for NAD™ bindingin E. coli [31] are conserved within AroB
proteins from H. pylori and from other species.

The aroB gene of H. pylori wasfound to be biologically
activeinE. coli. It suppressed the specific phenotypeof aroB
mutants demonstrating the 3-DHQ synthase activity of the
coded protein. Theexpression of afunctional H. pylori AroB
protein in E. coli was surprising, because the enzyme cata-
lyzes a relatively complex biochemical reaction and the
overall homology between proteinsfrom both speciesisrel-
atively low. On the other hand it has been previously shown
that the genes from either gram-positive and gram-negative
bacteria can complement the mutation in E. coli [21, 34].
The expression of the H. pylori AroB proteinin E. coli de-
pendson correct transcri ption. Functional complementation
of E. coli aroB mutants was observed independently from
the orientation of the aroB gene with respect to promoters
and reading frames of the vector, indicating that the pro-
moter of H. pylori aroB might be activein E. coli.

The genetic organization of the shikimate pathway
genes varies among different bacterial species. In E. coli
[19, 31], and in other enteric bacteria, the aro genes are
located on distinct regions of the chromosome. The aroA
gene is part of an operon that contains serC [13] and the
aroB geneislocated near the aroK genein the dam operon
[28]. In B. subtilis the organization of aro genes is com-
pletely different, the genes are part of a large cluster re-
sponsible for synthesis and transport of aromatic com-
pounds [22]. The aroB genes of various other prokaryotes
like H. influenzae[18], M. tuberculosis[21], and S. aureus
[34] has been isolated and it seems to be a genera princi-
ple that in prokaryotes shikimate pathway enzymes are
coded by separate genes. In contrast, eukaryotes like Sac-
charomyces cerevisiae [14] or Aspergillus nidulans [9]
carry the pentafunctional AroM protein which coordinates
the activities of all shikimate pathway enzymes.
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Fig. 2A, B DNA sequence
of the H. pylori aroB and tgt
genes. The coding regions of
the aroB gene (A) and of the
tgt gene (B) are translated. Pos-
sible consensus structures with
homologies to 0”°-dependent
promoters (—10 and —35) of
Escherichia coli and the puta-
tive ribosome binding sites
(RBS) are underlined. Restric-
tion sites for enzymes Hindl 1,
EcoRV and Bglll are also
underlined

A

Hindlll  EcoRV
AAGCTTGGATATCAATGAGGACATGTCTTCAGTGATCTTTGATGTGTCTATGCAAATGGATTTGGGCTTGTTGCT
CTATGATTTTGACCCTAACAAGCGCTATAAAAACGAGATTGTCAATCATTATGAAAATTTAGCCAACACGCTCAA
CCGCAAGATTGAGATTTTTCAAACCGATATTAGAAATCCTATCATGTATCTCAATTCTTTAAGAAATCCCATTTT

235 -10 -35
GCATTTCATGCCTTTTGAAGAGTGCATCACGCACACGCGCTTTTGGTGGTTTTTATCCACTAAAGTGGAAAAATT

-10 RBS Start aroB
AGCGTTTTTAAACGATGATAACCCTCAAATTTTTATCCCTGTAGCGGAGTGAAAGA ATG CAA GAA ATT

M Q E I

GTA ATC CCT TTA AAA GAA AAA AGC TAT AAA GTG TTT TTG GGG GAA CTG CCT GAA ATA
v I P L K E K S Y K v F L G E L P E I

AAA TTG AAA CAA AAA GCC CTC ATC ATT AGC GAT AGC ATC GTG GCC GGG TTG CAT TTA
K L K Q K A L I I S D S I \Y% A G L H L

TCG TAT TTA TTA GAG CGC TTG AAA GCC TTA GAA GTC AGA GTG TGC GTG ATA GAG TCC
S Y L L E R L K A L E \Y% R A\ C v I E S

GGA GAA AAA TAC AAG GAA TTT TCA TTC ATT AGA GCA CAT TTT AAA CAA CGC TTT GAA

ATG CAA TTA AAC CGC CAT TCT TTA ATG ATA GCC CTT GGT GGG GGA GTG ATA AGC GAT

ATG GTG GGG TTT GCG AGC AGT ATT TAT TTT AGG GGG ATT GAT TTT ATT AAC ATC CCT

ACG ACT TTA CTC GCT CAA GTG GAT GCG AGC GTG GGG GGG AAA ACA GGG ATC AAT ACG

CCT TAT GGC AAG AAT TTA ATC GGA TCG TTC CAC CAG CCT AAA GCG GTT TAT ATT GAT

TTG GCT TTT TTA AAA ACC CTT GAA AAA AGG GAA TTT CAA GCA GGG GTT GCT GAA ATC

ATT AAA ATG GCG GTG TGT TTT GAT AAA AAC TTG GTA GAA AGA TTG GAA ACA AAG GAT

TTA GAA GAT TGT TTA GAA GAA GTA ATC TTT CAA AGC GTT TAT ATC AAA GCT CAA GTC

GTT GTT CAA GAT GAA AAA GAC CAA AAC ATC AGG GCT GGG TTG AAC TAT GGG CAT ACT

TTT GGG CAT GCG ATA GAA AAA GAG ACT GAT TAT GAG CGA TTT TTG CAT GGC GAA GCG

ATC GCT ATT GGC ATG CGC ATG GCG AAT GAT TTA GCC CTT TCT TTA GGC ATG CTC ACT
I A I G M R M A N D L A L S L G M L T

CTA AAA GAA TAC GAA CGC ATA GAA AAT TTA TTG AAA AAA TTT GAT TTG ATA TTC CAT
L K E Y E R I E N L L K K F D L I F H

TAC AAA ATC ACA GAT ATT CAA AAA TTT TAC GAA CGC TTG TTT TTA GAC AAA AAA AGC
Y K I T D I Q K F Y E R L F L D K K S

GAG AAT AAG ACA ATC AAA TTC ATT CTG CCT AAA GGC ATT GGA GCG TTT GAG GTT GTC
E N K T I K F I L P K G I G A F E \Y% v

TCT CAT ATC CCT AAA GAA ACG ATT TTA AAG GTG TTA GAA AAA TGG CAA TAA GGGTATT
S H I P K E T I L K v L E K W Q Stop

GTTATTCTTTTGTTTTTTGTTTTCACAACCAGAAGATAAAAGCCAAGAGCTATTGTCCATACAAAAACAAATGGC

Bglll
TTTGGTGGATAAAAAACTCGCCAAAGACGATAACGTGTGGTTGAAAAAATTTGAAAACTATAAGATCT

The putative gene orfl which is located upstream from
aroB with respect to the direction of transcription showed
no significant homology to genes and proteins present in
databasesincluding enzymesinvolvesin the shikimate path-
way. This indicates that the shikimate pathway genes are
separately located on the H. pylori chromosome as confir-
med by the results of the H. pylori sequencing project, in
which the genes coded on pARO1 were found to be in the

same arrangement [50]. The possible function of the orfl
gene is under investigation.

The tgt gene was identified by the significant homol -
ogy of the encoded protein to equivalent enzymes from
other bacterial species. Thefact that all amino acidsknown
to be essential for the function of the Tgt protein from
Z. mobilis are conserved in Tgt from H. pylori, provided
strong evidence that the gene product has a catalytic activ-
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-35 -10

CACCAAGTCTAAAAAATTTTTTGCTACAATGCCATCTAAAATAAGGGCGATTTTTTTCAATTCCAAACTTCCTAA

AAAATGATTACGCCATTATATCCAAGATTAAGGCTTAAACG

GAC AAA CAC GCG
D K H A

GTT TTT ATG CCC
v F M P

CAA GGA ATT TTA

CCG GGT GAG

GGG AGT TTT TTA

TTG CAA GAA

TTC ACG CCC GCT

GTT TTA GAC GAT

AGA AGC GCT

CCC AAC AAC AAC

CTT AGC GTG GGA

GTG GGG GAA AGC

CCT AAA GAC AAG

GCT ATC GGT TTA

AAC GCC ACC CTT

TTA GAT AAT ACC

GCC TAT TTG

AGC TTG CAC
S L H

AAT

TTA GAA AAG CGG
L E K R

TCT CAT TGA

Stop

ity very similar to tRNA-guanine transglycosylase. This
was confirmed by heterologous complementation of the
tgt mutation of E. coli. The presence of the tgt gene in
H. pylori isastrong indication that tRNA modification by
gueuosine (Q) might exist in the bacterium. This specific
modification of tRNA takesplacein eukaryotesandin pro-
karyotes with the only difference being that Q is a nutri-
ent factor for eukaryotes, whereas bacteriasynthesize Q de

RBS Start 7gt
ATG GAT TTT CAA CTC CAA GCG ACT

M D F Q L Q A T

CGA GCT GGT CTT TTA GAT TTA
R A G L L D L

CAT TCT CAA
A H S Q

GTG
v

GCA ACG CCT
A T P

GTA GGC ACG CAA GGC TGC ATC TTA GAC
v G T Q G c I K S L D

GCT ACA GAT GTG

GGC GCT AAA CTC ATT TTA
G A K L I L

GCC TAT CAC ATG TAC TTA AGG

GTG GTT GGA CAA TTA GGG GTC TTG CAT TTC GCT CAA TTT CAG

ACC GAT AGT GGA GGG TTT CAA GCC AGC TTG AGC GAT AAT GTC

GGC GGG ATT GTT TTT AAA TCC CAT GAT GGG AAC AAT CAT TTA

GTT TTG GAC ATT CAA TAT TCT AAT AGC GAT ATT ATG ATG

GTG GGC TTG CCC GCT CCC TTA CGC CTT GAA GAA TCC ATT

TGG GCG AAT CTC AGC CTA GAA TAC CAC GAA AAT AAC CGC

CTT TTT GCC ATT ATC CAG GGC GGC ACG CAT TTG ATG CGC AGT

TTG ACG CAT AAG GGT TTT GAT GGC TAT GCT ATA GGC GGT TTA GCG

GCT GAT GAA ATG CTA GAA ACC ATC GCG CAC ACC ACC CCC TTG CTC

CCT CGC TAC CTA ATG GGC GTA GGC ACG CCT GAA AAT ATC CTA GAC

GGG GTG GAT ATG TTT GAT TGC GTG ATG CCC ACC AGA AAC GCC AGA

TTC ACG CAT TCT GGC ATT TCT ATC AAC GCG CCC TAT

CCT ATT GAA GAA AAT TGT ACA TGT TAT GCT TGC CGC TAT TCT

CAC CAT CTC TTT AGA GCT GAA CTC ACT TAC GCT CGT TTA GCC

TTG CAT TTT TAT TTA GAG CTG GTT AAC GCC AGA AAC GCC ATT

TTT TTG AGT TTT AAA GAA TTT TTG GAG TAT AAT TCT CGC

ATGATGGAATACAAAAATACTAAAARAGCGTTTTTTTCCATCAATGACAAAGAACTTGCAAAGC

novo. In consequence, eukaryotes contain Q as the free
base, whereas in prokaryotes Q is always a component of
tRNA. Bacteria synthesize preQ from GTP as pteridines
and riboflavin and genes encoding enzymes involved in
this biosynthetic pathway were isolated from E. coli [42].

Thefunction of the tRNA modification catalyzed by Tgt
isnot well understood. Thereis evidence that in eukaryotes
variations in this specific tRNA modification might be in-
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Hp MQEIVIPLK----- EKSYKVFLG----- ELPE----- IKLKQKALIISDSIVAGLHLSYL
Bs MKTLHVQTA----- SSSYPVFIGQGIRKKACELLTSLNRPLTRIMFVTDEEVDRLYGDEM
Ec MERIVVTLG----- ERSYPITIASGLFNEPASFLP- - LKSGEQVMLVTNETLAPLYLDKV
Hi MLCVNVELQ----- ERRYPILIGSGLLQDERS-YP--IKRGDRVMIVINPTVAQFYLDTV
Mt MTDIGAPVTVQVAVDPPYPVVIGTGLLDELED- - - -LLADRHKVAVVHQPGLAET-AEEI

* ok * * kk Kk * * * ok ok

Hp LERLK--ALEVRVCVIESGEKYKEFSFIRAHFKQRFEMQLNRHSLMIALGGGVISDMVGF
Bs LHLLQ-EKWPVKKVTVPSGEQAKSMDMYTKLQSEAIRFHMDRSSCIIAFGGGVVGDLAGF
Ec RGVLEQAGVNVDSVILPDGEQYKSLAVLDTVFTALLQKPHGRDTTLVALGGGVVGDLTGF
Hi IYALEKRGCVVDHVLLPDGEKYKTLESLNLIFTALLQGNHGRDTTIIALGGGVIGDVAGF
Mt RKRLAGKGVDAHRIEIPDAEAGKDLPVVGFIWEVLGRIGIGRKNALVSLGGGAATDVAGF

* * *kkkk * dkkkhkkkk k  kk

Hp ;SSIYFRGIDFINIPTTLLAQVDASVGGKTGINTPYGKNLIGSFHQPKAVYIDLAFLKTL
Bs VAATFMRGIDFIQMPTTLLAH-DSAVGGKVAVNHPLGKNLIGAFYQPKAVLYDTDFLRSL
Ec AAASYQRGVRFIQVPTTLLSQVDSSVGGKTAVNHPLGKNMIGAFYQPASVVVDLDCLKTL
Hi AAASYQRGVRLIQIPTTLLSQVDSSVGGKTAVNHELGKNMIGAFYQPSMVIIDTLTLNTL

Mt AAATWLRGVSIVHLPTTLLGMVDAAVGGKTGINTDAGKNLVGAFHQPLAVLVDLATLQTL
* k kkkkkk hkhkhhkhkhk hhkhhkkhkhkhk hhkhhk Kk khkkkk  kk ok k¥

Hp EKREFQAGVAEIIKMAVCFDKNLVERLET------ KDLEDCLEEVIFQSVYIKAQVVVQD
Bs PEKELRSGMAEVIKHAFIYDRAFLEELLN-IHSLRDITNDQLNDMIFKGISIKASVVQQD
Ec PPRELASGLAEVIKYGIILDGAFFNWLEENLDALLRLDGPAMAYCIRRCCELKAEVVAAD
Hi PKREVNAGLAEVIKYGAILDYEFFEWLEQHIDELVALHPEALQHCISRCCQIKADVVARD
Mt PRDEMICGMAEVVKAGFIADPVILDLIEADPQAALDPAGDVLPELIRRAITVKAEVVAAD

*k * kk kk * ok * kkk kk ok

Hp EKDQONIRAGLNYGHTFGHAIEKETDYERFLHGEAIAIGMRMANDLALSLGMLTLKEYERI
Bs EKEEGIRAYLNFGHTLGHAVEAEYGYGQITHGDAVALGMQFALYISEKT-VGCEMDRKRL
Ec ERETGLRALLNLGHTFGHAIEAEMGYGNWLHGEAVAAGMVMAARTSERLGQFSSAETQRI
Hi ETEKGDRALLNLGHTFGHAIETHLGYGNWLHGEAVSTGMMMAAALSEELGDISIADVSRL
Mt EKESELREILNYGHTLGHAIERRERY-RWRHGAAVSVGLVFAAELARLAGRLDDATAQRH

*k kk kk kkkkkkkkk kK kkkkk Kk kk kk Kk *k *k

Hp ENLLKKFDLIFHY-KITDIQKFYERLFLDKKSENKTIKFILPKGIGAF--EVVSHIPKET
Bs VSWLKSLGYPSQIRKETETSVLLNRMMNDKKTRGGKIQFIVLNELGKVADHTFSRNELES
Ec ITLLKRAGLPVNGPREMSAQAYLPHMLRDKKVLAGEMRLILPLAIGKS--EVRSGVSHEL
Hi EKLLARANLPTVSPDTMQPEDYLPHMMRDKKVLSGKLRLVLLKSLGQA--YVANDTEHTL

Mt RTILSSLGLPVSY-DPDALPQLLEIMAGDKKTRAGVLRFVVLDGLAKPG-RMVGPDPGLL
*kk * *kk * * *

Hp ILKVLEKWQ---
Bs WLNKWRLEETS-
Ec VLNAIADCQSA-
Hi VLNAIRRCTQTD

Mt VTAYAGVCAP--
*

Fig. 3A, B Alignment of the predicted amino acid sequence of the
H. pylori AroB and Tgt proteins with the sequences of 3-DHQ syn-
thases and tRNA -guanine transglycosylasesfrom other bacteria. The
amino acid sequences of AroB and Tgt from H. pylori (Hp) deduced
from the DNA sequencesin Fig. 2A and B were aligned with AroB
(A) and Tgt proteins (B) from various bacterial species, including
Bacillus subtilis (Bs) E. coli (Ec), Haemophilusinfluenzae (Hi), My-
cobacterium tuberculosis (Mt), Shigella flexneri (Sf),and Zymomo-
nas mobilis (Zm). The alignment to Tgt from E. coli is not shown be-
cause it is more than 95% identical with Tgt (VacC) from S. flex-
neri. Amino acids that were found to be identical in proteins from
H. pylori andin at |east two other species, are marked with asterisks.
Stretches of more than two amino acids that were conserved among
a minimum of two species are indicated by bars. The arrows indi-
cate amino acids which were previously shown to beinvolved in the
function of the Tgt protein of Z. mobilis [41]. These were typed in
boldface when conserved in the sequence of the H. pylori protein

volved in various cellular processes (reviewed in [26]) like
differentiation and proliferation including cancer develop-
ment. Accumulation of Q-deficient tRNA was observed, for
example, in embryonictissueand in fast proliferating tumor
cells. In prokaryotes tRNA modification by Q is supposed

B

Hp .oiiiiiiiiiii it iiaiiaan. MDFQLQATDKHARAGLLDLAHS. .
SE MKFELDTTDGRARRGRLVFDRG. .
Hi o MKYELDKTSGNARRGRLVFERPQG
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* ok k kk kK
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sf ..VVETPCFMPVGTYGTVKGMTPEEVE.ATGAQIILGNTFHLWLRPGQEI

Hi TFSVETPAFMPVGTYGTVKGMTPEEVR.ATGAEILLGNTFHLWLRPGQEV

Zm . .VIRTPAFMPVGTAATVKALKPETVR.ATGADIILGNTYHLMLRPGAER
* okk kkkkkk k k * ok * kkkk  kkkk

W
Hp VGQLGVLHHFAQFQGSFLTDSGGFQAFSLSDNVKLQEGGIVFKSHIDGNN
Sf MKLHGDLHDFMQWKGPILTDSGGFQVFSLGDIRKITEQGVHFRNPINGDP
Hi MRKHGDLHDFMQWHRPILTDSGGFQVFSLGKLRKITEEGVKFQNPINGER
Zm IAKLGGLHSFMGWDRPILTDSGGYQVMSLSSLTKQSEEGVTFKSHLDGSR

* kk Kk Kk dkkhkhkdhkk dkk * ok k * *

Hp HLFTPAKVLDIQYSLNSDIMMVLDDLVGLPAPLKRLEESIKRSAKWANLS
Sf IFLDPEKSMEIQYDLGSDIVMIFDECTPYPADWDYAKRSMEMSLRWAKRS
Hi IFLSPEKSMEIQYDLGSDIVMIFDECTPYPATFDYAKKSMEMSLRWAKRS
Zm HMLSPERSIEIQHLLGSDIVMAFDECTPYPATPSRAASSMERSMRWAKRS

* * kk ok kkk k Kk * % * *  kk Kk

Hp LEYHKENNR..PNNNLFAIIQGGTHLKMRSLSVG.LTHKGFDGYAIGGLA
Sf RERFDSLGN. . .KNALFGIIQGSIYEDLRDISVKGLVDIGFDGYAVGGLA
Hi RDRFDELGN. . .KNALFGIIQGGVFEELRKVSLEGLVNIGFDGYAVGGLA
Zm RDAFDSRKEQAENAALFGIQQGSVFENLRQQSADALAEIGFDGYAVGGLA
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Zm VGEGQDEMFRVLDFSVPMLPDDKPHYLMGVGKPDDIVGAVERGIDMFDCV
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Hp MPTRNARNATLFTHSGKISIKNAPYKLDNTPIEENCTCYACKRYSKAYLH
Sf MPTRNARNGHLFVTDGVVKIRNAKYKSDTGPLDPECDCYTCRNYSRAYLH
Hi MPTRNARNGHLFVTDGIVKIRNAKYRDDTSPLDPECDCYTCKNYTKAYLY
Zm LPTRSGRNGQAFTWDGPINIRNARFSEDLKPLDSECHCAVCQKWSRAYIH

kkkkkkkk  kk * * kk k  k Kk * kk Kk kk kkkk

! { ‘
Hp HLFRAKELTYARLASLHNLHFYLELVKNARNAILEKRFLSFKKEFLEKYN
Sf HLDRCNEILGARLNTIHNLRYYQRLMAGLRKAIEEGKLESFVTDFYQRQG
Hi HLDKCGEILGARLNTIHNLRYYQRLMAEIRQAIEDDRFDDFVVEFYARMG
Zm HLIRAGEILGAMLMTEHNIAFYQQLMQKIRDSISEGRFSQFAQDFRARYF
*k kK *kk *kk Kk k * kk * *

Sf REVPPLNVD.
Hi KPVPPLQLAD KS

tobeinvolvedinthefidelity of trandation [41, 42]. Further-
moreit hasbeen recently shownthat thetgt homologuevacC
of S. flexneri is necessary for the expression of proteins es-
sential forinvasion of epithelial cells, demonstrating that the
Tgt protein can play arolein bacterial virulence.

H. pylori isnot closely related to organismsfrom which
molecular dataon Tgt and AroB areavailablesofar. There-
fore, theregions conserved in both proteins (Fig. 3) might
help in further investigation of their enzymatic functions.

Both genes, aroB and tgt, were detected in various unre-
lated strains, including type strains and clinical isolates, by
Southern blot hybridization using parts of both genes from
strain P1 as probe. The probe hybridized to only onerestric-
tion fragment in genomic DNA of each strain, suggesting
that asingle copy of each gene exists per chromosome. Fur-
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Fig. 4 Detection of the aroB and tgt genes in DNA from various
H. pylori strains. The aroB gene was detected by Southern hybrid-
ization as described in methods. Inlanes 1-5, 20 pug Hindl 1 1-digest-
ed total DNA from strains G27 (lane 1), NCTC 11638 (lane 2), P1
(lane 3), ATCC 43504 (lane 4), and 151 (lane 5) was separated
electrophoretically on a 1% agarosegel. The sizes of marker DNA
(in kb) is given on the right

thermore DNA sequencevariationwasdetected among aroB
and tgt genes from different strains. On the other hand, PCR
products generated with flanking primers from DNA of all
five strainswere of identical size, indicating that the primer
binding sites were conserved and that length variations de-
tected by hybridization were not due to deletions within the
coding regions. It was previously shownthat DNA polymor-
phisms exist for many genes, and sequence variation seems
to be a phenomenon common in the H. pylori population
(reviewedin[49]). In addition to microdiversity of the DNA
sequence of single genes, a high degree of macrodiversity
exists within the H. pylori population, and it was recently
shown that the gene order varies among strains [24]. The 4-
kb DNA fragment present in pAROL contained no other
reading frames with homology to enzymes of the shikimate
pathway. Therefore, it remains unclear if the aroB gene of
H. pylori is organized in a large operon as in B. subtilis or
if the aro genes are unlinked, as shown for enterobacteria.
The synthesis of aromatic moleculesis essential for the
survival of a variety of bacterial pathogens in the host.
Based on this knowledge, it can be suggested that the aroB
genemight contributeto thevirulence of H. pylori. Thedata
presented here could provide a tool for construction of
H. pylori aroB mutants of potential use in vaccine devel-
opment and for establishing safe strainsfor bi oengineering.
The production of siderophores recently described from
H. pylori [23] raises the question if there is alink between
iron acquisition and synthesis of aromatic molecules simi-
lar to that seen in E. coli. To investigate if mutants which
carry defectsin the shikimate pathway genes are attenuated
in the host, is one of the future goals of ongoing studies.
We have isolated and characterized the ribA gene of
H. pylori which codes for GTP-cyclohydrolase Il, an en-
zyme that catalyzes the first step in the biosynthetic path-
way for riboflavin [4]. It has been recently shown, for the
animal pathogen Actinobacillus pleuropneuomiae, that ge-
netically generated riboflavin auxotrophs are attenuated in
the host [20]. It seems reasonable that mutants that carry
defectsin ribA or aroB, or in both genes, will also be at-
tenuated in the host. Therefore, the information provided
here could be useful for generating attenuated H. pylori
strains which could be used as safe strains for biological
engineering and for the development of live vaccines.
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