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FIG. 1. Bacterial methionine and cysteine interconversion path-
ways. The activated methyl cycle (AMC) regenerates the active methyl
donor, SAM, from the toxic methyl transferase product, SAH. SAH is
metabolized in one of two ways. Many bacteria, including H. pylori,
generate homocysteine from SAH in a two-step manner: a nucleosi-
dase, Pfs, converts SAH to SRH, and then LuxS converts this to
homocysteine and DPD. The alternative route produces homocysteine
directly from SAH in a one-step reaction requiring SAH hydrolase (11,
47). Many bacteria synthesize cysteine through the sulfate assimilatory
cysteine biosynthetic pathway, which uses inorganic sulfur as a sub-
strate (pathway bounded by a dashed triangle). Enzymes with previ-
ously described homologues in H. pylori are shown in red. Enzymes
that do not have homologues in H. pylori are shown in black. The
reactions of the transsulfuration and reverse transsulfuration path-
ways, which are a major focus of this paper, are shown in green and
blue, respectively. We show in this paper that CysKyy,, is the candidate
cystathionine B-synthase and MetBy,, the candidate cystathionine
v-lyase in the reverse transsulfuration pathway. We suggest that these
genes be renamed mccA (methionine-to-cysteine-conversion gene A)
and mccB, respectively. CBL, cystathionine B-lyase; CBS, cystathionine
B-synthase; CGL, cystathionine y-lyase; CGS, cystathionine vy-synthase;
DPD, 4,5-dihydroxy-2,3-pentanedione; LuxS, S-ribosylhomocysteinase/
autoinducer 2 synthase; MetE/MetH, methionine synthase; MetK,
S-adenosylmethionine synthase; Pfs, 5'-methylthioadenosine nucleo-
sidase/S-adenosylhomocysteine nucleosidase; SAM, S-adenosylmethi-
onine; SAH, S-adenosylhomocysteine; SRH, S-ribosylhomocysteine.

whether the only function of LuxS in H. pylori is as a quorum-
sensing molecule synthase or whether LuxS in H. pylori has an-
other, as yet undescribed, metabolic role.

In searching for a possible metabolic role for LuxSy,, we
formed the hypothesis that it is part of a de novo cysteine
biosynthesis pathway that uses methionine as a reduced sulfur
source. Our reasoning for this was based on three observations.
First, H. pylori has an absolute requirement for methionine (26,
27, 31), in agreement with its lack of metE and metH. Second,
H. pylori can synthesize cysteine without apparently making use
of oxidized sulfur compounds, such as sulfate: genomic studies
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show that homologues to the genes which encode the compo-
nents required for uptake of sulfate and conversion to sulfide
are absent (10). Third, all complete H. pylori genomes available
to date contain homologues of two genes, annotated as cysK
and metB, located immediately upstream of luxS. In other
bacteria, these are involved in the generation of cysteine and
interconversion of cysteine and methionine, respectively. Re-
cently the metB gene from H. pylori strain SS1 was purified and
characterized, but its physiological role was not established

(18).

When we pondered the fate of homocysteine, which is not
converted to methionine in H. pylori due to a lack of MetE and
MetH, coupled with the observation that the gene responsible
for its production, /uxS, is linked with two other genes pre-
dicted to be involved in methionine and cysteine metabolism,
we hypothesized that H. pylori is able to utilize homocysteine
by converting it to cysteine via the reverse transsulfuration
pathway (RTSP), involving the associated genes metB and
cysK. We thus set out to address this hypothesis and more
specifically to define the roles of the cysK, metB, and uxS
homologues in the putative H. pylori RTSP.

MATERIALS AND METHODS

Strains, plasmids, and media. The strains and plasmids used in this study are
shown in Table 1. Escherichia coli strains DH5a and DS941 (37, 51) were used
in cloning/subcloning experiments. E. coli was routinely propagated in Luria-
Bertani (LB) broth or on LB agar plates at 37°C under normal atmospheric
conditions. Vibrio harveyi was grown in either LB or AB medium (12) at 30°C,
also under normal atmospheric conditions. H. pylori strains were routinely pas-
saged on horse blood agar (Oxoid) every 2 to 3 days and were grown in a MACS
VAS500 microaerobic workstation (Don Whitley Scientific) using a humidified
atmosphere consisting of 6% O,, 3% H,, 5% CO,, and 86% N,. Antibiotic
selection was carried out at 100 pg ml~! with ampicillin (or carbenicillin) and 50
pg ml™! for kanamycin.

For H. pylori metabolic supplementation experiments, the complete chemically
defined medium (cCDM) of Reynolds and Penn was formulated as previously
described (31), with variations as indicated in the text. The concentrations of
methionine and cysteine used were 505 uM and 1.0 mM, respectively. For the
variations of CDM lacking cysteine (see Results for description of use), different
chemicals were added: homocysteine (at 1.0 mM), cystathionine (at 1.0 mM), or
potassium sulfide (a range of concentrations up to 1.0 mM were utilized). All
chemicals were of high purity (cell culture tested) and were obtained from
Sigma-Aldrich Co. CDM batch culture comparative growth studies were carried
out as described previously (9).

Measurement of AI-2 activity. Al-2 measurements were performed as de-
scribed previously (3, 47). Twenty-four-hour culture supernatant samples, cor-
responding to mid-late log phase, were tested. AI-2 activity was expressed as fold
change in induced bioluminescence from the reporter strain compared with that
for the negative control. Negative control samples consisted of media which had
not been inoculated but otherwise were treated as test cultures. Positive
controls were carried out using in vitro-synthesized AI-2, prepared as de-
scribed previously (8).

DNA manipulation. Recombinant DNA techniques were carried out using
standard methods (34). PCR amplifications were performed using either stan-
dard DNA polymerase (GoTaq; Promega, Madison, WI) or proofreading DNA
polymerase (Novagen KOD; Merck Chemicals Ltd., United Kingdom). Restric-
tion digests were performed in accordance with the manufacturer’s recommen-
dations (Promega, Madison, WI). E. coli genomic and plasmid DNA was isolated
using the Qiagen range of preparatory kits (Qiagen, United Kingdom). H. pylori
genomic DNA was purified as described previously (22). DNA sequencing was
conducted using standard fluorescent dye terminator chemistries, and analysis
was performed using the Applied Biosystems 3730 DNA analyzer system (Gen-
eservice, Cambridge, United Kingdom, and Applied Biosystems Inc., Foster City,
CA.). Results were analyzed using the BioEdit software suite (13).

Mutagenesis of luxSy;,, metBy,, and cysKy,. All mutants were made following
an insertion-deletion strategy. The H. pylori AluxS mutant strains were made by
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TABLE 1. Bacterial strains and plasmids used in this study

Strain/plasmid Genotype/notes Source/reference
Strains

Escherichia coli

DHS5a endAl recAl gyrA96 thi-1 hsdR17(r,~ m, ") relAl supE44 A(lacZYA-argF) 51

U169 F~ $80dlacZAM1S deoA phoA N~
DS9%41 thr-1 leu-6 thi-1 lacY1 galK2 ara-14 xyl-5 mtl-1 proA2 his-4 argE3 str-31 37
tsx-33 supE44 rec™ recF lacl® lacZ AM15

Vibrio harveyi

BB170 luxN::Tn5; Al-1 sensor negative; Al-2 sensor positive 39
Helicobacter pylori

J99 (ATCC 700824) Wild-type strain 1

J99AuxS J99; AluxS::Km" This study

J99AmetB J99; AmetB::Km* This study

J99AcysK J99; AcysK::Km" This study

NCTC 11637 (ATCC 43504) Wild-type strain 25

11637AluxS 11637; AluxS::Km" This study

11637AmetB 11637; AmetB::Km" This study

11637AcysK 11637; AcysK::Km" This study

Plasmids

pGEM-T Commercial TA cloning vector; Ap” Promega, Madison, WI
PMWA2 Source of apolar aphA3 cassette; Ap" Km" 46
pLUXS pGEM-T::luxS::aphA3; Km* Theo Verboom
pMETB pGEM-T bearing the metBy;, gene; Ap" This study
pCYSK pGEM-T bearing the cysKyy, gene; Ap” This study
pMF1 pMETB deletion-insertion derivative; Ap" Km" This study
pCF2 pCYSK deletion-insertion derivative; Ap” Km" This study
pProEx-luxSgc pProEX HT containing /uxS gene of E. coli MG1655 47
pProEx HT mtan pProEX HT containing pfs gene of E. coli 47

transforming J99 and NCTC11637 with pGEMT::luxS::aphA3 (a generous gift
from Leo Smeets and Theo Verboom).

The cysK and metB loci were mutagenized as follows. Fragments containing
the open reading frames (ORFs) and approximately 400 to 500 bp on either side
were amplified from J99 genomic DNA using the following primer pairs: cysK
(forward, 5'-CACCATTGACAAATCCTTCC-3'; reverse, 5'-TTTGGTGTTGG
GCTTGATAG-3") and metB (forward, 5'-CCTGATAATCCCGCAGCCTACT
A-3'; reverse, 5'-ACCCCCACTTCAGACCACTCAG-3"). These products were
then cloned into pGEM-T Easy (Promega, Madison, WI). Inverse PCR (iPCR)
products were generated from these using the following primer pairs, which were
designed so that resulting clones would contain a deletion of a large part of the
open reading frame of each target gene, preventing gain of function recombina-
tion/excision events: metB (5’ iPCR, 5'-CGTGAATTCCGGCTAAACCAG-3’
[EcoRI site underlined]; 3’ iPCR, 5'-TGAACAGGATCCGTTAGAAGATT-3’
[BamHI site underlined]) and cysK (5'iPCR, 5'-GCTGTTTTTCTGTGCTGAA
TTCTT-3' [EcoRI site underlined]; 3'iPCR, 5'-GTGGATCCGAGGGTTCTA
TTTTGA-3' [BamHI site underlined]). These were prepared for cloning by
restriction digestion and purified. The apolar aphA3 cassette, conferring kana-
mycin resistance, was isolated from pMWA2 (46) by restriction digestion with
EcoRI/BamHI and ligated into the prepared iPCR products. Positive clones
were selected on the basis of kanamycin resistance and confirmed by PCR and
DNA sequencing. The resultant vector constructs are nonreplicative in H. pylori
and were used as suicide vectors to transform J99 and NCTC11637.

Bacterial transformations. E. coli was transformed with plasmid DNA by
electroporation using a Bio-Rad Gene Pulser with pulse controller at a voltage
of 1.8 kV, with a resistance of 200 Q at 25-wF capacitance. H. pylori was
transformed by natural transformation using established protocols (22). Recom-
binant H. pylori strains were recovered by selection on Columbia agar base
containing kanamycin, egg yolk emulsion (5% [vol/vol]), and triphenyl tetrazo-
lium chloride at a working concentration of 40 g ml~". Inclusion of this indi-
cator made it easier to see the small recombinant colonies.

Sample preparation and relative quantification of candidate metabolites. The
following protocol was developed for sampling H. pylori cultures prior to metab-
olite analysis. Strains were grown in complete CDM for 24 h. All subsequent
manipulations were performed on ice or in chilled equipment, and all plastic
ware was prechilled prior to use. Three ml of culture at an optical density (OD)
at 600 nm (ODgq) of 1.0 was taken as a standard sampling volume (variances
from this OD were corrected for by using larger or smaller volumes). This was

quenched in 5 ml ice-cold phosphate-buffered saline (PBS). Cells were recovered
by centrifugation and washed with a further 5 ml ice-cold PBS. The cells were
again recovered by centrifugation, and cell pellets were stored at —80°C.
Metabolite analysis was performed as described previously (15, 36).

Phylogenetic analyses. Primary amino acid sequences were aligned using the
ClustalW algorithm using BioEdit (13). Accession numbers of individual protein
sequences used are as follows: H. pylori, LuxS, NP222818; MetB, NP222819;
CysK, NP222820; RecA, NP222862; Helicobacter acinonychis, LuxS, YP665186;
MetB, YP665187; CysK, YP665188; RecA, YP664174; Helicobacter hepaticus,
LuxS, NP859707; MetB, NP859593; CysK, NP860380; RecA, NP860164; Helico-
bacter bilis, LuxS, ZP04580164; MetB, ZP04581342; CysK, ZP04581369; RecA,
ZP04580683; Helicobacter canadensis, LuxS, ZP03656033; MetB, ZP03656080;
CysK, ZP03656337; RecA, ZP03655680; Helicobacter pullorum, LuxS,
ZP04808703; MetB, ZP03661228; CysK, ZP03660206; RecA, ZP04808545;
Helicobacter winghamensis, LuxS, ZP04583537; MetB, ZP04583291; CyskK,
ZP04582871; RecA, ZP04583642; Helicobacter cinadei, LuxS, ZP03657497;
MetB, ZP03658434; CysK, ZP03658433;RecA, ZP03659220; Wolinella succino-
genes, LuxS, NP908224; MetB, NP907217; CysK, NP907372; RecA, NP907645;
Campylobacter  jejuni, LuxS, YP002344589; MetB, ZP01699839; CysK,
YP002344310; RecA, YP179815; Enterococcus faecium, LuxS, ZP00604876;
MetB, ZP00604875; CysK, ZP00604874; RecA, ZP00603401; Staphylococcus au-
reus, LuxS, BAB43220; MetB, NP370984; CysK, BAB56621; RecA, NP371809;
E. coli, LuxS, NP417172; MetB, NP418374; CysK, NP416909; RecA, YP853918;
and Bacillus subtilis, LuxS, NP390945; MccB, NP390603; MccA, NP390604; and
RecA, ZP03591416.

These alignments were used to derive phylogenies based on neighbor-joining
methods using the Mega4 suite of programs (40). Bootstrap values were gener-
ated based on 1.000 replicates of each calculation (consensus bootstrap trees had
identical topologies).

RESULTS

Nonpolar mutation of metBy,,, cysKy,,, and luxSy,,. To de-
termine the functions of the putative homologues of MetB,
CysK, and LuxS in H. pylori (MetByy,,, CysKyy,, and LuxSy,),
we first constructed a panel of mutant strains deficient in each
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FIG. 2. Mutagenesis strategy and effect of cysKyy, and metByy, disruption on autoinducer 2 (AI-2) levels. (A) Schematic representation of the
cysKyy,-metByy,-luxSyy, gene cluster and approximate locations of individual aph43 (kanamycin resistance) cassette insertions, indicated in black.
The sequence lengths indicated in brackets are the deletion sizes in each gene. A putative ¢’ promoter lying upstream of cysKyy, was identified
using promoter prediction algorithms found at http://www.softberry.ru/berry.phtml and http:/www.fruitfly.org/seq_tools/promoter.html and is
shown as an arrow. Analysis of the predicted stem-loops found in the 3’ untranslated regions of each of the three genes indicates the presence of
a number of putative rho-independent terminator sequences downstream of the /uxSy;, ORF but not in those of either cysKyy, or metByy,. (B) Cell
supernatants of wild-type H. pylori strain 11637 (WT) and AcysK, AmetB, and AluxS mutants (grown for 24 h in Brucella broth) were examined for
the ability to induce bioluminescence in the V. harveyi reporter strain BB170. The AI-2 activity shown is the ratio of relative bioluminescence
(corrected by the ODg, of H. pylori growth) induced by the 1/10-diluted H. pylori cell culture supernatants over the negative control (NC), which
consisted of broth alone. A diluted in vitro-synthesized AI-2 sample was utilized as a qualitative positive control (PC) (8, 47). Bioluminescence
induced by WT, AmetByy, and AcysKyy,, strains was significantly greater than that induced by the AluxSy;, mutant, as determined by paired Student’s
t test (P < 0.001). Error bars indicate the standard deviations within triplicate samples.

one of these gene products in two different H. pylori strain
backgrounds (J99 and 11637). Each mutant was created using
a deletion/insertion approach, using the aphA3 cassette (kana-
mycin resistance) as a selectable marker (19). The general
approach to this mutagenesis strategy is shown in Fig. 2A, and
details are described in Materials and Methods. Mutants were
confirmed on the basis of PCR and DNA sequencing.

To avoid polar effects of disrupting either cysKyy,, or merByyy,
we used a variant of aphA3 which lacks both the promoter and
terminator elements and which we have used successfully in
previous studies (46). Since /uxS comprises the last of the genes
in this operon, we were able to use the V. harveyi AI-2 assay (3,
47) to demonstrate that disruption of either cysKyy, or metByy,
did not block expression of downstream genes (Fig. 2B). As
predicted, insertion of aphA3 into the luxS gene abrogated
AI-2 production completely (Fig. 2B).

LuxSy,, CysKy,, and MetBy, are required for de novo cys-
teine biosynthesis in H. pylori. In order to determine the effects
of mutagenesis of cysKyy,,, metByy, and luxSyy,, we composed
various chemically defined media (CDM) based on the com-
plete CDM (cCDM) of Reynolds and Penn (31). This is a
versatile system which allows precise control of the composi-
tion of the medium. cCDM contained both of the sulfur-con-
taining amino acids, methionine and cysteine. We also made 4
variants of this medium, all of which lacked cysteine. One had
no additional source of sulfur (we refer to this hereinafter as
CDM), while the others contained either homocysteine
(CDM+HC), cystathionine (CDM+CTT), or potassium sul-
fide (CDM+S) (see Materials and Methods for concentra-

tions). Using these media with the wild type and the AcysKyy,,
AmetByy,, or AluxSyy, mutants of both H. pylori strain 11637
and J99, we found that all strains grew well in cCDM (Fig. 3A
to D for 116371; J99 not shown). Upon omission of cysteine
(CDM), the wild-type strain still grew, although less well than
in the complete medium (Fig. 3A). In contrast, all three mu-
tants were auxotrophic for cysteine, with no growth detected
(Fig. 3B to D). These observations confirmed that wild-type H.
pylori is able to grow in the absence of cysteine and so pos-
sesses a cysteine de novo biosynthesis pathway. They also re-
vealed that cysKyy,, metByy,, and luxSy, are all part of this
pathway.

Metabolic complementation of growth defects demonstrates
steps in the cysteine biosynthesis pathway catalyzed by Lux-
Shps CysKy,,, and MetBy,,,. We next examined which steps in
our proposed H. pylori reverse transsulfuration pathway
(RTSP) (Fig. 1) were catalyzed by LuxS, CysKy,, and
MetBy,,. These experiments gave the same results for mutants
constructed in the 11637 and J99 backgrounds; the 11637 re-
sults are presented in Fig. 3B to D.

For the AluxSy;, mutant, adding homocysteine to the CDM
lacking cysteine improved growth of the AluxSyy, strain, and
CTT restored growth to levels seen with cCDM (CDM with
cysteine) (Fig. 3B). This implies that, as expected, LuxSy,, is
required for the conversion of SRH to homocysteine.

The AcysKy, mutant grew in cCDM (containing cysteine)
and in CDM lacking cysteine but containing CTT (CDM+CTT)
but not in CDM lacking cysteine (CDM) or CDM lacking
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FIG. 3. H. pylori AluxS, AmetB, and AcysK strains show chemically complementable growth phenotypes. Growth of H. pylori strains 11637 (wild
type) (A), the AluxS mutant (B), the AmetB mutant (C), and the AcysK mutant (D) in complete CDM (cCDM) (circles), CDM lacking cysteine
(CDM) (squares), CDM lacking cysteine but containing homocysteine (CDM+HC) (triangles) and CDM lacking cysteine but containing
cystathionine (CDM+CTT) (diamonds). The mean ODyy, values of triplicate culture samples are shown. Error bars indicate standard deviations

from the means.

cysteine but containing HC (CDM+HC) (Fig. 3C), suggesting
that CysKy,, catalyzes the conversion of HC to CTT.

Finally, the AmetBy;, mutant could grow only in cCDM,
indicating an absolute requirement for cysteine (Fig. 3D). This
would be consistent with MetByy,, catalyzing the final step from
cystathionine to cysteine, although further experimentation is
needed to confirm this (see below).

In contrast to results for the wild type, none of the mutants
could grow in CDM lacking cysteine but containing potassium
sulfide (CDM+S) (data not shown). Thus, it seems that
CysKy,, is not acting like CysK homologues in other bacteria
(which use sulfide to generate cysteine), in agreement with the
reported absence of the assimilatory sulfate reduction pathway
in H. pylori (10).

Taking these observations together, we propose that H. py-
lori generates cysteine from methionine via components of the
AMC, followed by reverse transsulfuration, with LuxSy,, con-
verting SRH to homocysteine and CysKyy, converting homo-
cysteine to cystathionine, which is finally converted to cysteine
by MetByy,,.

Analysis of key metabolite pools confirms the proposed
pathway of cysteine biosynthesis and specifically identifies re-
action substrates. To investigate the individual steps in the
proposed cysteine biosynthetic pathway and specifically to es-
tablish the likely substrates for LuxSyy,, CysKyy,, and MetByyy,
we performed metabolite analyses of the wild-type and mutant
strains grown in cCDM (Fig. 4). Specifically, we measured the
relative levels of the AMC metabolites SAM, SAH, SRH, and
HC, plus CTT. Although methionine and cysteine were also

14
_ 131 msam
[ 12
>
& 14 osaH
0D 10 A
£9 91 BSRH
& ® 8
5 71 SHC
=3c 61
_uz"i?, 2 ] BCTT
© 3
£ 21
1
: w7 .
WT AluxS AcysK AmetB
Strains

FIG. 4. Analysis of key metabolites of the proposed cysteine
biosynthesis pathway. The H. pylori wild-type and AcysK, AmetB,
and AluxS mutant strains were grown in complete CDM (cCDM) in
triplicate and harvested after 24 h of incubation. Samples were
corrected for OD, and cell extracts were produced. Candidate me-
tabolites involved in the conversion of methionine to cysteine
through the RTSP were quantified individually. The fold change of
each metabolite was normalized to the level of the wild type unless
otherwise indicated (see below). Levels of metabolites that were
below the detection threshold were expressed as 0. SRH was de-
tected only in the AluxSy, strain and was below the detection
threshold in the wild-type, AcysKyy,, and AmetByy, strains. There-
fore, the relative SRH level was expressed as 1 in the AluxSyy,, strain
and as 0 in all other strains. Values given indicate activities derived
from triplicate cell extract samples of each H. pylori strain. Error
bars indicate standard deviations from the means.
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measured during this analysis, both amino acids were present
in excess in the growth medium (cCDM). As such, their rela-
tive levels were not seen to vary significantly between the
strains (data not shown).

For the AluxSy;, mutant, the first important finding was that
SRH was detectable in the cell extract whereas for the wild
type it was undetectable (Fig. 4). The other main differences
between the metabolite profiles of the AluxSyy, mutant and the
wild type were that HC and CTT were either undetectable or
virtually undetectable in the mutant (0% and 0.4% of wild-type
levels, respectively). This confirms that HC and CTT cannot be
synthesized in the absence of LuxSyy,. Furthermore, the accu-
mulation of SRH confirms this to be the in vivo substrate of
LuxSyy,.

For the AcysKy, mutant, most strikingly, the levels of HC
were 11- to 12-fold greater than those in the wild type, sug-
gesting that this metabolite was accumulating in this strain.
Like the AluxSy,, mutant, the AcysKy,;, mutant produced min-
imal levels of CTT. The latter observation confirms that
CysKyy,, is needed for the formation of CTT. The accumulation
of HC suggests that this is the substrate for the CysKy,, reac-
tion. As an interesting aside, we found approximately 2-fold
more SAH in cell extracts from the AcysKy;, mutant than in
those from the wild type. This is discussed below.

Finally, in the AmetBy, mutant (unlike the case for all other
mutants), CTT was present and was at around 5-fold excess
relative to the level in the wild type, indicating that this me-
tabolite was accumulating in this strain. This suggests that CTT
is the substrate for the MetBy, reaction. Interestingly, HC was
also found to accumulate, although at a lesser level (2- to
3-fold), and, as for the AcysKHp mutant, we saw around 2-fold
more SAH than in the wild-type extract. These findings may
indicate a weak feedback inhibition effect of CTT on CysKyy,
and of homocysteine on Pfsyy,, the enzyme catalyzing the re-
action immediately prior to the LuxS;, reaction in the AMC.
Allosteric inhibition of metabolic enzymes by a downstream
metabolite(s) is recognized as a common means of regulation
of enzyme activity in prokaryotes; thus, these observations are
unsurprising.

Helicobacter pylori luxS is part of a three-gene cluster which
is of Gram-positive origin. Having demonstrated the metabolic
role of the cysK-metB-luxS gene cluster in H. pylori, we finally
turned our attention to its presence in other bacteria and to its
likely origin.

Analysis of the available H. pylori genomes showed that in all
cases luxS is located downstream of the two other genes we
have examined, annotated as cysK and metB. cysKyy,, metBy,,
and [uxSyy, lie in the same coding orientation. We found this
same arrangement of genes in Helicobacter acinonychis (re-
garded as the most closely related Helicobacter species to H.
pylori (7). However, in all other helicobacters and the related
Campylobacter jejuni and Wolinella succinogenes, this cluster
was absent, and homologues of cysK, metB, and luxS were
found in diverse genomic locations and were not adjacent to
one another.

Protein BLAST searches of CysKyy,, MetByy,, and LuxSyy,
revealed that their closest known homologues are found in
Enterococcus faecium, a Gram-positive organism (68%, 74%,
and 80% amino acid identities, respectively). Importantly, the
E. faecium genes exist as a cluster, with the genes lying in the
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same order as in H. pylori/H. acinonychis. We conducted phy-
logenetic analyses using multiple amino acid sequence align-
ments of LuxS, CysK, and MetB from H. pylori, Helicobacter
hepaticus, Helicobacter cinaedi, Helicobacter bilis, Helicobacter
pullorum, Helicobacter canadensis, Helicobacter winghamensis,
Helicobacter acinonychis, W. succinogenes, C. jejuni, and E.
faecium. We also included candidate Gram-negative sequences
(E. coli) and two Gram-positive sequences, LuxS, MetB, and
CysK from Staphylococcus aureus and LuxS, MccA/YrhA, and
MccB/YrhB from Bacillus subtilis. We reconstructed phylog-
enies using sequences derived from the housekeeping gene
product, RecA, from all 14 organisms. Phylogenetic trees were
constructed using neighbor joining methods and are shown in
Fig. 5.

We found that with the housekeeping gene product RecA,
as expected, the helicobacters all occupy the same cluster,
which also contains the W. succinogenes sequence. Also as
expected, the C. jejuni sequence associates with this cluster but
is found to be isolated. The Gram-positive representatives
group together, and the E. coli sequence forms an independent
outgroup. We repeated this analysis with a further 7 house-
keeping gene products (encoded by aroE, atpA, efp, engA,
gapA, gyrA, and mutY), which all gave qualitatively similar
results, with all of the helicobacter sequences clustering to-
gether and the Gram-positive sequences forming separate
groups (data not shown). Conversely, with CysK, MetB, and
LuxS, the H. pylori and H. acinonychis sequences grouped more
closely with the Gram-positive sequences than with those of
the other Helicobacter species or species shown to be more
closely related to Helicobacter species by other phylogenetic
methods (7, 14).

These data suggest that in H. pylori, the three-gene cluster
cysK-metB-luxS exists as a conserved syntenic locus that was
acquired by horizontal gene transfer from a Gram-positive,
enterococcal bacterium after the division of H. pylori/H. aci-
nonychis from the other Helicobacter species but before their
division from each other.

DISCUSSION

LuxS is now generally understood to carry out at least two
functions, one in metabolism and one in cell-cell signaling (3,
8, 32, 44, 48). Bacterial signaling systems based on LuxS-gen-
erated AI-2 are known to regulate gene expression in several
members of the Enterobacteriales (23, 50), notably Vibrio spe-
cies. Many other bacteria also possess uxS homologues and
produce AI-2 but appear to lack an AI-2 sensory apparatus
(i.e., LuxP/Q and the Lsr system, respectively) (32), in agree-
ment with suggestions that in most species /uxS fulfils primarily
a metabolic role in the AMC (32, 47-49).

In this context, H. pylori presents an interesting case: al-
though lacking homologues for the identified AI-2 receptors,
the bacterium is known to respond to exogenously added,
synthetic AI-2 (30), pointing toward a role of LuxS in cell-cell
signaling. On the other hand, Lee and coworkers (2006) pro-
posed that the reduced in vivo fitness observed for an H. pylori
SS1AluxS mutant was caused by metabolic disturbances, pos-
sibly by a disruption of the metabolic flux through the AMC or
other LuxS-dependent pathways (20). Interestingly, previous
physiological work (26, 27, 31) and genome analyses have re-
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FIG. 5. Neighbor-joining phylogenetic trees based on comparison of LuxS, MetB, CysK, and the housekeeping gene product RecA from
Helicobacter pylori and other species. Primary amino acid sequences of proteins from H. pylori and their closest homologues from selected other
species were aligned using the ClustalW algorithm and Bioedit (13). These alignments were used to derive phylogenies based on neighbor-joining
methods using the Mega4 suite of programs (40). Bootstrap values were generated based on 1,000 replicates of each calculation (consensus
bootstrap trees had identical topologies). Dendrograms were produced indicating evolutionary relationships between the amino acid sequences of

CysK, MetB, LuxS, and RecA.

vealed that the AMC in H. pylori is incomplete, since the
organism is a methionine auxotroph that lacks the genes re-
quired for methylation of homocysteine (metE or metH) (10,
28, 41). This made us question whether LuxS in H. pylori had
any metabolic roles apart from generating AI-2 and if so, what
these roles could be.

Intriguingly, in all currently sequenced H. pylori strains, luxS
is part of a three-gene cluster that in addition to uxS contains
two other genes with putative functions in methionine and
cysteine metabolism (Fig. 2A). These genes, currently anno-
tated as metB and cysK, until now have been proposed to
encode cystathionine y-synthase and cysteine synthase, respec-
tively (10). The gene cluster (cysK, metB, and luxS) is not only
conserved among H. pylori strains and H. acinonychis but also
is present in several Gram-positive bacteria (49), suggesting

that metByy, and cysKyy, are not evolutionary relics of now-
inactive metabolic pathways but still fulfil a metabolic function
linked to that of /uxSyy,.

Our hypothesis that the cysK-metB-luxS cluster is responsi-
ble for cysteine formation was based on several considerations.
First, all H. pylori strains studied by Reynolds and Penn (1994)
and the vast majority of strains characterized by Nedenskov
(1994) were able to grow without cysteine (27, 31). Since the
organism is not capable of using sulfate as a sulfur source (10),
a hitherto-unidentified pathway must exist that makes use of
the reduced sulfur present in methionine to generate cysteine.
Second, the metabolic fate of the homocysteine generated in
the LuxS reaction is unclear. High concentrations of homocys-
teine are toxic in some organisms (33, 43). Third, only two
enzymatic steps are required to convert homocysteine to cys-
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teine in the so-called reverse transsulfuration pathway (RTSP)
present in some bacteria (for example, in B. subtilis and
Pseudomonas putida), where part of the AMC, including LuxS,
is known to contribute to methionine-to-cysteine conversion by
generating the required homocysteine (16, 45). In addition, the
genes in the B. subtilis cluster that show similarity to cysKy,
and metByy, have recently been shown to encode functional
cystathionine B-synthase and cystathionine +y-lyase, respec-
tively, and have therefore been renamed MccA and MccB
(methionine-to-cysteine-conversion genes) (16).

The results of our study are straightforward and in full
agreement with the above hypothesis. First, we were able to
demonstrate that all genes of the cysK-metB-luxS cluster in H.
pylori (in both 11637 and J99) are required for cysteine prot-
otrophy: mutation of any one of these genes rendered the
respective strain auxotrophic for cysteine. Chemical comple-
mentation restored the growth of all mutants and also indi-
cated a sequential order for the involved enzymatic activities,
which is LuxS-CysK-MetB. Our results suggested that the true
physiological function of the cysKy, gene product lies in the
conversion of homocysteine to cystathionine; the latter is then
used by MetByy, to generate cysteine. This interpretation was
further corroborated and extended by metabolite profiling. In
full agreement with the proposed metabolic functions, the me-
tabolite pools of AluxSy;, mutants showed accumulation of
SRH and depletion of both homocysteine and cystathionine,
whereas AcysKy;,, mutants accumulated homocysteine and
were depleted for cystathionine. AmetBy,, mutants were the
only strains that accumulated cystathionine. Thus, it appears
that an RTSP is operational in H. pylori.

To unequivocally establish the nature of the reactions that
link homocysteine with cysteine in H. pylori will require puri-
fication and detailed characterization of CysKyy, and MetByy,,.
The latter enzyme has already been studied, but not with re-
spect to its physiological function. Kong et al. (18) cloned the
respective gene from H. pylori SS1 and purified the recombi-
nant protein. However, the enzymatic activity of MetByy,, was
measured only using an unphysiological side reaction that is
observed for some enzymes in vitro in the presence of O-acetyl-
serine and in the absence of other substrates (18). Thus, the
true physiological role of MetBy, remained unclear. With
regard to CysKyy,, a similar enzyme from Lactobacillus casei,
also annotated CysK, has recently been proposed to act as a
cystathionine B-synthase, converting homocysteine to cystathi-
onine (17). CysKy, has up to now been thought to act as a
cysteine synthase that uses sulfide to generate cysteine (10).
However, our finding that sulfide cannot support growth of H.
pylori in the absence of cysteine, at least under our conditions,
suggests that CysKyy,, is solely dedicated to homocysteine con-
version. Thus, CysKyy, appears to be a cystathionine -syn-
thase, and MetByy, appears to be a cystathionine vy-lyase. We
therefore suggest that the genes encoding these proteins be
renamed. Specifically, we suggest that cysKy;, be renamed
mccA (methionine-to-cysteine-conversion gene A) and that
metBy,, be renamed mccB.

The relevance of the established cysteine biosynthesis path-
way for the lifestyle, fitness, and virulence of H. pylori is not
clear. The reduced in vivo fitness observed for the H. pylori SS1
luxS mutant (20) may indeed be linked to its inability to con-
vert methionine to cysteine, although a role of AI-2 cannot be
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excluded. H. pylori and other members of this genus have lost
the ability to reduce sulfate (10; our unpublished data). How-
ever, it can be assumed that they are well adapted to their
specific habitats, which therefore must provide sufficient re-
duced sulfur sources for these organisms to thrive. Presumably,
the conversion of homocysteine to cysteine removes a poten-
tially toxic metabolite and at the same time reduces the (en-
ergetically costly) need for cysteine uptake. On the other hand,
a similar effect would have been achieved had the organism
maintained a functional AMC.

Whatever the selective advantage gained, our genome com-
parisons revealed that the entire cysK-metB-luxS cluster was
obtained by horizontal gene transfer from a Gram-positive
bacterium closely related to E. faecium. Several previous anal-
yses already established the Gram-positive origin of /uxSyy, but
did not consider the remaining genes of the cluster (21). In-
terestingly, similar clusters exist in a number of Gram-positive
species (49), for instance, Oceanobacillus iheyensis, Clostridium
perfringens, and Clostridium botulinum. Intriguingly, in some
Bacillus species, notably B. subtilis, Bacillus cereus, and Bacillus
anthracis, similar clusters contain the pfs gene instead of /uxS.
It thus appears that during the course of evolution, the com-
mon ancestor of H. pylori and H. acinonychis has lost its native
luxS gene and instead acquired a Gram-positive homologue
together with the ability to generate cysteine.

Finally, we would point out that in the absence of exogenous
cysteine, growth of H. pylori will be limited by its capacity to
generate this compound from homocysteine. Homocysteine
availability, in turn, is determined by the number of methyl-
ation reactions carried out by the cells (i.e., the number of
SAM molecules that can be converted to SAH and then fur-
ther to homocysteine via the action of Pfs and LuxS; see Fig.
1). Under these conditions, generation of the quorum-sensing
products comprising Al-2, at least in theory, is directly propor-
tional to growth of the population, and the resulting AI-2
concentration should thus provide a very accurate measure of
population density. It is now important to determine whether
the other phenotypes associated with uxS mutagenesis in H.
pylori are dependent on the homocysteine biosynthesis role of
LuxS or its role as the AI-2 synthase.
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